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ABSTRACT

Carbon Fiber Reinforced Polymer (CFRP) materials are being widely used for
structural applications. Despite the relatively high cost of the CFRP materials, their
high strength-to-weight ratio and corrosion resistance as well as easy handling and
installation have made them widely popular for different civil engineering applications
where increased strength and/or ductility is important. This thesis investigates the
moment-rotational response of an endplate composite connection including
strengthening of the slab by using different sizes and thickness of CFRP sheets in
hogging moment regions and different reinforcement bar ratios by using finite element
simulations. A three dimensional non-linear model is developed in ANSYS to study
the feasibility of decreasing the reinforcing bars in the presence of the CFRP laminate
in hogging moment regions of the slab. The verification of the analysis is carried out
to calibrate the un-strengthened model by available experimental results obtained from
a series of composite connection tests as reported by other researchers. The moment
resistance for the partial depth endplate composite connection obtained by ANSYS
12.1 software is found to be very close to the corresponding laboratory test value.
From the results it can be observed that applying CFRP sheets to the tension face of
composite slab can reduce the amount of steel reinforcement bars required for flexural
strength of composite connections.
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ABSTRAK

Carbon Fiber Reinforced Polymer (CFRP) adalah bahan yang kini digunakan secara meluas
untuk aplikasi struktur. Walaupun kos CFRP agak mahal, nisbah kekuatan-kepada-berat
adalah tinggi dan rintangan kakisan serta pengendalian dan pemasangan yang mudah telah
menjadikannya amat popular dalam aplikasi kejuruteraan awam yang berbeza di mana
kekuatan meningkat dan / atau kemuluran adalah penting. Tesis ini mengkaji tindak balas
momen-putaran sambungan plat hujung komposit termasuk pengukuhan papak dengan
menggunakan pelbagai saiz dan ketebalan kepingan CFRP dalam kawasan momen negatif
dan nisbah bar tetulang yang berbeza. Model unsur terhingga tiga dimensi tak lelurus
dibangunkan menggunakan perisian ANSYS untuk mengkaji kesan CFRP dengan
mengurangkan nisbah tetulang terhadap isipadu konkrit. Model unsure terhingga telah
ditentusahkan dengan keputusan eksperimen. Daripada keputusan ia boleh diperhatikan
bahawa kepingan CFRP boleh mengurangkan penggunan jumlah bar tetulang keluli yang
diperlukan.
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CHAPTER |

INTRODUCTION

1.1 BACKGROUND OF COMPOSITE CONSTRUCTION

Concrete and structural steel are the two most widely used materials in the
construction industry. Each of these materials has their own strength and weaknesses.
Concrete is usually desired for its high strength in compression, high buckling
resistance and fire resistance; however its tensile resistance is insufficient. Structural
steel sections are also very strong in tension and ductile; however they are susceptible
to buckling. The negative properties of these materials can be discarded when they are
combined to form a composite structure. In this way, the benefits of these two
materials can be optimally used. Composite structures refer to any members composed
of more than one material. The components of these composite members are rigidly
connected such that no relative movement can occur. For example, efficient and
economical light weight floor systems could be created by integrating the structural
properties of concrete and cold-formed steel decking by ensuring composite action
through shear connectors welded to the structural steel and embedded in concrete, as

shown in Figure 1.1.

The term composite structure normally implies to the use of steel and concrete
formed together into a component in such a way that the resulting arrangement,
functions as a single item (Nethercot et al. 2003). Composite beams are the most
common form of composite members used in composite construction. The design of
composite beams incorporating composite slabs is affected by the shape and
orientation of the decking, as indicated in Figure 1.2. The ability of a metal deck to
contribute tensile resistance is included only when the decking is oriented parallel to
the direction of the beam (Xiao et al. 1994).
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Figure 1.2 Composite beams incorporating composite deck slabs (a) deck
perpendicular to beam, (b) deck parallel to beam (Xiao and Nethercot
1994)

Nethercot et al. (2003) stated that the definition of a composite beams can be
taken as elements resisting only flexure and shear that comprise of two longitudinal
components connected together either continuously or by a series of discrete
connectors. In this case, the concrete slab is connected to the steel section and both act
compositely in carrying the load. The slip between the slab and the steel section is
prevented and the connection resists a longitudinal shear force. The strain is assumed
to vary linearly over the full depth of a composite cross section as can be seen in

Figure 1.3.
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Figure 1.3 Composite action

