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STUDY ON MECHANICAL CHARACTERISTIC OF CONNECTION IN
STEEL-CONCRETE HYBRID RIGID FRAME BRIDGE

Toru ISHIZAWA and Atsuhiko MACHIDA and Toshihiko NAGATANI and Toru SATO

When we design connection in steel-concrete hybrid rigid frame bridge, we have to adopt rational structure about
connection in order to transfer load smoothly from girder to RC column. But load transfer mechanism in connection has
not ever been to probed. Therefore in this study, first I examined appropriation of finite element method (FEM) analysis
the way which compare result of experiment in connection in steel-concrete hybrid rigid frame bridge with result of FEM
analysis. Next I did 3-dimensional FEM analysis subject of real bridge and examined about concrete in connection, cross
girder and RC column. In this result, I tried to suggest rational structure in connection and probe load transfer mechanism

in connection.
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CHAPTER 2
Analytical Methodology

2.1 Introduction

Reliable analytical methodology is currently necessary, as there seems to be no
generalized and accurate analytical method that can predict the behavior of the
composite connection. With the accurate analytical methodology, the designers can
quickly simulate the behavior of such a structure under any preferable loading
conditions and check the structural performance in every specific aspect. The accurate
analytical methodology, certainly, cannot substitute the necessity of the test of prototype
specimen which is much more reliable way to investigate the characteristics of the
structures. But it helps put off the necessity to run a random experiments that is very
costly and time consuming, only to get to know at the end that the particular type of

structure is not a potentially applicable in the real works.

2.2 Objectives

Correspondingly to the problem stated above, this phase of research was established.
The main objective of this phase is set as to develop the analytical methodology based
on finite element method that can accurately simulate the behavior of the structure
consisting of the steel girder-reinforced concrete pier composite connection subjected to

the external load.

Due to its proven generality and effectiveness, the finite element procedure is chosen to
be the main methodology in analyzing this complicated structure. A finite element
analysis package, MARC was utilized in computation along with the pre- and post-
processing program, MENTAT. The three-dimensional finite element analysis is
conducted in this research phase with taking into account the non-linear material

properties of concrete, reinforcing bar and steel plate.



The finite element analysis of the structure consisting of steel girder-reinforced concrete
pier composite connection composes of 3 main analytical tasks, those are, the mode!ing
of the structure with finite element meshes, the modeling of the material properties that
will be assigned to each element, and the execution of the analytical program to
determine the responses of the structure. These three analytical tasks are explained

separately as follows.

2.3 Modeling of Structure Consisting of Steel Girder-Reinforced Concrete Pier

Composite Connection

In this section, the construction of the physical finite element models representing the
reinforced concrete pier, steel girders, and the interface between the pier and the girders,

applied in this research are described consecutively in the following sub-sections.
2.3.1 Modeling of Reinforced Concrete Pier

In finite element analysis of the reinforced concrete structures, there are 2 physical
modeling methodologies that are widely used. The first method is called the discrete
meshing. In this method, the concrete and reinforcing bars are discretely simulated by
using two different types of element. Instead of rigidly connecting the reinforcing bar
nodes to the surrounding concrete nodes, the interface elements are applied to link these
two elements together. The stiffness of this interface element is usually determined

based on the bond-slip behavior between concrete and reinforcing bar.

The other method of structural modeling for reinforced concrete structures is by
constructing the distributed meshes. The concrete and reinforcing bars are not
considered to be two different elements with two unique materials propeities of concrete
and steel as in the first method. But they are considered to be the same element sharing

the same geometrical boundaries, and having an averaged steel-concrete material

property.

Although the structural model of distributed mesh type is more convenient to construct,
it represents a less physical meaning and proved to be not suitable for some structural
types. Therefore, in this research the discrete meshing is selected to apply in

constructing the finite element model of the structure having steel girder-reinforced



concrete pier composite connection. The types of element used to simulate concrete and

reinforcing bars are as follows.
2.3.1.1 Concrete

Element number 7 named as a “three-dimensional arbitrarily distorted cube” provided in
MARC analysis package is used to represent the concrete. Element number 7 is an
eight-node hexahedral using the trilinear interpolation functions. It posses 3 global
translation degrees of freedom per node. Because of the complexity of the full structural
model, this type of lower-order element is selected so as to reduce the analytical
difficulties as well as to shorten the analytical time. The element shape is as shown in
Fig. 2.1.
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Fig. 2.1 Concrete element

2.3.1.2 Reinforcing Bar

The three-dimensional truss element (MARC element number 9) is used to simulate the
reinforcing bars. This 2-node truss element is a simple linear straight truss with constant
cross-section and three global translation degrees of freedom. The element shape is as

shown in Fig. 2.2.
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Fig. 2.2 Reinforcing bar truss element

2.3.2 Modeling of Steel Girder

The girder components consist of steel plates, which form the main as well as lateral



girders, and the studs. The structural modeling of these components is as described in

the following sub-sections.

2.3.2.1 Steel Plate

The bilinear thick shell element (MARC element number 75) is used to simulate the
steel plates on both main and lateral girders. This is a 4-node, thick shell element with
global displacements and rotations as degrees of freedom. The bilinear interpolation is

used for the coordinates, displacements, and the rotations.

Fig. 2.3 Thick shell element

2.3.2.2 Stud

The studs, which are welded on both main and lateral steel girders, are physically
represented by the 2-node beam elements as not only they are considered to be able to

transfer the axial forces but also they will resist the bending forces transferred from

concrete to steel plate elements.
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Fig. 2.4 Beam element

2.3.3 Physical Modeling of Interface between Concrete-Reinforcing bars, and

Interface between Concrete-Steel Plate

2.3.3.1 Concrete-Reinforcing Bar Interface



As the concrete and reinforcing bar are discretely modeled with different elements,
there is a necessity in connecting these two elements together. In this research, the
concrete is linked to reinforcing bar element with the spring elements. Force in the
spring will stand for the interface force while the displacement of spring will represent
the slip on the interface. The constitutive law of this spring element will be discussed

later in this chapter.

Y

Fig. 2.5 Concrete-reinforcing bar interface springs
2.3.3.2 Concrete-Steel Plate Interface

Spring elements are used to model the interface between these conjoining materials as
well. At each particular couple nodes, there are 3 springs linking the steel plate node to
the adjacent concrete node. One spring is for transferring the force between concrete
and steel plate elements in the direction normal to the interface plane. The other two

springs are used to simulate the friction forces on the interface plane.

Fig. 2.6 Concrete-steel plate interface element

After decided on the types of element to be used in representing each components of the
structure, the full finite element structural model is constructed by carefully combining
all of the elements together. However, with only the physical appearance of the structure,

the analysis cannot yet be started. The structural elements must be given the material



properties to define how they will behave under the particular stressing circumstances.
These material properties are usually assigned to the elements by means of the
constitutive laws or stress-strain relationships. Besides, some element like spring
element requires the properties to be input in terms of force-displacement relationship.
The material properties of concrete, reinforcing bar, steel plate, studs, and interface

elements will be discussed in details in the following section.

2.4 Material Modeling

To obtain the structural responses from the finite element analysis, it is compulsory that
the material properties of each element are provided by means of constitutive laws. So
far many researches have been conducted in order to determine the constitutive laws of
the construction materials. Some are proven to be more effective than the others under
the specific situations. However, there is still no a universal generalized constitutive law
that can govern and give out the correct results under any types of stress conditions.
Thus it is necessary, especially in the case of the analysis of a relatively new composite
structure having steel girder-reinforced concrete pier composite connection, to search
for the appropriate constitutive relationship that can accurately describe the behavior of

the materials in finite element analysis.

In this section the material modeling of reinforced concrete pier, steel girders, and the
modeling of the behavior of interface between concrete-steel plate and

concrete-reinforcing bar are described.
2.4.1 Modeling of Reinforced Concrete

In the real reinforced concrete structures, concrete and reinforcing bar are acting
together as a composite materials. The interaction between concrete and reinforcing
bars has been known to play a great role influencing the overall behavior of the
reinforced concrete structures. Thus in the finite element analysis where the discretely
meshed model is created, the concrete and reinforcing bar elements have to be rationally
connected to each other. Generally, there exists two well-known behavioral simulation
methods of the concrete, reinforcing bar and their interaction which are, one that is
based smeared crack concept, and the other which is done with the application of the

interface element between reinforcing bar and concrete. In the first method, the concrete



and reinforcing bar elements are assumed to be perfectly linked to each other and the
modifications have to be made in the constitutive laws of both concrete and reinforcing
bar elements. In contrast, with the latter method, the constitutive relationships of
concrete and reinforcing bar are remained unchanged. But the other interface element
with appropriate bond stress-slip relationship is needed to bind these two main elements

together.

Both methods have their pros and cons depending on the type of structure being
analyzed. Since there is no evidence stating about the appropriate selection of reinforced
concrete material modeling for this specific type of composite structure, it is therefore,
needed to search for the suitable model. To determine the most appropriate analytical
concept for reinforced concrete part in this particular composite structure, both material
modeling methods are applied. The preliminary verification would be done by
comparing the analytical results to the results obtained from the experiments conducted

previously by Japan Highway Corporation and construction companies.

2.4.1.1 Material Modeling of Reinforced Concrete with Application of Smeared
Crack Concept

2.4.1.1.1 Introduction

In the real reinforced concrete structures, concrete and reinforcing bar are working
together to resist the externally applied loads. Typically, the concrete is designed to
resist mainly the compressive stress while the reinforcing bar will help carry the tensile
forces. Nevertheless, they, in fact, do work in combination. That means in compression
zone not only the concrete will resist the compressive stress but also the reinforcing bars
located in the same region. This applies also in tension region, before concrete starts to
crack the full composite action does govern. But after cracking, the contribution of the
concrete to tensile force becomes less as concrete looses its integrity. This composite
behavior can be simulated by applying the smeared crack concept. Smeared crack
concept describes how the reinforced concrete responds the applied load after the stress

in the concrete element reaches the tensile strength.

With smeared crack concept, the constitutive faws of plain concrete as well as of bare
bar are modified to be the averaged values. In addition, the concrete and reinforcing bar

elements, which are modeled separately, would be assumed to be perfectly bonded at
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the joining nodes. The modified constitutive laws of concrete and reinforcing bar will

be described in the following sub sections.
2.4.1.1.2 Material Properties of Concrete and Reinforcing Bar
(a) Concrete

Under Compressive Stress

The stress-strain relationship of plain concrete element under uniaxial compression was

derived based on cylindrical compression test data as shown in Fig. 2.7.
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Fig. 2.7 Stress-strain relationship of concrete under compressive stress

Under Tensile Stress

The behavior of the plain concrete can be categorized into 2 successive phases, namely,
before reaching tensile strength, and beyond the peak tensile strength. Before the crack
initiates in concrete, the concrete is considered to behave elastically with the same
modulus of elasticity as in elastic compression. However, after reaching the peak tensile
strength, cracks are generated. This causes concrete to behave in totally different way
compared to the isotropic material behavior considered in the earlier stage. Concrete
starts to exhibit as it 1s anisotropic material with no resistance to any forces in the
direction normal to the crack plane. In reinforced concrete, however, since there exists
the reinforcing bar strengthening concrete while it is subjected to tension, the crack
concrete will be held in place and the uncracked part can still withstand some tensile
force with a gradually reducing stiffness. This phenomenon is called “tension stiffening

effect” and can be described by a smeared crack concept.



Due to the tension stiffening effect, based on the smeared-crack concept, concrete is
considered to be capable to withstand the tensile load after its tensile strength has been
reached with a gradually declining stiffness. In this research, the tension stiffening
model proposed by Okamura [56] is adopted to simulate the behavior of the concrete

under tension.

In Okamura’s model, the cracks are considered not to appear as soon as the magnitude
of stress has attained the cracking level, but when the principal tensile strain reaches an
upper limit value. The limit strain usually ranges between 0.01% and 0.03%. In other
words, it can be said that a certain amount of plastic deformation is allowed to take
place after cracking stress is reached. This upper limit is assigned to be twice as much
as the tensile strain of concrete at the point where the splitting tensile strength of the

concrete is just arrived. The constitutive model of concrete under tensile stress is as

shown in Eq.2.1 and Fig. 2.8.

c,=f(,l¢e) 2.1)

Cracking (&, 1))

Stress (o;)

Y

Strain (g)

Fig. 2.8 Tension stiffening model

Shear Retention

After the concrete is cracked, it still can withstand the shear force exerted on the plane
of crack with gradually reducing shear stiffness. This is mainly contributed by the
aggregate interlock and dowel action. To simulate this phenomenon, the shear retention
model proposed by Bangash [11] is adopted. Bangash, proposed a linear relationship
between shear resistance of cracked concrete and the tensile strain normal to the crack
plane which could be expressed as in Eq. 2.2. The shear retention factor 3’ by Bangash

was adopted and multiplied to shear modulus of uncracked concrete, G, for the new

shear modulus (Gyew = B'G).



T = B'G y* (2.2)

where:

T* : shear stress

v* : shear strain

G : the shear modulus of uncracked concrete

B : the interlocking factor = 1-(£/0.005)*"

& : the tensile strain normal to the crack plane

K1 : parameter ranges from 0.3-1.

Note : K1 was assumed to be equal to 1 so as to simplify the analysis.

(b) Reinforcing Bar

In smeared-crack concept, not only the concrete but also reinforcing bar element is
assumed to have an average type of constitutive relationship. This modification is done
to compensate for the slip that is neglected in the model in order to ease the analytical
complication, with the assumption that the perfect bond condition presents at the
interface between concrete and reinforcing bar elements. Neglecting to modify the
constitutive law of the reinforcing bar in analysis will finally leads to the over-stiff

response of the structure to the applied load.

The modified constitutive law of reinforcing bar crossing the crack which was
developed by Shin [69] is adopted in this research. His model was developed by taking
into account some factors those are influential to the post-yielding constitutive law. In
his works, 140 parametric study cases were conducted. The results showed that the
average stress and average strain could be well related to each other in a bilinear fashion
having a clear offset point for the initiation of strain hardening (yield stress = f; as in Eq.
2.3). Beyond yielding point, E the strain hardening rate is assumed to be held

constantly at the modulus Eg,.
Eq = 100(fy - ) K, K, Ky K, Ke Ky (2.3)

Where;

Eq, = strain hardening rate in bilinear stress-strain relationship of reinforcing
bar

£, > 0.5K, Kyofy

0.5px

Kp: Px
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K= (400/f,)"!(Ppy)cosect

K= (ps /py)(mm

K,= cosec6’?

K= (30/£,)"*

Kyo= 1 for deformed bar, {, =yield strength(MPa),
Kyo = (0.1p.fy/f) " <1

PPy = reinforcement ratio in each direction,

f.’:compressive strength of concrete MPa.

