2> 7)) — kLR, Vol 23, No.1, 2001

&3 Finite Element Analysis of Steel Girder-concrete Pier Composite
Connection with Applications of Interface Elements
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ABSTRACT: A distinct analytical methodology is proposed to closely simulate the real mechanical
behavior of the structure consisting of steel girder-concrete pier composite connection with the
emphasis on the newly developed interface elements connecting concrete to reinforcing bar and steel
plate elements. The sfrurture analyzed in this research is the one in the series of prorotype specimens
tested by Japan Highwuy Corporation and Construction Companies [1].
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1. INTRODUCTION

According to the benefits on an improvement in structural performances, many continuous
highway bridges consisting of steel girder-concrete pier composite connection have been constructed.
However with a currently limited knowledge, to guarantee the load carrying capacity of such a
structure, the load tests of the prototype specimens have to be conducted which is not cost effective
and quite time consuming. In this paper, a rational finite element analytical methodology is proposed.
The emphasis is paid on the development of the interface elements used to link concrete to steel plate
and concrete to reinforcing bar elements. The reliability of this distinct analytical methodology is
verified by comparing the results to those obtained from experiment. Then by this analytical
methodology, the pattern of the stress distribution within the connection part is predicted.

2. ANALYTICAL METHODOLOGY

2.1 FINITE ELEMENT MODELING OF THE STRUCTURE

As the structure analyzed in this research was symmetric at the middle plane (z-x plane), a half
structural model was constructed with the fixed displacement (in y-direction) and rotation (in about x-
and z-axes) boundary conditions applied on the cutting plane. In order to separately account for the
effects of each structural component, the structural model was discretely meshed. The structural
components, those are, concrete, reinforcing bar, steel plate, and stud, were represented individually
by the different types of element. The 8-node hexagonal elements were used to simulate the concrete
material. The reinforcing bars including both stirrups and longitudinal ones, were represented by
2-node truss elements while 4-node thick shell elements were used to simulate the steel plate, and the
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2-node beam elements were used to represent the studs. In this analysis, the interface elements
modeled by springs, were used to connect concrete to reinforcing bar elements. As well, to take into
consideration the effect of the stress transfer and the corresponding strain at the interface between
concrete and steel plate elements, the spring element was used to link these two materials together.
Every particular element was then given a unique constitutive law. Identically to the experiment, the
constant downward pressure of magnitude 0.5 MPa was continuously imposed on the top of the pier
from the beginning of analysis throughout the loading steps. The monotonic horizontal load was
incrementally applied at the point 200 inm below the top of the pier. The detailed design and finite
element meshes of the specimen considered in the analysis are as shown in Fig.1 and 2, whereas, the
properties of materials are as shown in Table 1.

Table | Properties of materials

Material Properties Concrete | Reinforcing Bar | Steel Plate
Modulus of Elasticity(MPa) 22,978 187,866 208.282
Compressive Strength(MPa) 31.03 - -

Yield Strength(MPa) - 373.8 297.2

Splitting Strength{MPa) 2.39 - -
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Fig.1 Detailed design of the specimen Fig.2 Finite element meshes
2.2 MATERIAL MODELING

After the finite element mesh was built up, the constitutive laws describing material
characteristics were assigned to all elements. In the analysis, a simple elastic-perfectly plastic
constitutive relationship is applied to all metallic components such as steel plate, reinforcing bar, and
stud. For the concrete element, under compressive stress, the constitutive law was adopted from the
experimental results. Under tensile stress, the concrete was assumed to behave elastically until
reaching the tensile strength. Beyond this point, the concrete element would be cracked. Therefore, the
tensile resistance of the element in the direction normal to the crack plane was assumed to drop down
to zero.

2.3 DEVELOPMENT OF THE INTERFACE ELEMENTS

Since, in reality, the concrete is bonded to the reinforcing bar as well as to the steel plate, to
simulate this situation in the analysis, the interface springs with the unique constitutive laws are used
to link the concrete elements to the adjacent reinforcing bar and steel plate elements.

2.3.1 Interface between concrete and reinforcing bar elements
The properties of the interface between concrete and reinforcing bar proposed by Shima [2] was
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adopted in this research as it was proved to be sufficiently generalized. Based on his experimental
results, Shima derived the unique bond stress-slip-strain relationship which is as expressed in Eq.1.