Composite beams may be formed by either completely encasing a steel
member in concrete with the composite action depending upon the natural bond
between steel and concrete, or by connecting the concrete floor to the top flange of the
steel framing member by shear connectors (Viest et al. 1997). Figure 1.4 shows a
composite beam and the stress distribution for hogging and sagging bending. It is
known that in the hogging region the concrete slab is not effective due to cracking. To

produce the necessary tensile force, a significant contribution from the reinforcement
is required.
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Figure 1.4 Composite beam in (a) sagging and (b) hogging bending



1.2 COMPOSITE CONNECTION

Composite connections may be regarded as the addition of the reinforced concrete
slab with a proper shear transfer mechanism between the steel beam and the concrete
slab. Before the introduction of composite beams in the 1970's, frames were designed
as bare steel frames. With the introduction of composite beams, the design of
composite frames started. Figure 1.5 shows a few types of connections that are used to
form the joint between the beam and the column. Figure 1.6 shows the typical

composite details. The connection types that are used in composite construction are:

a) End-plate
b) Fin-plate
c) Angle cleated

Endplate connections can be:
e Partial depth endplate
e Flush endplate
e Extended endplate

Angle cleated connections can be:

e Web side cleat (single or double)
e Top or bottom cleat

e Combination of web and top or bottom cleat
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Figure 1.5 Types of beam to column connections (Xiao and Nethercot 1994)
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Figure 1.6 Cruciform arrangement of composite connection (Xiao and Nethercot 1994)

According to the most consolidated definition (Bijlaard et al. 1989; Nethercot
and Zandonini 1990; Kirby et al. 1990), the connection is the physical component
which mechanically fastens the beam to the column and is concentrated at the location
where the fastening action occurs. The joint, however, is the connection plus the
corresponding zone of interaction between the connected members (the panel zone of
the column web) as shown in Figures 1.7 and 1.8.
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Joint characteristics described by moment (M) - rotation (@) curve. Three key

parameters of a joint are:

e Moment capacity
¢ Rotation capacity

e Rotational stiffness

Knowledge of these fundamental properties is necessary before the true semi-
rigid and partial strength nature of the connections can be properly incorporated into
more realistic methods of composite connections and frame design. The conventional
design approach used by most engineers is based on one of two extreme assumptions:
The fixed connection model and the hinged connection model. However, in real
applications, the actual stiffness of a connection always falls between these two
extremes (i.e. the connection will behave in a semi-rigid manner). Also the capacity of
an un-stiffened connection might be less than that of the connected beam in which

case it is called “partial strength.”

Figure 1.9 shows the moment diagram for a beam loaded with a uniformly
distributed load g, having span of L, with different support conditions. It is clear from

the Figure 1.9 that the assumption of a pinned connection overestimates the span
moment and deflections and underestimates the support moment. A rigid connection
assumption underestimates the mid span moment and deflection, while it

overestimates the support moment. Also, it can be seen that the sum of the connection

2

qL,

moment and the span moment is always equal to

Therefore, by evaluating the connection moment capacity, it would be possible
to design the members more efficiently. After the formation of a plastic hinge at the

connection, the moment may be redistributed to the mid span, in such a way that the

: : : gl
sum of the connection moment capacity and the mid span moment is still qu
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Figure 1.9 Moment diagram of a beam with uniformly distributed load and different
support conditions

1.3 RETROFITTING WITH FRP LAMINATES

The Fiber Reinforced Polymer (FRP) composites consist of high strength fibers
embedded in a matrix of polymer resin as shown in Figure 1.10. The fibers are
generally carbon, glass, or aramid in a matrix such as vinylester or epoxy. These
materials are performed to form plates under factory conditions, generally by the

pultrusion process.

The typical values for properties of the fibers are given in Table 1.1. These
fibers are all linear elastic up to failure. The primary functions of the matrix in a
composite are to transfer stresses between the fibers to provide a barrier against the

environment and to protect the surface of the fibers from the mechanical abrasion.