Before the first yielding occurred, it was assumed that the bar remained elastic with
modulus of elasticity equaled to its actual value. The initial yield stress could be
determined by considering the equilibrium of forces in the cracked concrete surrounding

reinforcing bar element Eq. 2.4.

Fig. 2.9 Equilibrﬁun condition of cracked concrete
(Cage) Ae + (BYA = () A (2.4)

Where; Oqec = Average stress in concrete
A. = Cross-sectional area of concrete area surrounding a particular

reinforcing bar element

As = cross-sectional area of reinforcing bar

By solving Eq. 2.4, with the assumption of strain compatibility at the individual section,
the concrete and reinforcing bar elements have an equaled average strain (€,,), the

initial yield stress of concrete can be calculated as shown in Eq. 2.5.

E: = [As fy = (Gu\'g.c (I'P\))] / (P\ ) (25)

Where; px = reinforcement ratio (area of a reinforcing bar divided by the area of
concrete element surrounding this bar*)
*Note : the surrounding concrete area was determined by using the method proposed by

An, X, et al. [5]



The modified constitutive relationships of reinforcing bars are as shown in Fig. 2.10.

250 _\Z ~/ —[3— modificd constitutive faw

z,
= - —
=200 £ ,l\
2 150 B B S A ekstic-perfectly plastic
g ¥ constitutive law

100 ¢/

50 4 --=- Yielding

0
0 5000 10000 15000

Strain (micron)

Fig. 2.10 Modified constitutive relationship of reinforcing bar

2.4.1.1.3 Application of Smeared Crack Concept

Without taking into account the reduced stiffness of concrete and reinforcing bar, the
slipping phenomenon of reinforcing bar on the surrounding concrete is plainly omitted.
After cracks are initiated, the concrete will be held rigidly in place by a non-brittle
reinforcing bar element as their node are perfectly bonded to each other. This will cause
the reinforced concrete model become very stiff and eventually overestimated the actual
behavior. Thus to take the advantage of reduction in number of nodes in the finite

element analysis, the smeared crack concept has to be applied.

The analytical procedures with the application of smeared crack concept will be

described later in this chapter.

2.4.1.2 Material Modeling of Reinforced Concrete with Application of Reinforcing

Bar-Concrete Interface Elements

2.4.1.2.1 Introduction

As an alternative to the material modeling of reinforced concrete structures based on the
smeared crack concept, the material modeling of reinforced concrete can also be
performed by implementing the reinforcing bar-concrete interface elements. This
interface element will simulate the bond stress-slip behavior at the interfacing
boundaries of the concrete and reinforcing bar elements. This type of material modeling
is physically, closely resembled to the real material behavior. The material modeling of

reinforced concrete structure with the application of interface element is described in
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this part beginning with the explanations on modeling of concrete, reinforcing bar, and
the interface elements. The verification of this method of material modeling with the
experimental results, will be shown later along with the comparison to analytical results

obtained from the analysis based on the smeared crack concept.
2.4.1.2.2 Material Properties of Concrete and Reinforcing Bar

(a) Concrete

The properties of the plain concrete under the uniaxial compression stress condition, is
obtained straightly from the compression tests of the cylindrical concrete specimens.
While under tensile stress condition, the concrete is 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

is assumed to drop down to zero.

As the nonlinear finite element analysis is of three-dimensional type, the element will
be stressed by the forces in all directions. The properties of concrete under multi-axial
stress state must be considered. In this research the measurement of yielding of
multi-axial state of stress, or the yield condition of concrete, proposed by Buyakozturk
[16] 1s adopted. The yield criterion of Buyukozturk’s plasticity model can be expressed

in a general form as in Eq.2.6.

\/13+M+113 %09 (2.6)

Vi3 V3

The parameter Gy can be calculated by substituting the uniaxial compressive

strain-hardening curve obtained in experiments to the general form of yielding criteria

as stated in Eq. 2.7.

\[£+BG°G +%53~9‘3—’=0 (2.7)

The shear retention factor proposed by Bangash is also adopted in this analytical

method to retain the shear resistance of concrete after cracking.

(b) Reinforcing Bar



For reinforcing bar, the material properties is assumed to be explainable by an
elastic-perfectly plastic stress-strain refationship (see Fig. 2.11) Yielding of the
reinforcing bar is determined by the yield strength value obtained from the tensile
strength test in the experiments.

[

~ Stress (o)

£

|

Strain (g)

Fig. 2.11 Elastic-perfectly plastic constitutive relationship of reinforcing bar
(c) Development of Reinforcing Bar-Concrete Interface Element

In this phase, to connect the concrete to the reinforcing bar elements in the structural
model, the interface element is used as an alternative method to the application of
smeared crack concept. The bond stress-slip-strain model proposed by Shima [68] is
adopted here because of its generality as well as its accuracy. Shima showed that the
bond stress-slip relationship is highly dependent on the boundary conditions of the
reinforcing bar in the concrete. He found that with taking into account the strain in the
reinforcement, the accurate relationship could be satisfactorily expressed. His bond
stress-slip-strain relationship has been verified with the experimental results to be
sufficiently generalized and accurate for appliéation in most analytical cases. 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 three 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 the stiffness.



Since in this case, the spring is used as the interface element, the bond stress-slip-strain
relationship will be first converted to be in the form that can be directly applied as
spring’s stiffness. Then the further derivation is performed in order to clarify the
ambiguity in Shima’s expression about the location where the averaged bond stress acts
on. The bond stress-slip-strain relationship proposed by Shima can be expressed as in
Eq. 2.8.

= 0731, (In(1+55))°

1+ex10° (2.8)

Where,

s = 1000S/D

T = average bond stress

f. = concrete strength

S =slip

D = bar diameter

€ = strain

In his research, the slip was defined to be, not the relative displacement between bar and
concrete, but the displacement of the bar at the point concerned from the fixed point in
concrete. This definition was considered to be quite general because the relative.
displacement (or slip) between the reinforcing bar and the concrete was independent on
the condition of surrounding concrete which was usually deteriorated to some degree as

the applied load was increased. The slip can be calculated as,

S = [edx+So (2.9)
Where,
So = free end slip
X0 = location of free end
X = Jocation of the point concerned

Furthermore, the local bond stress at any locations along the direction of an embedded
bar is proportional to the slope of the strain distribution curve at that point. Thus at any

point, the bond stress T can be expressed as,

1= EDdE (2.10)
4 dx



Where,
E = Young's modulus of the bar
D = bar diameter
de

; = slope of the strain distribution curve
X

To implement the bond stress-slip-strain relationship proposed by Shima into the
interface element, the stress has to be initially converted to force acting on the specific
reinforcing bar area. By multiplying the bond effective area to the bond stress, the bond

force can be obtained, Eq. 2.11.

f(1) =1 x Area (2.11)
Where,
f(l) . average bond force
T : average bond stress
Area  :bond effective area

By substituting the bond stress-slip-strain relationship (Eq.2.8) into the bond force
equation (Eq.2.11), we can obtain the relationship between the bond force and slip at the

interface as shown in Eq.2.12.

0.73f.'(In(1+5s))°*

f(l)y=txArea= - X Area (2.12)
I+ex10
Where,
Area  :bond effective area=k, Tt D L-
D : bar diameter
L : length of bar element
k, : bond-effective zone factor

In order to simulate the real mechanisnt at the interface between concrete and steel bar,
the spring element is used to represent this physical link. Therefore, in the analysis,
there is a need for formulation of the stiffness of this interface spring. In this research,
the stiffness of the interface spring is derived by, firstly, differentiating the bond
force-slip-strain relationship shown in Eq. 2.12 with respect to the slip. It is assumed

here that strain stays constant at each particular moment.
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Where
f(1) : average bond force

By solving Eq. 2.13 the stiffness of interface spring (kN/mm?) could be obtained as;

4

. f‘l 5 -
= 0.73f. ><k,_13dL>< | N ln(l+5—s—) 214
I+ex10 D+35S D
Where
Ks : interface spring stiffness

For the springs connecting concrete and bar elements in x and y directions, they are
assumed to have the very high stiffness. This assumption is imposed so that the
displacement compatibility between concrete and steel bar in transverse direction will
be held in the-directions normal to the bar surface. In this analysis, the spring stiffness is

assumed to be 100 times of stiffness of bare steel bar.

Ky = (100)(E)(rDYS) (2.15)
Where
Ky . stiffness of the interface springs in directions normal to the

reinforcing bar surface

E : modulus of elasticity of the reinforcing bar
D : diameter of the bar
S : slip on the reinforcing bar-concrete interface

In the actual application, the interface between the concrete and reinforcing bar is
simulated by using the spring element to link reinforcing bar node to the adjacent
concrete node. However, the bond stress derived by Shima is an average value that is
not the stress occurs exactly at the surface of the reinforcing bar. Thus, in the analysis
with the proposed interface element Jinking the reinforcing bar to the adjacent concrete
element, the location away from the 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.
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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 cracking plane yields immediately. Based on this assumption, the maximum
surrounding concrete area (Acmax in Fig.2.13) that initiates this phenomenon can be

calculated as,

Acmax fi = As f
Acn = 28 (2.16)
fi
Where
A : sectional area of reinforcing bar
fy : yield stress of reinforcing bar
fi : tensile strength of concrete

This derivation is similar to the calculation previously introduced by An.,X et al. [5].
Furthermore, if this maximum surrounding concrete area is assumed to be of a circular
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.2.13, 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 expressed in
Eq.2.17. By substituting the bond-effective zone factor into Eq.2.14, the average

stiffness for interface spring that is necessary in the analysis, can be calculated.

K, = Rug/Row= + |2 (2.17)
3VF,
Where
Rave : distance from the axis of reinforcing bar to the surface where average
bond stress acts upon
Rpar : radius of the reinforcing bar.
F, : yield strength of the reinforcing bar

Fi : tensile strength of concrete
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Fig. 2.12 Yielding of reinforcing bar at Fig. 2.13 Stress distribution on bond-
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Since the assumption that the steel will yield immediately is applicable only before the
cracking of concrete’s bond effective area takes place, after cracking, it is, again,
necessary to revise the bond effective zone factor (k). In this research, the recalculation
of the bond effective zone factor is done based on the consideration that when the first
crack is initiated in the concrete element, the concrete will loose its integrity to some
degree. The stress transferred from reinforcing bar to the cracked concrete element will
be spread less widely than the initial bond effective area due to the deterioration of the
interface, causing the reduction in the bond effective zone factor. The modified bond
effective zone factor is formulated by assuming that after the strain in the reinforcing
bar (which is nearly compatible with concrete strain before cracking) reaches the
.maximum tensile strain of concrete (&), the bond. effective zone will be linearly
decreased from the original value until the strain in reinforcing bar, which is connected
to that concrete element, arrives the yielding limit (gy). At this yielding state, the bond
effective zone factor is assumed to be equal to 1. It means that the bond stress will
concentrate in a smaller region. The bond can hardly be distributed to the remote area as

the concrete has lost the integrity due to cracking, Fig 2.14.

I\ Bond cffective zone factor, k,

reinforcing bar

[
-

strain
Eor Esy

Fig. 2.14 Linear reduction in bond effective zone factor after concrete cracks
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Fig. 2.15 Plot of the bond effective zone factor versus the strain in reinforcing bar

2.4.1.2.3 Verification of Finite Element Analysis with Application of Reinforcing
Bar-Concrete Interface Element

Since the reinforcing bar-concrete interface element is newly developed in this research,
it is necessary to verify the applicability of this element before putting it in the real use
in the full model finite element analysis. The verification of the reinforcing bar-concrete
interface element was performed by applying it to simulate the behavior of the
reinforced concrete specimen tested by Shima. The experimental data acquired was
from the pull-out test series of the reinforced concrete. The specifications of the test

specimen are as shown in the Table 2.1 and Fig. 2.16

Table 2.1 Specification of specimen in pull-out test series of Shima [68]

Steel bar SD 30 SD 50 SD 70
Diameter of bar D, mm 19.5 19.5 19.5
Young's modulus E,, Gpa 190 190 190
Yield strength f,, MPa 350 610 820
Initial strain of strain hardening €q,, % 1.65 1.40 0.60
Tensile strength f,, MPa 540 800 910
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Fig. 2.16 The pull-out specimen tested by Shima

The three-dimensional arbitrary distorted cube (MARC element No.7) was used to
represent the concrete, while for the reinforcing bar, the three-dimensional truss element
(MARC element No.9) was applied. The fixed-displacement boundary condition was
applied at the concrete elements surrounding the reinforcing bar elements on the loading
side. Similar material properties of concrete and reinforcing bar as described in this
section were assigned to the concrete and reinforcing bar element, respectively. The
spring elements were applied to connect the reinforcing bar nodes to the adjacent nodes
of concrete elements. Constitutive law of this interface spring was as derived in this
section. Then the stepwise monotonic load was applied. The analytical result is shown
in Fig. 2.15 in terms of bond stress-slip relationship at the distance 2D from the free end

of the specimen.

It could be concluded based on the comparison between analytical and experimental
results that, the interface element shows a comparable trend in prediction of the bond
stress as well as slip to that obtained in the experiment conducted by Shima. The
calculated relationship shows a less stiff behavior after the cracking of concrete is
initiated. This might be due to the imperfection of the assumption that the reduction of
bond effective zone factor is linearly decreased from the initial value immediately after
cracking, to be equal to | at the yielding of reinforcing bar. However comparing to the

application of constant bond effective zone factor from the beginning throughout the
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analysis, the case of using decreasing factor clearly shows better trend in prediction of

the bond stress-slip relationship.
2.4.2 Material Modeling of Steel Plate and Stud

So as to reduce the complication in the complicated three-dimensional nonlinear
analysis, the steel plate elements are assumed to behave as an elastic-perfectly plastic
material. The von Mises yield criteria was used to simulate the yielding surface of these

metallic material. The constitutive relationship is as shown in Fig.2.17.

A Stress (G)

oy

< >
Strain (&)

Oy

Y
Fig. 2.17 Constitutive relationship of steel plate and stud

After all of the mechanical characteristics of the main construction materials, namely
the reinforced concrete and the steel girders, are modeled, the next task is to link this
reinforced concrete pier and the steel girders together. The detailed explanation about
how to put these two main structural components together in the finite element analysis

will be explained in the following section.

2.4.3 Development of Steel Plate-Concrete Interface Element

2.4.3.1 Introduction

At the connection region, the reinforced concrete pier is rigidly cast in the steel girder
case (in the case of main with lateral girders added on), or fully covers a simple girder.
The composite action between these two primary substructures is usually assumed in
the analysis to be of a perfect-bond condition. This analytical assumption might be true
if the reinforced concrete pier is perfectly encased by the strong steel girder with lateral

girder having studs shear connectors welded on. However, in some cases where these
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rigidity enhancing components are not available, like when only a main girder is
designed to be embedded in the reinforced concrete pier, the slip between reinforced
concrete and steel girder would be too considerable to neglected in the analysis. Thus in
order to construct an accurate finite element analytical model that can handle the

calculation of both cases, the interface element is developed.