0.73fc' (In(1 + 5s))°

1+ex10° L
where s =1000S/D, T = average bond stress, fc’ = concrete strength, S = slip,
D = bar diameter, € = strain
However, in his research, Shima had not proposed any dedicated element to work with this
constitutive law for the analysis with finite element method. Therefore, in order to apply this interface
property in finite element analysis an interface element consisting of springs in 3 directions was
developed in this research. In addition, as the bond stress derived by Shima is an average value which
is not the stress occurs exactly at the surface of the reinforcing bar, thus in the analysis with the
proposed interface elements linking the reinforcing bar to the adjacent concrete element, the location
away from reinforcing bar surface where bond stress has an average value needs to be determined and
the surface area at this location must be used in computing the average spring force and stiffness. The
average spring force, or the bond force, can be determined by multiplying the average bond stress
(Eq.1) with the bond-effective area as shown in Eq.2.

Average bond force (Fay) = 7 x kiDL (2)

where k. = bond-effective zone factor, L. = length of the reinforcing bar element

By substituting the average bond stress (1) from Eq.1 into Eq.2, and differentiating the average
bond force (F,,) in Eq.2 with respect to slip while the strain in reinforcing bar is kept constant, the
average spring stiffness can be found as expressed in Eq.3

73fc'xks 5 1
=073fcxk n:jo 1 L ln(l+5§) 3)
1+ex10 D +5S D

savg

where K, = average stiffness of the interface spring in axial direction of reinforcing bar

In order to determine the location where the average bond stress acts upon, it is assumed that at
the moment the concrete starts to crack, the reinforcing bar section located on that crack plane yields
immediately. Based on this assumption, the maximum surrounding concrete area (Acmax 1n Fig.3) that
initiates this phenomena can be calculated as, Ay = [AX f,] / f, ,where As = sectional area of
reinforcing bar, fy = yield stress of reinforcing bar, and ft = cracking stress of concrete. This derivation
is similar to the calculation introduced by An., X et al. [3]. Furthermore, if this maximum surrounding
concrete area is assumed to be of round shape and the bond stress distribution in radial direction from
the reinforcing bar axis is assumed to be of triangular shape as shown in Fig.4. the surface area that the
average bond stress acts upon will be larger than the surface of the reinforcing bar on where the
interface element exists by the ratio k, (bond-effective zone factor) as shown in Eq.4. By substituting
the bond-effective zone factor into Eq.3, the average stiffness for interface spring that is necessary in

the analysis, cx be calculated. Rmax
As — stress in concrete caused by
- 1 |fy
kond =0 " . k, = Ra\g /Rowr= = - (4)
3V T,
where  R,,, = distance from the axis

crack ¢
of reinforcing bar to the surface where
Fig.3 Sudden yielding of Fig.4 Stress distribution average bond stress acts upon, Ry, =
reinforcing bar on crack plane  within bond-effective zone radius of the reinforcing bar.

Ravg

Acmax

=Rmax/ Z
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2.3.2Interface between concrete and steel plate elements

In this research, the concrete-steel plate interface property proposed by Yonezawa [4] was
adopted because of its accuracy and simplicity in application. Even though Yonezawa had also
developed the hexagonal-shaped interface element to be used in his finite element analysis, it was
compulsory to assume the virtual thickness of the interface element. This somehow laterally initiated
the ambiguity in the applicability of his element. In this work, the new interface element consisting of
3 springs linking concrete and steel piate nodes in 3 directions was proposed. With the newly
developed element, the virtual thickness factor in Yonezawa’s formulation was correspondingly
normalized. This was done accordingly to the fact that the spring element possesses no thickness, or in
other words, is dimensionless. Thus the problem in assigning an unclear value for virtual thickness
could be eliminated. The formulation for the concrete-steel plate interface property and the derivation
of the stiffness of such an interface element are as illustrated in Fig.5 and Table2, respectively.