Matrix

Fibre

Figure 1.10 Schematic representation of a unidirectional FRP plate

Table 1.1 Typical properties of the fibers (Feldman 1989, Kim 1995)

Material Elastic modulus Tensile strength Ultimate tensile
(GPa) (MPa) strain (%)

Carbon
High strength 215-235 3500-4800 1.4-2.0
Ultra high strength 215-235 3500-6000 1.5-23
High modulus 350-700 2100-2400 05-09
Ultra high modulus 500-700 2100-2400 02-04

Glass

E 70 1900-3000 3.045
S §5-90 3500-4800 4555

Aramid
Low modulus 70-80 3500-4100 43-5.0
High modulus 115-130 3500-4000 25-35

The mechanical properties of composites depend on the fiber properties,
matrix properties, fiber-matrix bond properties, fiber content and fiber orientation. A
composite with all fibers in one direction is designated as unidirectional. If the fibers
are oriented in many directions, the composite is bidirectional or multidirectional. The
approximate stiffness and strength of a unidirectional Carbon Fiber Reinforced
Polymer (CFRP) with a 65 % volume fraction of carbon fiber is given in Table 1.2. As

a comparison the corresponding properties for steel are also given.



Table 1.2 Typical properties of prefabricated FRP strips and comparison with steel

10

Vaterial Elastic modulus Tensile strength Ultimate tensile
’ (GPa) (MPa) strain (%)
E; fr &
Prefabricated strips
Low modulus CFRP strips 170 2800 1.6
High modulus CERP strips 300 1300 0.5
Mild steel 200 400 25
(yield strain = 0.2%)

Adhesives are used to attach the composites to other surfaces such as concrete.
The most common adhesives are acrylics, epoxies and urethanes. The epoxies provide
high bond strength with high temperature resistance, whereas acrylics provide

moderate temperature resistance with good strength and rapid curing.

Most of the FRP systems used nowadays consist of carbon fibers embedded in
an epoxy matrix. Actually, there are many reasons that make carbon fibers one of the
most attractive alternatives for post strengthening concrete structures. Considering all
reinforcing fiber materials used to produce FRPs, the carbon fibers have the highest
specific modulus and strength that provides a great stiffness to the system. Therefore,
they are an ideal choice to be applied in structures sensitive to weight and deflection.
Compared with steel, carbon fibers can be about five times lighter and present a
tensile strength of eight to ten times higher.

1.4 PROBLEM STATEMENT

Reinforced concrete structures often have to face modification and improvement of
their performance during their service life. The FRP materials are not adversely
affected by weather and salts. Therefore, the composite laminate will not be subjected
to problems associated with corrosion as in the case of steel reinforcing bars. In
addition, the laminate can act as a protective cover at the joint by reducing the
exposed concrete surface area where moisture or salts can penetrate into the joint and
cause corrosion of reinforcing bars. Therefore, FRP products can be used in the initial
construction or for structural repair/strengthening of existing structures. The
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strengthening is required when there are increased applied loads, human errors in
initial construction, or when a structural member loses its strength due to deterioration

over time.

In the last decade, the development of strong epoxy glue has led to a technique
which has great potential in the field of upgrading structures. Basically, the technique
involves attaching steel plates or FRP plates to the surface of the concrete. The plates
then act compositely with the concrete and help to carry the loads.

FRP can be convenient compared to steel for a couple of reasons. These
materials have higher ultimate strength and lower density than steel. The installation is
easier and temporary support until the adhesive gains its strength is not required due to
their low weight. In addition, they can be formed into complicated shapes and can be

easily cut to length on the job site.

Therefore, this thesis aims to study the behavior of composite connections
retrofitted with CFRP sheets in hogging moment regions of the slab. In the past,
experimental approach has been widely used to investigate the behavior of composite
connections. But full scale testing of composite connections are expensive, time
consuming and sometimes difficult to perform. An alternative is to use finite element
analysis but the results need to be calibrated against good experimental test data. A
three dimensional non-linear finite element analysis has therefore been developed as
an alternative method to study the behavior of end-plate composite connections. The
moment (M) — rotation (®) curve is plotted and compared with the experimental
results done by Xiao (1994) at the university of Nottingham.

1.5 OBJECTIVES OF THE STUDY

The objectives of this study are as follows:

1. To develop a nonlinear finite element analysis in order to study the moment-

rotational response of endplate composite connections using ANSYS software.
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2. To predict the moment-rotational response of endplate composite connections
including strengthening of the slab by using different sizes and thickness of

CFRP sheets in hogging moment regions of the slab.

3. To investigate on feasibility of decreasing the reinforcing bars in the presence

of the CFRP laminates in hogging moment regions of the slab.

1.6 SCOPE OF THE STUDY

The real behavior of the composite connection can be obtained by using the
experimental results. Nevertheless, according to the special features of this project
such as cost and time limitations and lack of laboratory equipment, the finite element

method is used.

1.7  OUTLINE OF THE THESIS

Chapter 2 provides a chronological review of earlier research on composite
connections. The review includes a summary of both the experimental and analytical

investigations.