2.4.3.2 Steel Plate-Concrete Interface Property and Development of New Interface

Element

In this phase, the steel plate-concrete interface property proposed by Yonezawa [80] was
adopted because of its confirmed accuracy and the simplicity in application. Yonezawa
derived the concrete-steel plate interface properties based on the results from series of
experiments he conducted. His main objective in researching for the interface property
is to apply it in the finite element analysis of the structures having the steel plate being
in contact with the concrete. Some influential parameters taken into account in the
derivation of interface property are, the confining force, the compressive strength of
concrete, and the thickness of the interface element. He, eventually, came up with the
relationship between bond stress and slip at the interface between concrete and steel

plate.

Table 2.2 Detailed formulation of steel plate-concrete interface property [80]

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

1.Under compressive normal stress
Assuming that under compressive stress, the
interface is as rigid as steel plate, thus

K, = (200,000A) per unit length
2. Under tensile normal stress
6, = (0.04F./0.05)8h
G, (A)= (0.04 F./0.05)Adh
F, = (0.04F./0.05)A8w
Thus the stiffncss of spring in this direction is
K, = (0.04 F./0.05)Ah

Where ©, : stress in the direction normal to the
interface (N/mm?), F. :
concrete (N/mm?). A : effective arca (‘mm:), F, :
force in the direction normal to the interface (N).
& : slip (the deformation of the spring. mm)., K, :
Stiffness of spring in the direction nermal to the
interface (N/mm). h : virtual thickness of the
interface clement

compressive strength of

1. Under compressive normal stress
{when; o, £ 0.650,]
F. = (Y,0./0.02)Adh
Ki = (1,0,/0.02)Ah
[when; o, 2 0.650,] assuming that the stress
keeps constant while slip increases infinitely

F, = 0.650,Ah

K. = 0
2. Under tensile normal stress
[when: o, £ 0.040,)

F, = (u,0,/0.02)Adh

K, = (u,0,/0.02)Ah
[when:io, 2 0.650,)

=0

K, = «

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




The detailed formulations can be divided into 2 parts those are, first, the formulation of
interface property in the direction normal to the interface plane, and the other is the
formulation of interface property in the direction tangential to the interface plane. The
summary of detailed formulation of Yonezawa’s interface property is as presented in
Table 2.2.

To implement this property into the finite element analysis, Yonezawa had developed
the interface element that was of rectangular shape with four corner-nodes. As the
thickness of the interface element was unknown, he conducted the parametric study to
find the effect of this influential parameter. Finite element program was used in his
parametric study. He found that the appropriate values of the thickness that should be
used in the analysis, should not be less than 0.001 mm, or else the finite element
analysis would be prone to numerical difficulties. However, as this virtual thickness has
no physical meaning and no specific value has been clearly suggested, it may cause
some difficulties as well as the ambiguities in finite element analysis of steel
plate-concrete composite structure. Therefore the new interface element is developed in

this research so as to eliminate these problems.

A three-dimensional spring element is used to represent the interface between concrete
and steel plate. Since the spring element itself has no dimension, the difficulties in
choosing appropriate value of the virtual thickness of the interface element will be
removed. All the thickness factors present in formulae derived by Yonezawa are then
normalized. Thus the virtual thickness “h” is diminished out from the expression for

properties of the three-dimensional interface spring.

The formulation for the concrete-steel plate interface property and the derivation of the
stiffness of the interface element, are as illustrated in Table 2.3. Whilst the formulae
look essentially similar to those presented by Yonezawa, it should be noticed that the

variable representing the virtual thickness has rationally been taken away.

A Tensile Normal Stress on Compressive Normal Stress on Tensile Normal Stress on
Normal Stress o,
0.04F, . Friction Stress ot Friction Stress ot
\ Ko = ( 0.04F 7 6.05 1 ol = 0.65Gn > ot = 0.0don
< >
A 0.05 Sliptmm) < <
Campressive K, = (U, on/ 0.02) K = (1, on/ 0.02)
> . >
0.02 Sliptmm) Sliptmm)

Fig. 2.18 Bond stress-slip relationship of interface element



Table 2.3 Formulation of concrete-steel plate interface property

Springs in the direction normal to the interface

Springs in the direction tangential to the interface

1.Under compressive normal stress
Assuming thalt under compressive stress, the
interface is as rigid as steel plate, thus

K, = (200,000A) per unit length
2. Under tensile normal stress

6, = (0.04F./0.05)%

c, (A)= (0.04 F./0.05)A%

F, = (0.04 F./0.05A%
Thus the stiffness of spring in this direction is

K, = (0.04 F./0.05)A
Where 6, : stress in the direction normal to the
interface (N/mm?), F. : compressive strength of
concrete (N/mm?), A : effective area (mm->), F, :
force in the direction normal to the interface (N),
d : slip (the deformation of the spring, mm), K, :
Stiffness of spring in the direction normal 1o the
interface (N/mm)

1. Under compressive normal siress
[when: o, £ 0.650,]
F, = (y,0,/0.02)A8
Ki = (U, 06,/0.0)A
[when; 6, 2 0.650,] assuming that the stress
keeps constant while slip increases infinitely

F,F = 0650,A

Ko = 0
2. Under tensile normal stress
[when; o, £ 0.040,]

F, = (4,0,/0.02)A%

K. = (u,0,/002)A
[when; 6, =2 0.650,]

F = 0

Kl = o<

Where F, : force in the direction tangential to the
interface (N), K, stiffness in the direction
tangential to the interface (N/mnt)

2.4.3.3 Verification of Steel Plate-Concrete Interface Element

The confirmation of the applicability of the interface element developed in this research

was done by implementing the interface element into the finite element model of steel

plate-concrete composite specimen. The representative specimen was chosen from the

series of experiments conducted by Yonezawa [80]. The steel plate-concrete composite

specimen is as shown in Fig. 2.19.

pushing force

amping force

confining force

Fig. 2.19 Specification of the specimen tested for the steel plate-concrete

interface property by Yonezawa




In the finite element analysis, the concrete and steel plate are simulated by the
three-dimensional arbitrary distorted cube (MARC element No.7) and the bilinear thick

shell element (MARC element No.9), respectively. The properties of both materials

The three dimensional springs are used to connect the steel plate nodes to the adjacent
concrete nodes. The steel plate nodes are, therefore, retained in all translation directions
(x, ¥, and z) by concrete nodes and vice versa. The derived spring stiffness is input
through MARC subroutines (USPRNG and IMPD) into the calculation. It is noted that
the area that is used to compute the stiffness of interface element is defined to be the
summation of a quarter of the areas of plate elements surrounding that particular plate

node as illustrated in Fig. 2.20.

Al/4 A2/4

A3/4 Ad/4

Fig. 2.20 Nodal area for calculating the stiffness of interface

Anode = (Al/4) + (A2/4) + (A3/4) + (Ad/4) (2.17)
Where
Anode : the total steel plate area on which the nodal force is acting
Al, A2, A3 and A4 : the component areas located on plate element number

1,2,3 and 4, respectively

For the boundary condition, the fixed translation conditions are imposed at the end of
concrete block. In addition, before the first pulling load step starts, the clamping (or
confining) pressure of magnitude 822 MPa is applied onto both plates. Then the
stepwise pulling load is applied at nodes located at the end of both plates. This

displacement and mechanical boundary conditions are illustrated in Fig.2.19.

The analysis is verified by comparing the analytical results to the experimental results

obtained by Yonezawa. By means of the relationship between the interface bond stress



[O%)
(O8]

and slip, it can be deduced that the analytical simulation with the application of newly
developed interface element can predict the interface behavior very closely to the real
behavior. Therefore, it is concluded here that without having to assume the virtual
thickness of the interface element as in Yonezawa’s analysis, by using the proposed

steel plate- concrete interface element, the behavior of the interface can be accurately

predicted.
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Fig. 2.21 Verification of application of interface spring element

2.5 Finite Element Analytical Procedures

After having made the structural model, determined the properties of all materials, and
assigned the properties in terms of constitutive law to all elements, the next step is to
conduct the analysis based on the finite element method. The analytical program
utilized throughout this research is MARC analysis package. In this analysis package,
the input information is divided in to 3 main parts, those are the input of the analysis

parameters, the input of model definition, and the input of loading history.

In the first part, input of analysis parameters, the sizing of workspace is specified. Then
the key information such as the element type (element number), numbers of applied

loads, and the numbers of defined sets of nodes and elements, are specified.
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The connectivity among elements and coordinates of every nodes are registered in the
second part, model definition. In addition to these geometrical data of the structure, the
fundamental material properties along with the boundary conditions also have to be

listed in this part.

Up to this stage, MARC acknowledges the physical layout and mechanical properties
the elements. The program is now ready to accept the inp‘ut of apply loads and proceed
the analysis. Further modification to the basic input in the main input card can be
performed by accessing the source program through the particular subroutines. The
finite element analytical procedures adopted in MARC can be illustrated by the
flowchart in Fig. 2.22.

CONTROL £
PARAMETER INPUT
* PRE-PROCESSING
MODEL DEFINITIONS (with MENTAT)
¢ _ MESH GENERATION
LOAD INCREMENTATION

v

POST-PROCESSING

Fig.2.22 Flowchart of finite analytical procedures in MARC analysis package

In this research, some nonlinear properties of materials are input through and calculated
in the subroutines, namely, USPRNG, USHRET, and IMPD. The functions of these user
subroutines provided in MARC are;

USPRNG : for defining the user preferable stiffness of the springs. The
stiffness of the reinforcing bar-concrete as well as steel plate-concrete interface element
are defined in this subroutine.

USHRET : for defining the shear retention factor of the concrete element

IMPD : this subroutine is used not as directly to input the material
properties like USPRNG and USHRET subroutines. It is used to store the resultant

strains and stresses coming out at the end of the current loading increment to be used at
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the beginning of the next loading increment. This is to solve the numerical difficulties in
the nonlinear finite element analysis of the complicated structures like the ones
analyzed in this research. The works done by the IMPD subroutine are :

1) Storing the final displacement data at the end of the current Joading
increment. This displacement data will be converted to be the strain in reinforcing bar
that will be used in the calculation of the stiffness of reinforcing bar-concrete interface
element. It is because the stiffness of this element is dependent on the strain in
reinforcing bar in addition to the dependency on the slip as defined by Shima. (Eq.2.8)

2) Storing the slips of the reinforcing bar nodes located at the interface between
reinforcing bar and concrete elements in terms of nodal displacements. This value will
be used again at the beginning of the next loading step.

3) Storing the normal and frictional forces acting on the nodes of steel plates.
These forces will be used in the consecutive loading increment to determine the

stiffness of steel plate-concrete interface element.

Some nodal data which cannot be directly acquired by IMPD subroutine, such as the
normal and frictional forces acting on steel plate nodes, will be transferred from the
subroutine USPRNG via the common blocks to IMPD. This is to assure that the data to

be reused in the next increment are the final values obtained at the end of the current

loading increment.

2.6 Preliminary Verification of Analytical Methodology and Selection of Suitable
Reinforced Concrete Material Model

After constructing the structural model, the material properties that also have already
been derived, are assigned to all elements in the model. Then we can now start to
conduct the analysis based on the finite element procedures. To check whether the
proposed axialytical methodology is valid, at the primary stage, the method is applied to
simulate the response of the structure consisting of steel girder-reinforced concrete pier
composite connection subjected to the external load. The structure selected to be
analyzed is one of the composite connection specimens tested by Japan Highway
Corporation and construction companies [41]. The design specification of this specimen

is as shown in Fig. 2.23.
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Fig. 2.23 Design specifications structure consisting of steel girder-

reinforced concrete pier composite connection

Fig.2.24 Finite element meshes of steel girder-reinforced

concrete pier composite connection specimen

The finite element structural model of this test specimen is illustrated in Fig2.24. In
order to separately account for the effect of each structural component, the structural
model was discretely meshed. The structural components those are, concrete,
reinforcing bar and stirrup, steel plate, and stud, are represented individually by the
different types of element. The 8-node three-dimensional arbitrarily distorted cube

element (MARC element No.7) is used to simulate the concrete material. The



reinforcing bars including both stirrup and longitudinal one are represented by 2-node
three-dimensional truss element (MARC element No.9) while the 4-node thick shell
elements (MARC element No.75) are used to simulate the steel plate. The 2-node beam

element (MARC element No.14) is used to represent the stud.

Due to the symmetry of the structure along the middle plane (in this case, on the plane
normal to y-axis), a half physical finite element model was constructed. The boundary
conditions consist of displacement as well as mechanical boundary conditions. Those
condition imposed before the beginning of the calculation to the structural model are,

1) Displacement boundary conditions : the fixed displacements on the half
plane (the plane having normal vector along y-axis). Nodes located on this plane was
considered not be able to translate in y-direction and not able to rotate about x-and
z-directions. At the support, the translations in all directions, namely, along x-, y-, and
z- directions are essentially prohibited.

2) Mechanical boundary conditions : these boundary conditions are used to
simulate the loading applied to the structure. The distributed load is initially applied on
the surface of the top elements by using “dist load” function. Then this load is kept
constant while the horizontal load is incrementally applied via “point load™ function

throughout the analysis.

As this preliminary analysis is also conducted to aid the selection of the more
appropriate material model of reinforced concrete between the smeared crack concept
and the analysis with the application of the reinforcing bar-concrete interface element
explained in section 4.1.1 and 4.1.2, orderly, both material models of reinforced
concrete are applied in two separated analytical cases. The study case | and 2 are
conducted to verify the results from the finite element analysis with application of
smeared crack concept and from the finite element analysis with application of
reinforcing bar-concrete interface element, respectively. The way that the reinforced
concrete material property is formulated, is as discussed priory in section 4.1.1 and
4.1.2 and it will not be restated here. Only the results from the analyses with both
concepts are explained and based on the results, the more appropriate modeling of
reinforced concrete in the structure consisting of steel girder-reinforced concrete pier

composite connection is determined.

Having finished constructing structural model as well as assigning the material

properties to the elements, the distributed load is then applied. It is kept constant until



the end of analysis. The horizontal load is applied to the structure monotonically with
the maximum load assumed beforehand to be 150 kN. However, this value may not be
reached in some cases due to the failure of material prior to arriving this pre-specified
ultimate load. For the convergence testing, the displacement criteria (No.1, in MARC
control card) was used. The maximum allowable value of the change in displacement
increment divided by the displacement increment default was set to be not greater than
15 percents. The stepwise increment of this horizontal applied load is programmed via
the “auto increment” function. The analytical package will automatically choose the
amount of load increment accordingly to the control parameter registered by the user. It
should be noted here that, all of the mechanical loads are applied in the increment next
to increment zero as it is required by the package that at the initial increment, the
analysis must be within an elastic stage, both geometrical and material nonlinearities are

not allowed to occur in this initial stage.