Tensile Normal Stress on
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Fig.5 Stress-slip relationship of the interface element

Table2 Derivation of the stiffness of the concrete-steel plate interface element

Springs in the direction normal to the interface | Springs in the direction tangential to the interface

I.Under compressive normal stress
Assuming that under compressive stress,

1. Under compressive normal stress

the | [when; o, < 0.650,]

interface is as rigid as steel plate, thus F = (1,0,/0.02)Ad
K"‘ = (200,000A) per unit length K, = (u,0,/0.02)A
2. Under tensile normal stress [when; o, = 0.650,] assuming that the stress
6, = (0.04F./0.05)8 keeps constant while slip increases infinitely
Gu(A)= (0.04 F./0.05)A8 F, = 0650,A
F, = (0.04F./0.05)A% Ko = 0
Thus the stiffness of spring in this direction is 2. Under tensile normal stress
K, = (0.04 F./0.05A [when; 5, < 0.040,]
Where o, : stress in the direction normal to the F, = (u,0,/0.02)A8
interface (N/mm"), F. : compressive slrcqglh of K. = (u,0,/0.02)A
concrete (N/mm-~), A : effective area (mm~), F, : [when:o, > 0.656,]
force in the direction normal to the interface (N). . E = ) 0 !
& @ slip (the deformation of the spring, mm), K, : K[| —" e

Stiffness of spring in the direction normal to the

' . Where F, : force in the direction tangential to the
interface (N/mm)

interface (N), K, stiffness in the direction
tangential to the interface (N/mm)

3. ANALYTICAL RESULTS

From the finite element analysis, the analytical results obtained can be shown in terms of
load-displacement relationship, load-bar strain relationship, and the relationship between the load and
principal strains on the web of the main girder (Fig.6). The good agreement could be observed when
compared to the experimental results. Moreover, the plot between load and the principal strains
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illustrates that with the application of the concrete-steel plate interface element, the change in strain
due to the slip between the concrete and the steel girder could be predicted more accurately.

(2101 R —— GO0 mmemsssiigssssmsaiissmisniong

=i ) =50 i 300 jl.oad(kN

z 7% 4 250

-240() -3400 T 200 - g MAX PriNC. Strain(ana. no interface)
2300 2301 H 150 - e NN PriNC. strain(ana.no intera.c)
- 2 - ¢ - e Stk

8o *—e— experiment 3 - @ INAX princ. strain(exp)

i‘oo i —5_200 ¢— experiment 100 - @ MiN princ. train(exp)

ft"l()() —#-= analysis 2"00 e ANANlY SIS 50 —a— ax princ. strain(ana. with interface)

0 4 i 0 i ', 99 _ —&—mir princ strain(ana. with interface)

) 0 ’o 20, 30 0 2000 4000 6000 -300. -100 . 100 300
Displacement at loading point (mm) Bar strain (microstrain) Strain(microstrain)

Fig.6 Relationship between applied load and displacement at the loading point, 200 mm below the top
(left), relationship between load and the axial strain in reinforcing bar located at 50 mm above the top
flange of the girder (middle), and relationship between load and principal strain at the center of the
girder’s web (right)

Fig.7 shows not only the distribution of the normal reaction forces on concrete elements placed
at the faces named SIDE A1, A2, A3, and A4 (the reaction forces that equilibrate the forces exevied on
concrete element by the surrounding elements adjacent to the faces being considered), but also points
up that compared to the sections located farther from the main girder (C, D, and E), the stresses on the
sections located at the vicinity of girder’s flange (A and B) are greater. Therefore, it can be deduced
that, in this type of specimen, the force transferred from the girder is not well spread throughout the
reinforced concrete part in the connection. In the real structure, where the width of the concrete pier is
much larger than the width of the girder’s flange, in case that the magnitude of forces applied to the
girder is excessively high, this stress concentration may cause a local deterioration to the concrete
situated near the flanges of the girder.
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Fig.7 Distribution of the normal reaction force on concrete sections within the connection part
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4.CONCLUSIONS

I.With the proposed analytical methodology the behavior of structure consisting of steel
girder-concrete pier composite connection can be closely simulated.

2.The application of the concrete-steel plate interface elements helps improve the accuracy of the
analysis. As well, the application of concrete-reinforcing bar interface element can be considered to be
the alternative method to predict the behavior of reinforced concrete in addition to the application of
smeared crack concept that was regarded to be not sufficiently generalized for the tinite element
analysis of this type of composite structure [5].

3. The design of the bridge structure consisting of steel girder-concrete pier composite connection
should be rigorously performed with taking into consideration that the stress will be well distributed
throughout the connection so that the local deterioration of concrete can be avoided.
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