In chapter 3, the methodology used in the ANSYS 12.1 software to model and
analyze all composite connections are explained in detail. The modeling, attributes,
geometry, meshing, boundary conditions, loading and material properties are among
the important factors mentioned in this section. Moreover, a brief explanation of

nonlinear solution procedures using ANSY'S software is discussed in this chapter.

The results obtained from the analysis and discussions are included in chapter

4. Finally, chapter 5 presents the conclusions and recommendations for future studies.



CHAPTER I

LITERATURE REVIEW

2.1 INTRODUCTION

The semi-rigid joint action on the behavior of steel frames has received considerable
attention since the 1980s (Nethercot 1986) and the same concept also applies to
composite frames. The recognition of the semi-rigid concept is a great advancement in
joint studies because of its realistic representation of joint behavior and economic gain
in frame design compared with conventional assumptions of perfectly rigid or pinned
joints. In the case of beam-to-column joints, the behavior can be modeled by moment-

rotation curves (M- @ curves).

A composite connection is a combination of the bare steel connection and a
reinforced concrete slab acting together and sharing the loads. It is therefore essential
to understand the behavior of the bare steel connection in order to properly understand
the behavior of the composite connections. A large number of tests have been
performed on bare steel connections since the 1930's. Nethercot and Zandonini (1989)
made a review of the prediction methods for the bare steel connections. Generally, the
extended endplate connection gives the highest moment capacity and stiffness, while
the web cleat connections provide the lowest. The M-® curve illustrates the
relationship between the moment transmitted by the joint and the rotation of the joint
due to that moment. Typical M-® curves are shown for these connections in Figure

2.1 using the same beam and column combination.

The perfectly pinned and rigid assumptions adopted in conventional design are

corresponding to x and y axes of a M-® curve, respectively. Accurate and economical
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structural analysis can only be performed if the knowledge of the actual M-®
characteristics including moment capacity, rotational stiffness and rotation capacity of
the joint is available. However, such characteristics of the joint are rather complex and
a more comprehensive understanding of joint response especially joint stiffness and

rotation capacity is required.

The reason for the high moment capacity of the extended endplate connection
is that the lever arm is largest for this connection. The moment-rotation curves shown
in Figure 2.1 are idealized. In reality, they may not be so smooth due to the slip of the
bolts and local buckling of components. The structural members are generally
composed of relatively thin elements. The slender nature of these thin elements results
in susceptibility to local buckling under compressive stress. The classifications from
BS 5950 of plastic, compact, semi-compact, and slender are replaced in Eurocode3
with class 1, class 2, class 3 and class 4 respectively. Figure 2.2 shows the effect of

local buckling on the moment-rotational behavior of the connection.

| M (cxtended end platc coancction:

iend plate connection)

tcomoined web and ton and scat cleats connecuons

{top and seat cleats connecuon|

(web cleats connection)

Figure 2.1 Typical M-® curves of commonly used steelwork connection
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M _ plastic section

—

compact section

semi-compact section

slender section

l

Figure 2.2 Effect of steel beam section class on the connection’s M-® curves

2.2  CLASSIFICATION OF COMPOSITE CONNECTIONS

Three approaches for the design of a structure in which the behavior of the connection
is fundamental are given in Eurocode3 and BS 5950. The three methods are: simple
design, continuous design and semi-continuous design. Eurocode3, Part 1.1, states that
the appropriate type of joint model depends on the classification of the joint and the
method of global analysis. This is shown in Table 2.1.

Table 2.1 Type of joint model (Eurocode3 Part 1.1, Annex J)

Method of Classification of joints
Global Analysis
Elastic Nominally pinned | Rigid Semi-rigid
Rigid - Plastic Nominally pinned | Full-Strength | Partial-strength
Elastic - Plastic | Nominally pinned | Rigid and Semi-rigid and partial-strength

Full-Strength | Semi-rigid and full-strength
Rigid and partial-strength

Type of Joint Simple Continuous Semi-continuous

Model
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Classifying of the connections according to its stiffness is called elastic

analysis. In Eurocode3 Part 1.1, Annex J, it is recommended that connections can be

classified by stiffness, comparing the initial stiffness of the joint (Sj,ini)with the

limits given in Figure 2.3.