The results from the analysis case 1 (smeared-crack concept based) and case 2 (with
interface element) are shown in terms of the load-displacement relationship, and

load-reinforcing bar strain relationship in Fig.2.25 and 2.26, respectively.
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It can be seen that before concrete cracks the analysis can predict the behavior of
structure quite accurately. However, some discrepancies can be observed beyond this
cracking point. The behavior predicted by analysis based on smeared crack concept and
with the application of the reinforcing bar-concrete interface element show a good
agreement with the experimental results. Nevertheless, the smeared crack based analysis
cannot simulate the behavior of structure correctly after the yielding of reinforcing bar
takes place. This is expected to be due to the imperfection of the modified constitutive
law of the reinforcing bar. To check if this speculation is correct, the additional three
comparative analytical cases having different constitutive laws are conducted. In these
three cases, the initial yielding stress is modified to be different from those calculated
by Shin’s method. The modified constitutive laws of reinforcing bar in all study cases
are as shown in Fig2.27. The initial yield stress is alternated to be E = 263.6, 380.7
(same as the actual yielding stress of the reinforcing bar), and 23.7 MPa in case 1, 2,
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and 3, respectively. The stiffness of the reinforcing bar after passing through the initial

yielding point ( E,-h ) is calculated by using the equation proposed by Shin (Eq.2.3). The

same analytical procedures were followed and the results of these 3 cases are shown in

Fig. 2.28 and Fig. 2.29.
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It can be clearly seen that by using the constitutive law of reinforcing bar proposed by

Shin, the structure behaves more stiffly compared to the experimental result which is

nearly similar to the results from comparative case 2, where the actual elastic-perfectly

plastic model with actual yield point is applied. However, when the yield stress of

reinforcing bar is assumed to be 263.6 MPa in comparative case 1 (obtained by trial and

error), the analytical prediction shows quite comparable result to the experimental data
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both in the elastic and inelastic ranges. For case 3, where the minimum initial yield
stress (defined in Eq.2.3, fy = 23.7 MPa) was used, the stiffness of the entire structure
as well as the rate of change of strain in reinforcing bar becomes obviously lower.
Therefore it can be concluded that the modification of initial yield stress and the
post-yielding stiffness can greatly affect the predicted behavior of the structure. In
addition, it can be deduced that the constitutive relationship proposed by Shin is not

regarded as the generalized model.
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reinforcing bar-concrete interface element

In contrast, with the application of reinforcing bar-concrete interface element, the
analysis gives out a closer behavioral prediction than the one which is based on the
smeared crack concept, Fig.2.30 and 2.31, especially in the load-reinforcing bar strain
relationship after yielding of reinforcing bar occurred. The real constitutive law of the

reinforcing bar and concrete can be used straightly without having to be modified.
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However it should be noted that the calculation time 1s noticeably increased when the
reinforcing bar-concrete interface element is implemented into the model as the degree

of nonlinearity is greatly increased.

Based on this comparisons, it is suggested that the analysis with the application of the
proposed reinforcing bar-concrete interface element should be used in analyzing the
structure consisting of steel girder-reinforced concrete pier composite connection, as it
is proved to be more generalized than the analysis based on smeared crack concept in
where the accurate modified constitutive law of reinforcing is still not available.
Therefore, hereafter in this research, the finite element analysis with the application of
reinforcing bar-concrete interface element is used for simulating the behavior of

reinforced concrete part in the structure.

Regarding the performance of the steel plate-concrete interface element, according to
the comparison between analytical and experimental results, it is obvious that the
application of this interface element improves the accuracy of the prediction. The plot
between load and the principal strain, Fig.2.32, illustrates that with the application of
the steel plate-concrete interface element, the change in strain due to the slip occurring
at the interface between the concrete and the steel girder could be predicted more

accurately.
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Fig. 2.32 Relationship between load and principal strain
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2.7 Behavior of Structure Consisting of Steel Girder-Reinforced Concrete Pier

Composite Connection

By using the proposed analytical method, the behavior of the connection is visualized.
Some important parameters, which can hardly be obtained in experiments, can be
obtained in the analysis. From the preliminary analysis, the distributions of forces
within the connection are simulated. This is done in order to get a rough idea on how

the forces are transferred from one connection components to the others.
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Fig. 2.33 Distribution of normal reaction force on

concrete sections located within connection

Fig.2.33 shows the normal reaction forces on concrete elements located at the faces
named SIDE Al, A2, A3, and A4 (the reaction forces that equilibrate the forces exerted
on concrete element by the surrounding elements adjacent to the faces being
considered). It 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 the main
girder’s flange (A, and B) are more intensive. 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.
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In the real construction, the width of the concrete pier is usually designed to be much
wider than the width of the main girder’s flange. Therefore, in the case that the
magnitude of forces applied to the girder is excessively high, while this load is being
transferred to the reinforced concrete pier through the connection, it might caused the
stress concentration to occur at the vicinity of the main girder’s flanges. The stress
concentration may eventually originate the local deterioration to the concrete situated
near the flange of the main girder. Since this concrete encased by many structural
components such as the girder’s flanges, lateral girders, and the slabs, it will be difficult

to repair if the localized destruction is occurred.

2.8 Conclusions

In this chapter the analytical methodology was developed. It was then preliminarily
verified with the results from experiments conducted by Japan Highway Corp. and
construction companies. A good agreement could be observed in the comparisons when
reinforced concrete was modeled with the application of reinforcing bar-concrete
interface elements. Therefore, it is deduced that this method is more generalized than
the modeling with smeared crack concept which still lacks of the accurate constitutive
relationship of reinforcing bar. Moreover, by implementing the steel plate-concrete
interface element into the finite element model, the slip between concrete and steel plate
can be correctly simulated. Nevertheless, a further verifications with some other

experimental results are still needed to assure the generality of this analytical method.

The results from the preliminary analysis suggested that due to the stress concentration
observed at the vicinity of the main steel girder, the local deterioration, which is
difficult to be repaired, may occur. This rises up the other point of consideration in
design that how to effectively distribute the load transferred from the main girder
passing through the connection to the reinforced concrete pier without initiating any
local deterioration in concrete located within the connection. As well it questionable to
the existing structures that have already been constructed using this method that how

safe and how difficult to repair if the local deterioration does accidentally happen.
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CHAPTER 5
Verification of Analytical Methodology

5.1 Introduction

As stated earlier, the demerits in application of this type of composite structure is the
difficulty in design and analysis. Though to the time many analytical procedures have
been proposed in order to analyze this kind of structure, none of them is guaranteed to
be sufficiently generalized. Another alternative analytical method proposed in this
research, in chapter 2, as well, needs a verification of its generality and accuracy. Thus,
in addition to the preliminary simulation of the composite connection specimen tested
by Japan Highway Corp. and construction companies, the experiment was carried out in
this research course with one of the objective set as to verifying the proposed analytical

method.

In this chapter, the behavior of composite connection specimens simulated by the
proposed analytical procedures, are verified by comparing to the experimental results.
The verification is presented in terms of the overall structural behavior namely, the
load-deflection relationship, and the relationship between reinforcing bar strain and the
applied load. The load-reinforcing bar strain relationship will also show the analytical
trend how, compared to the experimental results, loads from pier are being distributed to

the connection.
5.2 Relationship between Applied Load and Deflection
The comparisons between analytical and experimental load-deflection relationships of

specimen C-1, C-2, C-3, and C-4 are as shown in Fig5.1 to 5.4, respectively. The

deflection is measured at 1500 mm above the top of the composite connection.
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Fig.5.4 Load-deflection relationship of specimen C-4

From the Fig.5.1 to 5.4, it can be seen that the behavior of all specimens can be
simulated fairly accurately within the elastic range. The point at which the structure first
looses the stiffness (cracking of concrete begins) can be predicted correlatively to that
observed in experiments. However, beyond this point the simulated behavior seems to
be stiffer than the experimental one, particularly for specimen C-1. For this specimen,
the simulation could not follow the real behavior when the second reduction in stiffness
occurs. In the test, this point was occurred at the load step where the separation between
concrete and the main girder initiated. At this point, a very high degree of discontinuity
does occur at a, wide crack on tension side as well as the distributed cracks in the
connection’s concrete. At this stage, the bond might have fully lost at some large
openings allowing the slip to occur quite freely. The simulation with the assumption of
linearly reducing bond effective zone factor having minimum value equal to 1, might
not be able to handle this situation. Therefore further study is needed in this area to
modify the function of bond effective zone factor. For specimens C-3, due to a high
degree of nonlinearity, the analysis fails to converge beyond 50 percent of the real
applied load. Therefore, the convergence testing must be readjusted carefully when
apply this method of analysis. In these four figures, the relationship between load and
deflection predicted by the proposed analytical methodology is also compared to the
result of analysis with an assumption of perfect bond between concrete and reinforcing

bar node. It is obvious that the improvement in the results can be achieved when the

proposed method is applied.
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5.3 Load-Reinforcing Bar Strain Relationship

The relationships between applied load and the strain on reinforcing bars measured at

50 mm above the connection on tension side are shown in Fig. 5.5 to 5.8.
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In this aspect, the analytical predictions show a correlative trend with the experimental
results in the comparisons. Quantitatively, the analytical behaviors of reinforcing bars
on tension side of specimen C-3 and C-4 seem to be stiffer than the real behavior
observed in the tests. This might be due to the fact that, in the test, as some cracks were
pre-generated during transporting the specimen onto the testing base, the first drop in
structural stiffness occurs rather early compared to the analytical results. Another reason
might be because the mismatching between the young modulus provided by the steel
manufacturer and the real value that might be lower. In specimen C-3, due to the
divergence occurred in analysis, the simulation has stopped just at the middle of the
entire process. However, it still shows the correlative trends with the experimental
results. According to these curves, it can be interpreted that, although the analysis could
not proceed until reaching the ultimate state, the predicted distributions of steel strains
in the lateral direction have more or less the same trend as in experimental results,

especially in the elastic range.

5.4 Conclusions

Based on the comparisons between analytical and experimental results it could be
deduced that the fair agreement between the analytical and experimental results is
evidenced in an elastic range. Nevertheless, the analysis is quite prone to the divergence
problem due to the high degree of nonlinearity in material models. Therefore this

method should be applied with a careful adjustment of convergence test. In addition, not
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only the overall behavior which can be fairly predicted, the distribution of forces in the
lateral direction simulated with the analytical procedures also shows a correlative trend

with that observed in the test.
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CHAPTER 6

Force Transfer Mechanisms

6.1 Introduction

Unlike a normal reinforced concrete beam-column joint in the typical reinforced
concrete structure, the structure consisting of steel girder-reinforced concrete pier
composite connection is rather more complicated. Various influential connection
components are usually arranged in a three-dimensional space, thus make it difficult to

visualize the interactions among them.

In the ordinary reinforced concrete beam-column joint, the system is comparatively
unsophisticated. Within the connection, there exist only some few basic elements such
as the reinforcing bars and concrete. In practice, these elements are laid on the
symmetrical layers and can be easily designed. Various two-dimensional design
methods have been developed since the early 1900. Those design methodologies are, for
instance, a two-dimensional strut-and-tie model, arch model, stress fan model, etc. Such
designs have been proved to be acceptably accurate and some have even been
implemented into the regional design code for concrete structure, CEB-FIB 1990 [19].

However, in the structure being considered in this research in which the composite
connection between the steel girder and the reinforced concrete pier presents, although
the symmetrical layout does exist, it is not collapsible into one representative plane. The
aforementioned two-dimensional methods are, therefore, inappropriate to be applied.
This leads to the immediate necessity of an alternative model capable to describe the

interactions among the components in the composite connection.

Having briefly explained in Chapter 4 about the behaviors of the connection
components observed in the experiment, in this chapter, the conclusive explanations on
the interactions among those components will be given. The validity of the force

transfer mechanisms explained in this chapter will be qualitatively confirmed against
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the experimental as well as analytical results (Chapter 7). Based on the mechanisms to
be explained hereafter, the alternative model for predicting the behavior of composite

connections will then be proposed in the consecutive chapter.

6.2 Force Transfer Mechanisms

In this research, the structure of interest consists of the reinforced concrete pier, steel
girder, and the composite connection. In the experiment, to simulate the behavior under
static loads, the vertical as well as the horizontal forces were applied on to the
reinforced concrete pier. These externally applied forces were transferred through the
pier, connection, main girder, and eventually, they were balanced by the reactions from

the supports located on the main girder preventing the structure from being displaced.
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Fig.6.1 Flow paths of forces inside the structure.

Since the main purpose of this research phase is to investigate the force transfer
mechanism within the connection, the connection, henceforth, will be considered as the
main system. The system is stressed by sets of external forces those are exerted by the
reinforced concrete pier and by the main girder. In the following sections, the transfer of

applied forces and reactions through the reinforced concrete pier and the main girder
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will be described. Then, taking into account the pier and main girder forces as the
external loads to the system, the mechanisms formed within the connection to balance
these loads will be consecutively explained. Fig.6.1 briefly illustrates the flow paths of

forces inside the structure.

6.3 Force Transfer in Reinforced Concrete Pier

When the specimen is vertically and horizontally loaded at the top of the pier, the
applied forces generate both flexure as well as shear in the pier section. The shear force
is assumed to be uniformly distributed over the entire length of the pier down to the top
of the connection. At this position, shear force is equilibrated by the horizontal reaction
from the connection. The reaction is partly contributed by the studs on the top flange of
the main girder and partly by the intact reinforced concrete in the compressive zone. At
the ultimate state, as the uncracked concrete area becomes smaller, the contribution of
concrete is greatly reduced. However, on the flange of the main girder, since there is a
group of studs holding the pier’s concrete and the main girder together, even though the
crack has deeply propagated through the depth of the section, the contribution of this
portion in resisting shear will be relatively less decreased. From this phenomenon, we
can deduce that the distribution of shear force from the pier to the top of the connection

is not uniform in the lateral direction.

The flexure, in another way, will produce a couple of compressive and tensile forces on
the pier’s section. The couple generated in the pier is balanced by the reactions from the
connection. In the compression zone, the compressive force in the pier is responded by
the top flange of the main girder as well as by the concrete within the connection. In the
opposite direction, the tensile force in the pier is also kept balanced by the bond force
on reinforcing bars embedded in the connection concrete. Then the surrounding
concrete will convey the force to the bottom side of the main girder’s top flange (details

of this action will be explained in section 6.4, force transfer in composite connection.

Based on the stress field concept, A. Muttoni, J. Schwartz, and B. Thurlimann[1] stated
that the distribution pattern of forces within the concrete element is directly dependent
to the dimension of supports at both ends of the compressive strut, the larger the
difference in support size between both ends is, the more distributed stress will induced
in the strut. Correspondingly to this concept, the distribution of pier’s force on the top of
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connection into the lateral direction can be determined. It should be noted, although,
that in the experiment, the forces applied onto the reinforced concrete pier are those
from the actuators and on the other end by the reaction from the connection. Since the
widths of actuator heads are not much different from the width of the pier, therefore, the

forces from actuator heads are nearly uniformly distributed in the lateral direction onto

the top of the connection.

6.4 Force Transfer in Main Steel Girder

In forms of couple and shear, the forces from the reinforced concrete pier are transferred
via the connection to the main girder. Similarly to the ordinary reinforced concrete
beam-column joint, the couples are generated by rotation of the connection. The
connection will push and pull the section of steel girder in the compression and tension
regions, respectively, and cause the bending moment in the main girder. Along with this
moment, the vertical shear will be shifted from the connection to the main girder. Then
these forces will be resisted by the reactions from the supports positioned at both ends
of the main girder. By the set of forces mentioned, the structure is brought into
equilibrium without any rigid body movement. Fig. 6.2 shows the forces transferred

from the connection passing through the main girder and locked in place at the supports.
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Fig.6.2 Force transfer in main girder and reactions on connection faces

The particular point that makes the force transfer from the composite connection to the

main girder different from that in the ordinary reinforced concrete beam-column joint is
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that, on the surface where the girder begins to emerge into the connectidn, force from
the main girder is decreasingly distributed away from the center of the girder. The
forces in the web and flange of the main girder start to laterally distribute not only onto
the main girder deposited inside the connection itself, but also to the concrete within the
connection, whereas, in the ordinary beam-column joint, as the section is not changed in
shape, the forces form the beam would rather be more uniformly distributed across the
width of the beam and joint. The main girder’s force will be distributed in the direction
away from the center of the girder with reducing magnitude to the outer connection

concrete as shown in Fig.6.3.
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Fig.6.3 Distribution of main girder’s force onto the connection.
6.5 Force Transfer Mechanisms in Composite Connections

In this section, the composite connection is considered as the system and all of the
forces exerted by the other structural members to the connection, are thought of as the
externally applied loads. The mechanisms are established within the connection to react
to the external forces. The external forces can be, more specifically, classified into 2
types according to the source of the forces. One is a group of forces applied to the
system by the reinforced concrete pier and the other is that coming from the main girder.
The pier’s forces compose of compressive and tensile forces generated by the flexure,
and the horizontal shear force acting on the top plane of the connection. Identically, the
main girder also induces a couple of compressive and tensile forces as well as shear
onto left- and right-hand sides of the system. These externally applied forces are as

illustrated in Fig.6.4.
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Fig.6.4 Forces externally applied to the system

To reduce the complexity, the mechanisms formed inside the composite connection are
classified into two parts namely; those are the mechanisms reacting to the forces from
pier and to the forces from the main girder. The force transfer mechanisms within the
composite connection of specimen C-1, C-2, C-3, and C-4, are described on this basis in
the following sub-sections. It is noted that, to express the total system, these two

separated mechanisms must be combined to each other.

6.5.1 Specimen C-1

In this sub-section, the explanations regarding the mechanisms established within the
connection to resist the pier’s forces will be given in the first place. Then the

mechanisms originated by the main girder’s forces will be successively explained.

Above the connection, other than the pier’s compression force that is directly applied
onto the top flange of the main girder (Fig.6.7), there is the other portion of
compression forces which is transferred straightforward to the concrete within the
connection (Fig.6.5). Since, on the compression side, the connection concrete is not

supported firmly by any dedicated corinection components at the portion laterally away
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from the main girder, therefore the external compression force from pier will be
redirected to the place where there is the upward force to balance it (via Strut 1 and
Strut 2, in Fig. 6.5). This vertical force will be addressed partly to the lower left corner
of the connection block in where the ends of the tension reinforcing bars are located
(Strut 2) as well as partly declining to the bottom flange of the main girder (Strut 1). On
the tension side, by the bond forces of reinforcing bars, the pier will be held in
equilibrium. The reinforcing bars’ bond forces will be transferred to the top-left corner
of the connection via Strut 3. These inclined forces will be balanced by the reaction

from the main girder’s top flange, Fig.6.5.

For the mechanisms established to respond the forces from the main girder, they are
graphically shown in Fig.6.6 and 6.7. While the structure is being loaded, the main
girder will generate flexures as well as shear to the connection. The effects of flexures
applied to the connection can be represented by the couples of compressive and tensile
forces exerted on both left and right faces of the connection. Partially, these horizontal
forces will be transferred through the connection by the main girder itself, whereas the
rest will be laterally distributed and carried by to the connection concrete. The girder
forces that are transferred in the connection via the girder itself are as shown in Fig.6.7.
The girder’s compressive and tensile forces will try to rotate the connection girder in a
counterclockwise direction. To prevent the free rotation of the connection girder, the
other couple generated by pier’s forces, described previously, will counteract these
forces. In addition, this down-and-upward forces will help balance the shear forces from

the main girder being applied on the left and right faces of the connection girder.

At the same time, another mechanism ruling the transfer of the main girder’s forces, is
also formed in the connection concrete, Fig.6.6. Fig.6.6(a)‘ shows the main mechanism
which assists carry the major part of the main girder’s forces. This concrete strut is
formed within the boundary of the top and bottom flanges, and left and right stiffeners.
Due to the change in section (from girder’s section only to the girder’s plus concrete’s
section), the horizontal forces from the main girder are also spread in the direction away
from the main girder to the outer connection concrete. The compressive force applied at
the bottom-left face of the connection will be laterally distributed and ended up being
held at the compressive zone on the top-right position, Fig.6.6(b). On the other side, the
compressive forces coming from the top-right face will be directed to location where

there is the force that can balance it, and this location is at the bond-effective zone of the

reinforcing bars, Fig.6.6(c).
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All of the mechanisms described here are additive to each other in establishing the
principal force transfer mechanisms within the connection of specimen C-1. This
proposed mechanism can reasonably describe the actual behaviors of the composite
connection in specimen C-1 observed during the loading test, for example, the excessive
rotation of the connection at. the ultimate state. This phenomenon is occurred due to
crushing of concrete located on the limited bearing areas under the top flange of the
main girder (Fig.6.5, bottom and top ends of strut 1, and 2, respectively). At the ultimate
state the external forces applied to the pier is remarkably increased, while the bearing
area is remained unchanged, therefore, the stress concentration occurs in these regions
and finally causes a crushing of concrete. After the concrete is softened, the connection
concrete looses its integrity with the main girder, and results in the excessive rotation.
The crack pattern recorded on the surface of connection concrete is another example
that proves the validity of the proposed mechanism. The crack patterns of the test
specimens are given in Appendix Al. For specimen C-1, it can be seen that the cracks
propagate into nearly the same directions as those of strut 1, 2, and 3 in Fig.6.5. Since
these struts represent the flow directions of the principal compressive forces thus the

cracks can be expected to occur parallel to the axis of the struts.
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Fig.6.5 Force transfer mechanisms inside connection concrete of specimen C-1.
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Fig.6.6 Force transfer mechanisms inside connection concrete of specimen C-1.
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Fig.6.7 Force transfer mechanism in portion of main girder inside connection (C-1)
6.5.2 Specimen C-2

Fig.6.8 shows the force transfer mechanism in the connection of the specimen C-2 in
which there are the lateral girders encasing the connection concrete. The mechanism of
force transfer in this type of connection is essentially identical to that of specimen C-1|
except that on concrete strut 1 and 3, there are the strut-shaped plates attached. Since
there exist the studs joining connection concrete and lateral girders together, it is
assumed that these two components behave in a fully composite manner and the same

strut-shaped forces transfer path is formed in both components.
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The flexure from the reinforced concrete pier (composed of the compression force
acting on the top flange of the main girder and the tensile force through the reinforcing
bars pulling concrete under main girder’s flange on tension side up) is mainly balanced
by the reaction couple from the top flange of the main girder and still causing the stress
concentration at the vicinity of the main girder similarly to that in specimen C-1.
However, due to the composite action between concrete strut 1 and 3 and the lateral
girders’ strut | and 2, the concrete at the bottom of strut [ and at the top of strut 2 will
be less stressed against the bottom and top flanges of the main girder, respectively. It is
because fractions of pier forces will be transferred via the lateral girders’ struts directly
to the main girder. The availability of the lateral girders will also prevent the rotation of
the connection causing by the deterioration of concrete struts as they are subjected to

the less concentrated stresses.

The mechanisms established to react the forces from the main girder are as illustrated in
Fig.6.9. Mechanisms (a), (b), and (c) are identical to those in specimen C-1, while
mechanism (d) is the additional one. As demonstrated by Fig.6.3, the force in the main
girder is spread laterally through the lateral girder to the connection concrete. It is
assumed that the magnitude of this distributed force becomes smaller as the location it
is carried to, becomes farther. That means the connection concrete positioned away
from the main girder will gain less effect from this distributed force. This assumption is

also imposed on mechanism (b), and (c).

For the force transfer in the main girdér located inside the connection, Fig.6.10, the
vertical forces from the lateral girders are added. As explained earlier, these forces will
lessen the forces in concrete strut | and 3, and be considered as a positive effect. Via the
proposed force transfer mechanism within the connection, the forces from pier are
carried to the main girder where they are eventually balanced by the support reactions.
By installing the lateral girders to encase the connection concrete, the excessive rotation
could effectively be avoided since the stress concentration problem is relieved. This
non-existence of disintegration between connection concrete and the main girder is also

confirmed in the experiment of specimen C-2.
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Fig.6.10 Force transfer mechanism in portion of main girder inside connection (C-2)

6.5.3 Specimen C-3

In specimen C-3 of which connection concrete is encased by the lateral girders like in
specimen C-2 but with diaphragms connecting lateral girders on both sides together, the
fundamental force transfer mechanism is similar to that works in specimen C-2. The
flexure from the pier is still carried foremost by the reaction couple exerted by the top
flange of the main girder. Nevertheless, as the lateral girders are strengthened by using
diaphragms to link them together, they becomes stronger in resisting the portion of the
pier’s flexural couple which is distributed outward form the main girder. Hence, the
outmost portion of concrete, strut 4, in Fig.6.11, would help transfer more force, via the
strengthened lateral girder, straightforward to the main girder. It should be noted,
although, that the connection concrete strut 1 and 3 are not extended up to the outmost

concrete portion like in specimen C-1 and C-2, as it is blocked by the diaphragm.

The role of diaphragms is to hold the lateral girders on right and left side together.
Therefore, when the specimen is loaded, the downward and upward movements of right
and left lateral girders will be counteracted by the plate-shearing action of diaphragm.
As a result of the less movements of lateral girders, the concrete at the location away
from the main girder will contribute more in carrying pier’s force. In addition, since the

pier’s force applied to the outmost concrete will be carried only by the lateral girder to
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the main girder (lateral girder strut 2), thus, this contribution of lateral girder will reduce
the stress concentration which might crush the concrete at the bottom of strut 1, and at

the top of strut 3.

Fig.6.12 illustrates the mechanisms established in the connection concrete to resist the
forces from the main girder. The directions of these concrete struts are almost the same
as those of specimen C-2, with the exception that the struts shown in Fig.6.12(b) and (c)
are not extended beyond the diaphragm. Another effect of diaphragm is that, the
compressive stress in the inclined concrete struts adjacent to the diaphragm, Fig.6.12(d)
and strut 1 and 4 in Fig.6.11, will be lessened as the diaphragm will help carry some
part. For the force transfer in the main girder located inside the connection, its pattern is

just similar to that presents in specimen C-2.
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6.5.4 Specimen C-4

Fig.6.13 shows the force transfer mechanism within the connection of specimen C-4.
The mechanism is different from those of specimen C-1, C-2, and C-3 in such a way
that, as the top flange is removed from the main girder, the flexure from the pier is
transferred to the connection by exerting the compression force on the top flange of the
diaphragms, and pulling this flange on tension side up by the bond forces of reinforcing
bars. Furthermore, since there is no stud installed on the lateral girders in specimen C-4,
so unlike specimen C-2 and C-3, concrete strut 1, 3, and 5, will work independently

without the composite action.

In specimen C-2 and C-3, the pier compression and tension will be distributed out
laterally and carried by the concrete struts inside the connection. Along with the
concrete struts, these forces will also be transferred partly via the lateral girders’ struts
to the main girder. In specimen C-4, however, rather than being concentrated on the
main girder, only some part of pier’s forces (concrete strut | in Fig.6.11) will be directly
conveyed to the bottom flange of the main girder. Another part of the pier’s forces will
act on the top flange of the diaphragm situated laterally away from the main girder
(concrete strut 3 and 5, and the pier’s compression exerted on the top flange of
diaphragm). Then these forces are transferred forth to the main girder via the lateral
girders’ strut 1 and 2 alone (it is noted that in this specimen there is no stud provided on
the lateral girder so it is assumed to-have no composite action with concrete). By this

mechanism, the lateral girders will be put to the relatively full usage comparing to the
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partial use of the lateral girders in specimen C-2 and C-3 of which lateral girders carry
only the minor portion of pier’s forces. In addition, the pier’s compression will be
effectively resisted by the connection concrete located away from the main girder.
Similarly, on tension side, due to the steeper inclination of concrete strut 3 and 5, the
bars located laterally away from the main girder will also be more fully utilized

(comparing to the more inclined concrete strut 3, in specimen C-2).

Comparing to specimen C-3, the diaphragms in specimen C-4 behave in such a same
manner as to strengthen the lateral girders. Therefore, the compressive and tensile
forces from the pier will be carried more by the lateral girder. The major different
between the force transfer mechanisms of these two specimens is that, in specimen C-3,
the compressive force from the pier will be exerted on the top flange of the main girder
and on the lateral girder via the studs, Fig.6.14. As well, on the tension side, the tensile
force will be carried by the hold-down reaction from the top flange of the main girder
-and by the lateral girder via studs. Contrarily, in specimen C-4, as there is no stud on the
lateral girder, the compressive force from the pier will be carried by the bearing area on
the top flange of the diaphragms and partially by the bearing on the bottom flange of the
main girder. On tension side, by the inclined concrete strut 3 and 5, the tensile force
from pier will be transferred to the bottom face of the diaphragm’s flange. In practice
since the length of lateral girder’s stud is relatively short compared to the width of the
pier, thus the effective bearing area formed by studs to hold the pier’s compressive and
tensile forces will be small. This may eventually cause the stress to be rather
concentrated at the vicinity of the main girder instead of spreading out laterally as in
specimen C-4. Besides, at the topmost studs the force will become intense on the
limited area, therefore the local deterioration could be potentially be generated. In
specimen C-4, as the pier’s compression is exerted on the diaphragm’s top flange which
has larger bearing area, therefore, the problem of stress concentration at the main girder

as well as the local deterioration at the vicinity of the topmost studs can be eased.