rigid, if S, 2 BEL, rigid, if S, = 25EL /L,
E_ . ) = L
nominally pinned, = nominally pinned,
- If S,< 0.5EW/L, if S, < 0.5E L,
semi-rigid \semiarig id
! F.‘-----_- » \" ‘,x-*""f- >
— —
(a) Braced frames (b) Unbraced frames

Figure 2.3 Boundaries for stiffness classification of composite connections
(Eurocode3 Part 1.1, Annex J)

Plastic analysis is used when the connections are classified according to
strength. For classification by strength the connection is compared with the capacity of
the connected beam to identify which of the two members will fail first (i.e., the
connection or the beam) (Nethercot et al. 2003). While elastic-plastic analysis is used
when the connections are classified according to both their stiffness and strength. For
a simple design, no matter which method of global analysis is applied, the joints are
classified as nominally pinned. The implication of this is that the connection is
sufficiently flexible to restrict the development of end fixity (i.e., no end moments
exist). For continuous design, the connections can be classified as rigid, full-strength
or rigid and full-strength depending on whether elastic analysis, rigid-plastic analysis
or elastic-plastic analysis is employed. According to Nethercot et al. (2003), the term
full-strength relates the strength of the connection to that of the connected beam. If the
moment capacity of the connection is higher than that of the connected beam, the
connection is termed full-strength. The purpose of this comparison is to determine

whether the joint or the connected member will limit the resistance of the structure.
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Rigid and full-strength joints which are a result of using elastic-plastic analysis are
supposed to withstand moment, shear force and axial load without a change in the
angle between members. By using continuous design, usually beam sizes decreases
but the need to supply joints with rigidity arises to cancel out the possible economic

benefits.

While simple design ignores stiffness and continuous design only allows full-
strength connections, the semi-continuous design accepts the fact that most practical
connections are capable of providing some degree of stiffness and their moment
capacity may be limited (Nethercot et al. 2003). According to BS 5950 (2000), this
method (semi-continuous design) may be used where joints have some degree of
strength and stiffness, but insufficient to develop full continuity. Similar to continuous
design, the joints are classified differently according to the type of a global analysis.
Here, the term partial-strength refers to connections that have a lower moment
capacity compared with the connected beam. This will result in the connection failure

before the connected beam fails.

The classification of connections according to strength and stiffness are
illustrated in Figures 2.4 and 2.5, respectively. From the moment rotation (M—®)
curves, connections 1 and 2 can be classified as full strength because their moment
capacities exceed that of the connecting beam. Conversely, moment capacities for
connections 3 and 5 are lower than the connecting beam, thus are termed as partial
strength. According to stiffness, connections 1, 2, 3 and 4 are classified as rigid,

connection 5 as semi-rigid and connection 6 as nominally pinned.
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Figure 2.4 Classification of composite connections by strength
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Figure 2.5 Classification of composite connections by stiffness
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23 STUDY ON COMPOSITE CONNECTIONS

The study of semi-rigid composite connections started in 1970. Since then numerous
composite connection tests have been done around the world. Using the test results,
attempts were made to produce simplified prediction methods. Equations for moment
capacity and rotation capacity have been proposed on the basis of the test results. The
numerical studies have also been performed. This section describes briefly the
experimental and analytical work carried out in this field to study the moment capacity

and rotation capacity of composite connections.

The interaction between the composite slab and the components of the steel
connection makes the connection behavior more complicated than the bare steel
connections. To clearly understand such response the direct method is to carryout full
scale tests. The results of experimental work not only provide understanding of the
response of the composite connections, but also supply the necessary information for
comparison against the analytical and numerical works. The first tests on semi-rigid
composite connections were conducted by Johnson and Hope-Gill in 1972. They
conducted five tests on composite cleated connections with flat slabs. The most
important works on the subject up to 1989 were revised by Zandonini and summarized
by Simoes da Silva et al. Simoes da Silva (1989) also revised the experimental results
carried out between 1990 and 2001. Loh et al. (2004) compiled the experimental

results carried out up to 2004.

Composite connections may be regarded as simply the addition of the
reinforced concrete slab with a proper shear transfer mechanism between the steel
beam and the concrete slab. All the test results have shown that the addition of
reinforcement near the column, increases the moment capacity and the stiffness of the
connections. This is also due to the increase in the lever arm of the internal forces in
the connection. But the percentage increase may be different for different types of
connections for the same percentage increase of reinforcement. Xiao's (Xiao et al.,
1994) test SCJ8, SCJ9 and SCJ10 used partial depth endplates at the top, middle and
at the bottom of the beam, respectively. It was observed that SCJ8 gave the lowest

moment capacity, whereas SCJ10 gave the highest moment capacity. This is due to the
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fact that the position of the endplate controls the length of the lever arm. The moment
capacity of a composite connection as was observed in the tests was affected by the
reinforcement ratio, symmetry and non-symmetry of the applied load, degree of shear
interaction provided (using shear studs), shear to moment ratio, column characteristics

and column axis connection.