The mechanisms established to resist the forces from the main girder are similar to
those of specimen C-3 in where the diaphragms are installed, Fig.6.12. As well the force
transfer mechanism in the main girder portion embedded inside the connection is the

sane as that exists in specimen C-2 and C-3, Fig.6.11.
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6.6 Conclusions

With the information obtained from the analytical (to be explained in the next chapter)
as well as from the experimental investigations, the force transfer mechanisms within
the composite connections can be clarified. The accurate path of the force flow should
rather be simulated in three-dimensional space than in two-dimensional as
conventionally done in the behavioral simulation of the ordinary reinforced concrete

beam-column joint.

The mechanisms of the force transfer within the composite connection is organized
similarly to the strut-and-tie model, in where the compressive force is carried along the
compressive strut and the tensile force is transferred via the tie. The mechanism inside
the composite connection plays the important role in conveying the externally applied
forces from pier to the main girder that will finally, equilibrated by the support reactions.
In this chapter, the composite connection is considered as the main system, where forces
applied by the pier and the main girder are thought of as the external forces. From the
pier, the vertical compressive and tensile forces are transferred to the top of the
connection, while from the main girder, the horizontal couple is conveyed to the side
faces of the connection. The simulation of the force transfer mechanism is sirhplified by
taking into account the mechanisms established by these twa types of external forces
separately. Then the mechanism is drawn out based on the results from both
experimental and analytical investigations. The qualitative comparison between the
mechanisms proposed for specimen C-1, C-2, C-3, and C-4, and the flow patterns of
compressive strains inside the connections from finite element analysis will be given in

the following chapter.

By the proposed force transfer mechanisms, the behavior of the specimens observed in
the loading tests could be rationally explained. For instances, among all of the
specimens tested, the control specimen, C-1, responded the load in the least stiff manner
with the smallest ultimate load resisting capacity, the cause of this phenomenon is the
disintegration of the connection part. The disintegration between connection concrete
and the main girder is occurred potentially due to crushing of concrete located at the
highly stressed zones like, at the bottom of strut I and at the top of strut 3 in Fig.6.5.
The direction of crack propagations recorded during the test (Appendix A), are also

correlated with the direction of compressive struts 1, 2, and 3 in the same figure.
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By adding in the lateral girders (specimen C-2), this excessive connection rotation could
‘be overcome. The connection could withstand the load until the yielding of reinforcing
bar took place. This is due to that the lateral girders strut I and 2, share the load from
concrete strut 1, and 3, Fig.6.8. The use-to-be highly stressed zones of concrete in
specimen C-1 are relaxed, therefore preventing the concrete from crushing. Furthermore,
the lateral girder can more effectively distribute the main girder forces to the outer

concrete. This, again, helps reduce the stress concentration problem.

When the lateral girders on compression and tension sides were connected to each other
with diaphragms (specimen C-3), the better-distributed force transfer from the pier into
lateral direction to the connection could be achieved. It was because the strengthened
lateral girders increased the rotational stiffness of the connection (Fig.6.11), The pier’s
forces which is applied on the top of the connect, will be encountered not only by
additional lateral girder’s strut 1, 2, 3, and 4, but also it will be reacted by the
plate-shearing behavior of the diaphragms. In chapter 4, Fig.4.9, the plot of vertical
strains on the diaphragm of specimen C-3 obtained from the experiment are shown, the
shearing behavior of the diaphragm could be seen in the plots. The plate has the
compressive strain coming down form top-right to bottom-left corner. While along the
opposite diagonal direction, the plate exhibits the vertical tensile strain. These two
.observations, in combination, can be interpreted as the shearing behavior of the

diaphragm.

With the additional diaphragms’ flanges and partially removed main girder’s flange,
specimen C-4 could also distribute the pier force more uniformly into the lateral
direction. Especially on compression side, the relocation of the compression baring area
caused the force from pier well distributed onto the connection, thus, reduced the
concentration of stress at the vicinity of the main girder and the potential local

deterioration that might occur around the studs.

From the research in this phase, it could be concluded that the proposed force transfer
mechanisms of the composite connection help improve the understanding about the
behavior of the composite connections. In addition, they also suggest the alternative
way the designer could think about the force flows within the composite connection, it

will, therefore, leads to a more liberated and effective design.



CHAPTER 7

Strut-and-Tie Model for Composite Connection

7.1 Introduction

In case of slender reinforced concrete structure, the flow of compressive stresses is
uniformed throughout the entire length and it is referred to as the “Beam” region [7]. To
predict the behavior of the beam region, it is simple and sufficiently accurate to apply
the sectional method. However, for the connection region, it regularly carries several
forces exerted by the conjoining members. The sophisticated combination of forces
make the stresses within this region non-uniform, therefore, the accustom sectional

method is not applicable. This region is called “Disturbed” region [7].

To predict the behavior of or to design the disturb regions, so far there have been many
methods proposed, for example, the strut-and-tie model and the linear or nonlinear finite
element method. Even though the FEM recently is Widely applied for these purposes, it
is still cost and time consuming. According to these disadvantageous, the simpler design
and analytical method is being called for, and most of the time the strut-and-tie model is

selected as the capable alternative.

In this chapter, the three-dimensional strut-and-tie model is adopted to simulate the
behavior of the composite connections. The force transfer mechanisms proposed in
Chapter 6 is utilized in parallel to determine the geometry of the struts and ties in the
connection. The results of the calculations are then checked against the experimental
results and used to verify the applicability of the force transfer mechanism. The basic
concept of the strut-and-tie model will be given in the following section. Then the
specific application of strut-and-tie model for composite connection will be described in
section 7.3. Section 7.4 will show the examples of application of strut-and-tie model for
predicting behavior of four composite connection specimens tested in this research
course following by the verification of strut-and-tie analysis in section 7.5.

Consequently, some design considefations and suggestions are given section 7.6. Finally,
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the conclusions along with the recommendations for further development of the model

will be provided in section 7.7.

7.2 Strut-and-Tie Model

One of the important advantages of using strut-and-tie model to predict the behavior of
such a disturbed region like the composite connection is the flow of forces can be easily
visualized. Another advantage of using this kind of model to idealize the flow of forces
is that the influences of both shear and moment are accounted for simultaneously and
directly in the design. However, along with these advantages, there also exist some
disadvantages in utilizing such a method as stated by the Joint ASCE-ACI Committee
445, in the Structural Forum, “Recent Approaches to Shear Design of Structural
Concrete” [7] that, “the visualization of the flow of compressive stresses in the concrete
allows the development of a truss idealization consisting of compressive struts and the
tension ties necessary for equilibrium. It takes experience to determine the most
efficient strut-and-tie models for different situation. For any given situation, many
strut-and-tie models are possible and no unique solution exists”. Their statement about
strut-and-tie model has pointed out that there’s still no fixed general guideline for
designing the structural components in the disturbed region with this method. The
inappropriate design with this method will finally price in the large amount of
reinforcement or the extra weight due to the excessive size of concrete member.

Dated back to 1984, some researchers had tried to setup the standard for the design of
disturbed region with strut-and-tie model. Schlaich and Shafer [65] and Schlaich et al.
(1987) [66] have suggested that a strut-and-tie model be chosen after carrying out an
elastic analysis. They suggested choosing the geometry of the truss model such that the
angles of the compression diagonals are within £ 15° of the angle of the resultant of the
compressive stresses obtained form an elastic analysis. Although this approach can give
some guidance in choosing the geometry of the strut-and-tie model, it must be
recognized that considerable redistribution of stresses takes place after cracking if the

member is ductile.

It is obvious that the most important and difficult task in using strut-and-tie model is to
conceive the reasonably effective strut-and-tie system within the member. After getting

the idealized model, the next step is to dimension the concrete struts and reinforcing bar
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ties. Then the system must be solved for the internal forces of each strut and tie.
Eventually, it has to be ensured by the designer that concrete strut will not be crushed or

the brittle diagonal crack will not be occurred. It is because these are the dangerous
mode of failure.

In Chapter 6, force transfer mechanisms inside the composite connection, the directions
of the flow of forces are determined. The layouts of those mechanisms are drawn
correspondingly to the experimental results; for example, the crack pattern and the
strains measured on the connection components. To make sure that the flow paths
suggested in Chapter 6 are suitable, following in this section, the proposed mechanisms
will be qualitatively compared with the directions of the principal compressive stresses
in concrete which are obtained from the finite element analyses. Fig.7.1 (a), (b), (c), and
(d) summarize the major force transfer mechanisms in specimen C-1, C-2, C-3, and C-4,

respectively.
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Fig.7.1 Force transfer mechanisms in specimen C-1, C-2, C-3, and C-4
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Fig.7.6 Definition of compression, middle, and tension face of the model

Shown in Fig.7.2 (a) (b) (c), 7.3 (a) (b) (c), 7.4 (a) (b) (c), and 7.5 (a) (b) (c) are the
principal compressive strains of concrete on compression face, middle face, and tension
face of specimen C-1, C-2, C-3, and C-4, respectively. The definitions of compression,

middle, and tension faces are referenced in Fig.7.6.

On the compression face of specimen C-1 and C-2, it can be seen that the principal
compressive strains originate from the bottom flange of the main girder and flow in the
direction pointing to the top-left corner. This is similar to the direction of concrete strut
I in the proposed mechanisms. For specimen C-3 and C-4, the principal strains seem to
be originated at the bottom flange of the main girder as well, but they rather point up
more vertically than those in specimen C-1 and C-2. These struts are not extended
beyond the position of the diaphragm. In the proposed mechanisms, beyond the position
of diaphragm, there presents only a lateral girder’s strut in specimen C-3 and none in

specimen C-4.

For the principal compressive strain on middle face of all specimens, it could be
observed that the strain flows in the direction from bottom-right corner on tension side
to the top-left corner on compression side. These analytical observations prove the
validity of inclined strut 2 in specimen C-1 and C-2, as well as strut 2 and 4 in specimen
C-3 and C-4.

On the tension face, the principal compressive strains are less prominent than on the
other faces. However, they still show the trend that is correlative with the direction of
strut in the proposed mechanisms. In specimen C-1 and C-2, the principal compressive
stresses flow in the direction from top-right corner (under the flange of the main girder)
pointing down to the bottom left corner. This flow path is identical to the direction of



“concrete strut 3 in both specimens. In specimen C-3, although the flow path is more
horizontal, the approximated direction of these principal compressive strains is from the
top-right corner (main girder’s flange) aiming to the lower part of the diaphragm. In the
mechanism proposed for this specimen, concrete strut 3 represents the direction of this
flow. Beyond the position of the diaphragm, nearly vertical stresses can be observed.
This is because the bond force of reinforcing bar is held straightforwardly by the lateral
girder via studs. In the mechanism this force is resisted by the lateral girder’s strut 2.
For specimen C-4, on the tension face, it can be seen that the principal strains of
concrete located adjacent to the diaphragm are flowing from the bottom to both faces of
the diaphragm, this phenomenon can be well simulated by concrete strut 3 and 5 in the

connection of this specimen.

From this qualitative comparison, it could be deduced that the proposed force transfer
mechanisms in all specimens can simulate the flow paths of force within the composite
connection with a fair accuracy. Having proved the validity of the mechanisms, in the
next step, the dimensions of all struts and ties in the model will be determined. Then the
internal forces of struts and ties will be calculated. The calculation procedures are

explained in the following section.

7.3 Calculation Procedures

In order to analyze the behavior of the steel girder-reinforced concrete pier composite
connection with the strut-and-tie model, the calculation procedures are proposed in this

research phase. The calculation steps are described as follows.

7.3.1 Sketch the flow of forces within the composite connection and locate the nodal
zones which are the regions bounded by struts, ties, or bearing areas. The rough idea
about the force transfer paths can be obtained by deducing from the experimental

observations or from the results of elastic analysis as explained earlier.

In this study, the system being considered is the composite connection consisting of
reinforced concrete and steel girder components. The compressive struts and tension
ties are formed within this part of structure to represent the compression and tension
flow paths, respectively. The loads applied onto the connection by the pier and the
reactions exerted by the steel girders to the system are considered as the external forces.
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The distribution of forces from the pier to onto the connection is computed by assuming
that these forces are transferred via the inclined strut system in the pier. With this
assumption the non-uniform distribution of pier’s compression and shear can be

determined.

For the forces exerted by the main girder onto the system, it can be computed based on
the sectional method. This group of main girder’s forces is composed of flexural forces
(compressive and tensile forces) and shear forces. In case of the composite connection
having lateral girders, the distribution of forces from the main girder through the lateral
girder to the composite connection is simulated by the same method as for the
distribution of pier’s forces, Fig.6.3. The flexural components are applied to the side
faces of the connection and formed the mechanism within the connection, whereas, the
shear is assumed to be transferred via the main girder itself into the connection, and this
component will be balanced by the vertical forces in the mechanism established by the

pier load.

A group of strut and tie elements formed to resist the pier loads is additive to the group
of strut and tie elements formed to resist the external forces exerted by the steel girder.
The combination will represent the total effect of the external forces to the system.

7.3.2 Determine the geometry of the truss members and nodal zones.

In the calculation of internal forces within the connection, the struts and ties elements
are simulated by the truss elements joining each other at the nodal zones. To solve for
the internal forces in these truss members, the location of nodes must be determined. In
case that the entire truss system is statically indeterminate, the dimension and stiffness

of the truss member must also be presumably defined.

The positions of nodal zones are actually pre-determined while the mechanisms are
formed. For the dimensions of the truss members, they are dependent on the sizes of the
compressive bearing zones (the area on the connection which bear the pier’s and main
girder’s forces), and the anchorage details of the tension ties. The sizes of the
compression bearing zones are determined when the external forces from pier and main
girder are calculated. For the internal nodal zone which is consisted of reinforcement

ties and the connection concrete struts, the width of this zone is assumed as follows,

Internal nodal zone width = 2 x (Ravg) + (space between 2 lines of longitudinal
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reinforcements) (7.1)

where,
Ravg =radius of the bond effective area, determined in Chapter 3

[ fy . . :
= —.|=— x (radius of reinforcing bar)
3V 1t

7.3.3 Determine the forces in the truss members.

Since the truss systems for.composite connections are usually statically indeterminate,
the stiffness of the truss members has to be presumably given in order to solve for the
unknown forces  (forces in reinforcing bars and unknown reactions) and the internal
forces of the truss members. Concrete compressive struts are assumed to have a linear
modulus of elasticity as well as the reinforcing bar ties. Since the truss system in
composite connection has quite complicated layout, to calculate the magnitude of

unknown forces in the system finite element analysis program is applied.

7.3.4 Check for the failure that might have occurred in the truss member.

After solving for all of the unknown forces, for the design purpose, the failure of
members should be checked. Those potential failure modes which should be cautious of
are, the yielding of reinforcing bar, diagonal cracking in the concrete strut, and the
crushing of the concrete strut. Yielding of the reinforcing bar and crushing of concrete
could be checked by comparing the calculated stresses in members with the actual
material properties. For the diagonal failure in concrete strut, the method proposed by
Siao [70] is adopted. In his calculation, a single compressive force is replaced by two
equivalent struts, Fc, radiating at dispersion angle 2:1 from the original direction of strut,
Fig.7.7. These two struts are held together at midheight of the beam by tension force, Ft.
Thus the tensile force within the strut can be calculated. The stress generated by this
tension component in the strut can be calculated by dividing the tensile force with the

area normal to the direction of force. b
1

Fig.7.7 Distribution of forces in strut-and-tie model proposed by Siao [70]
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With the calculation procedures proposed in this section, the behaviors of compdsite
connection specimen C-1, C-2, C-3, and C-4 are simulated. The method of application

and the results of prediction by strut-and-tie model will be shown in the following

section.

7.4 Application of Strut-and-Tie Model for Predicting Behavior of Composite

Connections

The behavior at the ultimate state of the composite connection specimen C-1, C-2, C-3,
and C-4 are simulated by using the proposed strut-and-tie model in this section. The
calculations are preformed to check the validity of the force transfer mechanisms
whether they are capable in representing the real flow paths of forces. Also, this
calculation will prove the applicability of the strut-and-tie calculation procedures, as the

solution will be compared with the results obtained in the experiments.

7.4.1 Specimen C-1
In Fig.7.8 (a) and (b), the force transfer mechanism in the connection of specimen C-1

is represented by the combination of strut and tie components.

erutll
Strut |
i

¢ e

A

Pier’s
tensile

Reaction from force

Strut 3 the top flange of
the main girder T]

Pier’s

....... compressive D /" Strut 21
N . §
,‘_f\‘/} forve AN

Reaction from
: 4 the bottom

R} p flange of the
Strut 33 main girder

(a) Force transfer mechanisms inside the connection concrete of specimen C-1.

(established to resist the pier’s forces)



121

(a) Distributions of the main (b) Distributions of the (c) Distributions of the

girder’s compressions (left & main girder’s compression main girder’s compression
right) to the connection (left) to the connection (right) to the connection
concrete bounded by flanges concrete (Strut 5) concrete (Strut 6)

and stiffeners (Strut 4)

(b) Force transfer mechanisms inside the connection concrete of specimen C-1.

(established to resist the main girder’s forces)
Fig.7.8 Force transfer mechanisms in the composite connection of specimen C-1

Onto the system, there are pier’s and main girder’s forces applied. Those forces are
represented by thick arrows in Fig.7.8 (a) and (b). By the sectional method the total
flexural forces and shear of the pier and the main girder could simply be determined.
The distribution of these forces on particular strut could be calculated as suggested in
section 7.1. The distribution pattern is shown in Fig.7.9. In the calculation, it is assumed
that all struts that carry these forces to the connection have the same stiffness. The
sectional areas of all struts are similar, except that of the middle strut which has the
relatively larger area. These compression areas can be obtained from the sectional
computation. The larger area of the middle strut reflects the effect of studs on the top
flange of the main girder which help hold the concrete tighter and make the
compression bearing area in this zone become larger. With the known inclination of the
strut from the geometry of specimen, the forces transferred via each strut can then be
calculated. From the calculation it is found that the amount of compressive forces
conveyed from the loading jack to the top of the connection, are almost identical in all
struts. This is due to the inclinations of struts which are very small (the most inclined
one forms only 6.28° angle to the vertical axis). Shear force distribution on the top of
the connection can also be calculated by the same method. The external forces applied

to the system are as illustrated in Fig.7.10 (a)
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After getting to know the force transfer mechanism or the flow paths of forces, based on
the mechanism, the truss system is constructed for analyzing the connection (as
suggested in 7.2). In the system, the truss elements are used to represent both of the
concrete struts and reinforcing bar ties as shown in Fig.7.10, The directions of trusses in
this figure are conformed to the axis of the struts and ties in the mechanism. Strut 1 to 6
in Fig.7.8 are subdivided into three equal portions, for example, strut | is equally
separated to be strut 11, 12, and 13. This is to simplify the analysis, as the external
forces applied on these particular sub-portions are not uniformed such as the pier’s
shear of which magnitudes are decreased in the direction away from the main girder.
Dividing the strut into 3 parts will also make the placement of reinforcing bars which

are arranged in three lateral layer convenient, although they are still in the approximated



positions. Then the cross-sectional area of each strut is- determined. Since the
cross-sectional area of almost all struts are not uniform (struts are not prismatic), the
average cross-sectional area of the strut which is calculated by taking the average value
of the areas at both ends of struts, is used. The dimensions of struts | to 6 in this
specimen are as shown in Fig.7.11. It should be noted that the area to be used must be

the area of the plane that is perpendicular to the force axis or the axis of strut.

In addition, some other assumptions used in modeling the struts are (see Fig.7.11), for
concrete strut series 1 (strutll, 12, and 13), its width at both top and bottom end is
assumed to be equal to the depth of compression area in the pier. In the same manner,
the width of the concrete strut series 3 (31, 32, and 33) is assumed to be equal to the
width of the bond-effective zone constantly from the bottom to the top ends. For the
concrete strut series 2, the top end is assumed to be of the same width as the
compressive bearing area in the pier above the connection, while at the bottom end, it
presumably has the bond-effective zone’s width. The bearing areas of strut'4 on the left
and right-hand sides are assumed to be equal to the depth of the compressive zone in the
main girder. For strut 5, the top end is of the same width as the compression area in the
pier, while the bottom end has the same depth as of the compression zone in the main
girder. Lastly, strut 6, its depth at the top end is assumed to be equal to the depth of
compression zone in the main girder and at the bottom end, this strut is assumed to have
the same width similar to the width of bond-effective area. In addition to the major
struts mentioned, in the truss analogy, to realistically simulate the effect external forces
(Fig.7.10), at the bottom-left and top-right portions of the system the compressive forces
from the main girdér are assumed to be spread out to the nearby bearing areas, namely,
lower end nodes of ties for the bottom-left force, and concrete bearing area node for the
top-right force. The dimensions of these struts are determined by averaging the areas at
both ends.

It is noted that, in order to determine the size of compressive area in the pier section, in
this calculation, the depth of compression area at the ultimate state is used (horizontal
load = 210 kN, vertical load = 135 kN).

Then following the procedure in section 7.3.4, this truss system of specimen C-1 is
analyzed. In the study, the finite element analysis program, MARC, was used to carry
out the analytical work since the system was statically indeterminate to the high degree

and it would take time to solve by hand.
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Fig.7.11 Dimensions of the struts used for calculating the cross-sectional areas.

7.4.2 Specimen C-2

In the analysis of specimen C-2, the calculation procedures described in section 7.1 to
7.3 are also followed. The major difference between this speéimen and specimen C-1is
that in this specimen, the lateral girders were added to encase the connection concrete.
The force transfer mechanisms previously derived for this specimen in Chapter 6 is as

shown in Fig.7.12.
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Fig.7.12(a) Force transfer mechanisms in connection concrete of specimen C-2.

(established to resist pier’s forces)
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main girder’s main girder’s main girder’s main girder’s via
compressions (left & compression (left) to the compression (right) to lateral girders to the
right) to the connection connection concrete the connection connection concrete

concrete bounded by
flanges and stiffeners
Fig.7.12 (b) Force transfer mechanisms inside connection concrete of specimen C-2.

(established to resist main girder’s forces)

Again, to simplify the analysis with strut-and-tie model, all of struts are divided into 3
portions where portion no.l in every strut stands for the strut located nearest to the main
girder (e.g., 11, 21, 31), and portion no.3 is for the outmost strut (e.g., 13, 23, 33).

Moreover, to further reduce the complexity of the model, it is assumed that the studs on



the lateral girder will rigidly hold the concrete with the lateral girder and the full
composite action will be resulted. Based on this assumption, the transformed section
method is applied to determine the cross-sectional areas of the lateral girder strut series
1 and 2 (11, 12, 13, 21, 22, and 23). These transformed areas of steel are then added to

the cross-sectional areas of concrete struts in series 1 and 3, respectively.

The other dimensions of struts are determined by imposing the same assumptions as
used for specimen C-1. Another change that makes this model different from the
strut-and-tie model of specimen C-1 is the addition of compressive forces distributed
from the flanges of the main girder. In specimen C-1, the compressive forces in the
flanges are transferred straightforwardly to the portion of flanges located inside the
connection without any distribution to the surrounding concrete, only the compressive
forces from the web will be spread out laterally to the connection concrete. The

externally applied forces in this system are illustrated in Fig.7.13 (a).
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Fig.7.13 (a) Truss analogy representing the force transfer mechanism in'specimen C-2°
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Fig.7.13 (b) Truss analogy representing force transfer mechanism in specimen C-2

(with reaction forces at nodes)

Fig.7.13(b) shows the complete truss analogy of composite connection type C-2. The
analysis of the truss system is carried out by using finite element analysis program. This
analysis is the one-step type that is to find the equilibrium of the system only at the
ultimate state (horizontal load = 210 kN). After reaching the equilibrium, the forces in

all strut and tie members are be determined.
7.4.3 Specimen C-3
By following the same calculation procedures as those for specimen C-1, and C-2, the

strut-and-tie model for specimen C-3 is analyzed. All of the external forces applied to

the system are calculated at the ultimate state. As the ultimate load is given, all bearing
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areas in the connection where the compressive forces are transferred to/from can be
predetermined. The strut-and-tie model of this specimen is shown in Fig.7.14. This
system of strut-and-tie is different from that of specimen C-2 in such a way that there is
an additional group of trusses formed in a rectangular shape with the diagonal
components joining the corner nodes together. This group of trusses represents the
diaphragm that links the lateral girder on tension and compression side together. One of
the diagonal trusses running from top-right to bottom-left behaves like a compression
strut. It helps the surrounding concrete strut (concrete strut 22 and 23) carry the
compressive force from the top-right to the bottom-left corners of the connection. The
other will resist the tensile forces, thus, behaves like the tie member. The dimensions of
the diaphragm struts and ties are determined based on the assumption that if the failure
occurs in the diaphragm, all of the struts and ties representing this plate will be yielded
simultaneously. The contribution of diaphragm in resisting force, to the surrounding
concrete is taken into account by providing the diaphragm’s truss system overlapping on
the concrete strut 23 and 33. The behavior of this plate can be confirmed by the strain
distribution on the diaphragm measured in the experiment. The other point that should
be noted here is that the lateral distribution of compressive force from the web of the
main girder will not arrive the concrete located beyond the diaphragm. It is because the
diaphragm will block this effect out, Fig. 7.14 (bb), and (bc).

After the flow directions of forces within the connection have been made clear, the next
step is to determine the dimensions of the struts and ties. The cross-sectional areas of
struts and ties can be computed in a normal way as done previously for specimen C-1
and C-2. Similar to the specimen C-2, the cross-sectional areas of concrete strut series 1
and 3 will be combined with the cross-sectional areas of the lateral girder strut 1 and 3
by the transformed section method. As well, the inclined concrete strut 22, and 23 will
take the strengthening effect from the diaphragm. Therefore, the cross-sectional area of

these concrete struts will be increased by the transformed area of the diaphragm’s

COITlpl'CSSiVC strut.

Having defined the external forces (identical to the external forces applied to specimen
C-2), represented all struts and ties with the truss members with the predetermined
cross-sectional dimensions, and joined them to be a system, the consecutive step is to
conduct the truss analysis. Finite element analysis program is used in the computation.

Eventually, all unknown forces in the system are solved.
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Fig7.14 (b) Force transfer mechanisms inside the connection concrete of specimen C-3.
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(with the indications of externally applied forces)
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7.4.4 Specimen C-4

This type of composite connection is designed with the objective to laterally distribute
the forces that usually concentrated at the vicinity of the main girder by adding the
diaphragm with top flange, and removing the top flange of the main girder. In this
specimen, there is no stud installed on the lateral girder as in case of specimen C-2, and
C-3. The force transfer mechanism in this specimen is as shown in Fig. 7.16. Based on
this mechanism the strut-and-tie model is constructed. The dimensions of all strut and
tie members are pre-determined using the same method as that used for specimen C-1
C-2, and C-3.

In this specimen, since the stud does not exist on the lateral girder, the composite action
with the adjacent concrete does not take place. Therefore, system of truss in this case
consists of the additional lateral girder strut 1, 2, 3, and 4 that help transfer forces from
the pier to the main girder, Fig.7.16. In addition, as included in specimen C-3, the
rectangular-shaped truss system is added to the connection’s truss system as to simulate

the effect of the diaphragm.

Y
Pier’s tensile forces

Reaction from the
top flange of the
diaphragm

Concrete strut 2

— Concrete strut |

Pier’s compression forces )
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strut strut 3
Concrete
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Lateral girder stru >

p
4—— Concrete strut 4
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Reaction from the
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Fig.7.16 (a) Force transfer mechanisms inside the connection concrete of specimen C-4.

(established to resist the pier’s forces)
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(a) Distributions of the (b) Distributions of the (c) Distributions of the (d) Distributions of the

main girder’s main girder’s main girder’s main girder’s forces
compressions (left & compression (left) to the compression (right) to via lateral girders to
right) to the connection connection concrete the connection the connection
concrete bounded by concrete

flanges and stiffeners

Fig. 7.16(b) Force transfer mechanisms inside connection concrete of specimen C-4.

(established to resist main girder’s forces)
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Fig.7.17 (a) Truss analogy representing force transfer mechanism in specimen C-4

(with indications of externally applied forces)
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With the same finite element analysis program, MARC, the truss system shown in
Fig.7.17 is analyzed. It is noted that since the distribution of forces from pier to the top
of the connection is of the same pattern as that shown in Fig.7.9, larger force is,
therefore, distributed laterally. It is because on the compression bearing zone which is
laterally deviated (top flange of the diaphragm), there is a group of studs welded on.
This addition of stud causes the cross-section area of strut that carries the compression
force onto the top flange of diaphragm increased. Therefore, this stronger strut will take

relatively larger forces than the other struts including the central one in this specimen.



136

7.5 Comparison between Forces in Reinforcing Bars Obtained from Experiments
and from Prediction with Strut-and-Tie Model

So as to prove the applicability of the force transfer mechanism proposed in Chapter 6
to the strut-and-tie model, the distribution of forces in reinforcing bars predicted with
the strut-and-tie model are cbmpared with the value obtained from the experiments. To
achieve this, in the truss system, all of the reinforcement ties are assumed to have a
fixed displacement condition at the top ends. Then, in the analysis, the axial force in
every reinforcing bar is computed. The comparisons between the calculated values of

forces in reinforcing bars and values obtained in the experiments are shown in Fig.7.18.
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Fig.7.18 Comparisons between forces in reinforcing bar computed in truss analysis and

the values obtained from experiments (at horizontal load = 210 kN)
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Fig.7.18 Comparisons between forces in reinforcing bar computed in truss analysis and

the values obtained from experiments (at horizontal load = 210 kN) (cont.)

From the plot, it can be seen that for specimen C-1, C-2, and C-3, the calculated values
agree well with the experimental results except the middle bar of specimen C-3 that
shows larger force than the experimental value. This might be due to the assumption
used in determining the struts and ties that represent the diaphragm plate. Some
dimensions of these struts and ties might be too large. Therefore, when it is subjected to
shear-liked forces, the member which is jointed at the same node as the top node of

reinforcing bar tie will contribute excessively large upward force to the node.
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For specimen C-4, the predicted forces are relatively low compared to the experimental
results. This might be caused by the imperfection in determining the dimensions of
struts representing the contribution of the lateral girder. Idealizing as the point load is
applied on to the cantilever lateral girder, the compression and tension areas at its fixed
end could be computed. This point load is the tensile force from pier that is transferred
to lateral girder via the diaphragms. The compression and tension areas are then used as
the area of lateral girder’s struts. In the analysis, this assumed dimension might be too
small. So the compression force from the pier, instead of being transferred to the tension
side at a.right proportion, it is distributed more to the other struts located on
compression side. Therefore, the tensile forces in reinforcing bars become smaller than

in a real case.

7.6 Composite Connection Design

For a design purpose, in this section, some design considerations are given in the first
place. Then the strut-and-tie models derived based on the force transfer mechanisms are
simplified. Consecutively, the procedures are suggested for designing the relevant
connection components, such as lateral girder and diaphragm. The following chart

shows the flow-of these design works.

Determination of connection layout based

on suggestions in “Design Considerations™

8

Calculation of external forces acting on

composite connection

Derivation of force transfer " Truss analysis for computing internal
mechanism forces in strut-and-tie model

Design of connection components, such as.

lateral girder, and diaphragm

Fig.7.19 Composite connection design procedures
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7.6.1 Design Considerations

From series of experiments, behavior of composite connections with different designs
could be observed. The results from tests as well as those from analysis were used to
derive the force transfer mechanisms. Then the strut-and-tie model was constructed in
order to compute the internal forces within the connection and to verify the validity of

the mechanism.

In practice, the structure are generally designed such that the failure will not occur
primarily inside the connection but in the conjoining member, or more specifically
speaking, the pier. However, from the results of strut-and-tie analysis, it was found that
in specimen C-1, crushing of connection concrete also occurred at the ultimate state. It
leads to the excessive rotation of the connection and the lower ultimate load carrying
capacity compared to the other specimens. Therefore, in the proper design, to prevent
this kind of detrimental phenomenon in the connection, some points that worth taking

into consideration are given as follows.

7.6.1.1 Stress Concentration at Vicinity of Main Girder
Fig.7.20 illustrates the locations where the concrete is highly stressed in specimen C-1.

Tension sidg".?ﬂﬁ

=i
N
o
L
//’

Tension side Compression side Compression side

Fig.7.20 Stress concentration at vicinity of the main girder in specimen C-1

On compression side, the pier’s compressive force possibly becomes concentrated at the
bottom flange of the main girder. On tension side, only the top flange of the main girder
will carry the entire pier’s tensile force. Therefore, the concrete in these zones is likely
to be crushed by the high stress cqncentration. In addition, since flange of the main

girder will also be subjected to high stress, in design, the strength of the welded joint
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should be carefully checked. In specimen C-4, as, inside the connection, the top flange
of the main girder is removed and the others are added on the top of the diaphragms,
thus the stress concentration should also be checked at vicinity of the diaphragm’s

flange on the tension side.

7.6.1.2 Transverse Tensile Force in Compressive Strut

The damaging effect may occur due to an excessive tensile stress in transverse direction
of strut. This transverse stress may cause the diagonal tension crack in strut and reduce
the strength of connection. The locations that are prone to this phenomenon are,
concrete strut series 1 on compression side, inclined concrete strut series 2 at the middle
of the connection, the concrete strut series 3 on tension side, and strut 4 which is located

at vicinity of the main girder.

7.6.1.3 Roles of Connection Components

Accordingly to the magnitude of externally applied forces and the predefined
dimensions of the connection, the behavior of connection can be predicted by some
analytical methodologies, such as, finite element analysis or strut-and-tie model. If the
concrete alone can safely carry the compressive forces in strutl, 2, 3, and 4, the
connection may be designed as simple as specimen C-1. However, if it cannot carry
such forces, the lateral girder may be added so that the forces will be better distributed
throughout the connection and the concentration of stress at vicinity of the main girder
may be avoided. In addition, in case that the pier is rather wide comparing to the width
of the main girder, adding diaphragms will help strengthen the lateral girder, thus, more
forces will be carried by the connection components located farther away from the main

girder, as a result, the concrete around the main girder will not be overly stressed.

Another alternative design is as that of specimen C-4. By distinguishingly arranging the
connection components, the force transfer mechanism is differed. A proper arrangement
can greatly reduce the problem of stress concentration thus reduce the potential local
deterioration inside the connection. In specimen C-4, forces from pier will be
transferred to the main girder mainly via the lateral girder especially on the tension side.
Since tensile force from pier is resisted mostly by the diaphragm’s flange, thus, in this
type of connection, the concrete stress at vicinity of the diaphragm’s flange should
rigorously be checked. As well, the strength of lateral girder should be appropriately
designed as it is the only component which carries forces from the pier to the main

girder particularly on tension side.
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Fig.7.21 Locations where high stress is expected in specimen C-4

7.6.2 Determination of External Forces Applied to Connection

Considering the connection as the system, the external forces applied to the system can
be divided into two parts regarding the source of force. These two groups of forces are
forces from the pier and forces from the main girder. Forces in these groups consist of
flexural compression and tension, and shear forces. A quantitative determination of

these forces is as described earlier in section 7.3.

7.6.3 Truss Analysis and Its Simplifications

The simulation of the force transfer mechanism within the composite connection by a
system of truss members was shown previously in section 7.4. However, if the main
purpose is only to.roughly predict the behavior of a newly designed cornection at the
ultimate state, it may be inconvenient to conduct the analysis of the full model due to its
complication. Therefore, the simplified models are proposed in this section. The
simplified models for specimen C-1 and C-2 are as shown in Fig.7.22 and 7.23. Instead
of dividing the connection into three parallel portions as in the full model, the forces
which flow in the same direction are represented by only one flow path or only one
truss member. The cross-sectional area of this representative member is assumed to be
equal to a summation of areas of all three members that run along the similar path.
Additionally, this member is relocated at the center of all three members. By doing so,
number of truss element in the preliminary analysis can be reduced to approximately
one-third of the original amount in the full model. This simplified truss model can
predict exactly the same total forces in the truss members, for example, on compression
side, the same reaction from the main girder’s bottom flange, as well as on the tension
side where the similar reaction force from the main girder’s top flange is predicted. It
should be noted, however, that for the connection which posses the complicated force
transfer mechanism like specimen C-3, it is not appropriate to conduct the simplified

truss analysis. This is because, merging three compression strut or tension tie together



will change the effective location of the diaphragm, thus, the contribution of the
diaphragm might be wrongly predicted. This inaccurate simulation will lead to a
significant discrepancy in the prediction of the connection’s behavior at the ultimate
state. Furthermore, by collapsing three members into one, the non-uniform distribution
of forces in the lateral direction cannot be reproduced. Hence; the stress in strut laid
near the main girder may be underestimated, while, in strut located far from main girder,
the predicted stress may become too high. For example, in the inclined strut series 2,
stress in strut 21 might be underestimated and the stress in strut 23 would be
overestimated. It is suggested that the simplified model should be used only to roughly
check the capability of the newly designed connection.- After coming up with the most
appropriate design, the full model should be constructed and analyzed to get the more

reliable results.
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Fig.7.22 Simplified truss model of specimen C-1
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Fig.7.23 Simplified truss model of specimen C-2

7.6.4 Designs of Connection Components

To satisfy the ultimate' strength requirements (no failure within the connection), the
connection may be strengthened with some additional components such as the lateral
girder, and the diaphragm. The suggestions for designs of these two components are

given in Table 7.1.
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Table 7.1 Suggestions for design of lateral girder and diaphragm

Lateral Girder Design Suggestion

Flange width Since the flange will help distribute forces from the
main girder laterally throughout the connection,
therefore, the wider the flange is, the better the forces
will be spread out.

Flange thickness Thickness of flange can be designed by taking into
account the horizontal components of the main
girder’s forces

Web thickness Assumption of a full composite action between
lateral girder and adjacent concrete may be applied.
Then by truss analysis, the internal forces of the truss
members can be obtained. The transformed section
method is consecutively used to calculate a portion of
force which is carried by lateral girder’s web to the
main girder. Finally, based on the allowable stress of
steel, the thickness of web can be determined.
Diaphragm Thickness of the diaphragm can be determined by
assuming that all of the truss members that represent
the diaphragm will be yielded at the same load. By
assuming further that one-third of the cross-sectional
area of diaphragm along the diagonal truss is equal to
two times of one truss’s cross-sectional area, the
dimension of truss member can be calculated. It
should be noted that in experiment, strain measured
on diaphragm was approximately 10% of the yielding
strain. Thus the truss cross-sectional area used in
calculation example is taken as 0% of the value
computed based on aforementioned assumptions.

The truss analysis is then carried out. Internal forces
obtained can be used to determine the thickness of
the diaphragm. This process may need some iterative
calculations.

7.7 Conclusions

In this chapter, the force transfer mechanisms proposed for specimen C-1, C-2, C-3, and
C-4 are applied to construct the strut-and-tie model. The mechanisms suggest the flow
paths of forces within the composite connection and determine the positions of the strut
and tie members in the system. Accordingly to the proposed calculation procedures for

strut-and-tie model, the dimensions of the strut and tie members are determined. These
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members’ dimensions along with the assumption of elastic material properties, are
implemented to the truss elements which represent the struts and ties in the model. By
using the Finite Element Analysis program, the truss analysis is carried out. Comparing
to the three-dimensional nonlinear analysis of this type of structure, the calculation time
is considerably reduced due to the simplicity of the model. The result from truss
analysis is then compared with the experimental result in terms of forces in reinforcing
bars. A fair agreement could be observed in the case of specimen C-1, C-2, and C-3.
However, for specimen C-4, the underestimated result is obtained from the truss
analysis. This might be due to the inappropriate assumption used for determining
dimensions of truss members that represent the lateral girder. It is also noted that with
the method proposed by Siao [70], the transverse stress in the compressive concrete
struts are calculated. Nevertheless, it was found that the tensile stresses did not reach the
cracking limit in any concrete struts except the one located at vicinity of the main girder
(strut 4 in specimen C-1), while in the experiment, at the ultimate state, the cracks could
be observed on the connection surfaces of specimen C-1. This might be due to the
inapplicability of the stress prediction method by Siao, or it is possibly due to the
inappropriate assumptions used to determine the dimensions of strut and tie members.

Another behavior of the connection that can be predicted by the strut-and-tie model is
the stress concentration at the vicinity of the main girder. In specimen C-1, at the
top-left node or the top end of concrete strut series 1, Fig.7.8, the force becomes
concentrated in this zone. From the strut-and-tie calculation, the stress at this position is
equal to 0.0574 kN/mm?®. Comparing to the concrete strength under multi-axial load
computed using the equation derived by A. Muttoni, et al.[1], and assuming that the
confining stress is one-fifth of the major stress, fc’ = 0.06041 kN/mm?, the stress in this
zone is much closed to compressive strength of concrete. Thus, at the vltimate state, the
concrete in this zone is possibly crushed. The softening of concrete will reduce the
rotational resistance of the connection and the connection concrete will be twisted apart
from the main girder. It was also observed in the experiment of specimen C-1 that
during approaching the ultimate state, the disintegration between the concrete and steel
girder at the connection occurred. For specimen C-2 and C-3, since there exist the
lateral girder connected to the concrete, the force in this zone will be partly carried by
the lateral girder and transferred to the main girder. Therefore, at the bottom of strut 1
and at the top of strut 2, the stress in concrete will be reduced. By using the transform
section method, the proportion of force carried by the lateral girder can be calculated.
Stresses on the bearing area of concrete in specimen C-2 is 6¢ = 0.0433 kN, and in
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specimen C-3 is, oc = 0.0347 kN. It is obvious that stress becomes less concentrated at
this location when the lateral girders are added, thus, these two specimens are less prone
to the stress concentration problem that may finally lead to an excessive rotation of the
connection like in specimen C-1. For specimen C-4, although, the results from
strut-and-tie model is not correlated well with the experimental results, qualitatively, it
can be concluded based on the force transfer mechanism that, on tension side, the force
will be transferred to the main girder only by the lateral girder strut 2, Fig.7.16., thus
care must be taken in designing the thickness of lateral girder. On the compression side,
the compressive force from pier will be partially transferred straightforwardly to the
bottom flange of the main girder, and the rest to the bearing area on the flange of
diaphragm. The later portion of the compressive forces will be conveyed further to the
main girder via the lateral girder. So comparing to specimen C-1 the stress
concentration on the compression side will be less severe due to the existence of the
lateral girder. Notation is given here that, in practices, the reparation of lateral steel
girder will be easier than to let the local failure occur in concrete and repair it. It is due
to the fact that the concrete is encased inside the lateral girder it will be difficult to
assess the failure and properly fix it. This shows the benefits of using type C-4 design.

For the design works, the simplified strut-and-tie models are derived. In these models,
the number of truss elements is reduced to, at most, one-third of the full model. It,
therefore, helps save time while the designer is trying to find the optimum arrangement
of the connection components. However, it is suggested that after the connection
components and their positions were finalized, the full truss model should be
constructed and analyzed. It is because with the simplified model, the non-uniform
distribution of forces in lateral direction cannot be determined. Therefore, the internal
forces of some strut and tie members may have been either overestimated or
underestimated. Finally, some considerations as well as suggestions for composite

connection design are given in the last section of this chapter.