A considerable number of experiments and analytical works on composite
connections have been carried out at the University of Nottingham since 1994. Xiao et
al. (1994) have performed numerous large-scale experiments and Ahmed and
Nethercot (1997) have carried out analytical studies by using the Finite Element
Method. From the experimental testing, Xiao et al. (1994) concluded that the key
properties of composite connections were dramatically affected by many parameters
such as slab depth, joint type, reinforcement ratio, etc. The desirable connection

behavior can be achieved by adjusting these parameters.

¢ REINFORCEMENT RATIO

Usually, up to a certain limit, the higher the reinforcement ratio the higher the moment
capacity of the connection is. Tests by Benussi et al. (1989) , Xiao (1994) , Anderson
and Najafi (1991) have confirmed this. Xiao's (1994) test SCJ3 and SCJ4 had the
same steel detailing but the reinforcement ratios were 0.2% and 1% and the moment
capacity was increased by 136%. The inclusion of large quantities of reinforcement
into the slab may increase the moment resistance. But to achieve this, tensile force
generated by the moment must be balanced by the compression force acting on the
lower part of the beam-to-column connection. Otherwise, a strong tensile capacity
with weak compression resistance will not be able to generate the required moment

capacity, making it unnecessary to increase the slab reinforcement.

e LOAD APPLICATION PROCEDURE

The studies and analyses of the joints is undertaken with the eventual aim of using

such joints in frames. In a real structure, the joint is usually loaded non-symmetrically.
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Most of the tests on the composite connections have been symmetrical. But, tests by
Puhali et at. (1990) indicated that non-symmetric application of the load affects the
behavior of the composite joints. Tests by Benussi et al. (1989) and Law (1983)
showed that unbalanced moments on the two sides of the column also affects the
connection behavior. Tests by Li et al. (1994) showed that the effect of non-
symmetrical moment on the connection moment capacity is significant only when the
non-symmetrical moment ratio is quite high compared with the column web shear

resistance or the concrete strength.

e SHEAR CONNECTORS

Most of the tests on composite connections have been carried out using a uniform
distribution of shear connectors and full shear connection between the reinforced slab
and the steel beam top flange. This makes it difficult to interpret the exact role played
by the shear connectors in the composite connections. Tests conducted by Law (1983)
employed uniformly distributed shear connectors on one side of the connection and a
non uniform distribution of shear connectors on the other side of the connection. The
test results indicated that a different interaction between the steel beam and the
concrete slab slightly affected the connection behavior in the early stage, but
significantly in the non-linear part. Najafi and Anderson (1991) conducted tests with
partial shear interaction and full shear interaction. The results indicated that the partial
strength connections had low moment capacity and initial stiffness with respect to the
full interaction. It was observed from these tests that changing to a composite

connection dramatically increased the initial stiffness and the moment capacity.

¢ COLUMN CHARACTERISTICS

If the column web is weak compared with other components of the connection, it may
lead to the buckling of its web if no stub beam is attached to the column web. Also the
thickness of the column web determines the compressive force that can be sustained
by a column web. Xiao's (Xiao et al., 1994) test SCJ4 reached its ultimate capacity
due to the buckling of the column web. But, test SCJ6 which had a web stiffener,

developed an increased moment capacity by 19%.
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e EFFECT OF COLUMN AXIS CONNECTION

Xiao et al. (1994) conducted a total of four tests (SCJ13, SCJ14, SCJ18 and SCJ19)
with column minor axis connection. The equivalent connections for SCJ13 and SCJ14
for major axis connections are SCJ10 and SCJ8. The obtained moment capacities were
147.8 kN.m and 181.4 kKN.m for SCJ10 and SCJ13, respectively. The reason for the
increased moment capacity of SCJ13 is that SCJ10 reached its ultimate moment due to
the buckling of the column web, which was prevented in the case of SCJ13. The
moment capacity was 89.8 kN.m for SCJ14 and it was 84 kN.m for SCJ8. Note that
both connections reached their ultimate moment capacity due to the buckling of the
beam web. It appears that as long as the compressive forces can be resisted and the
column web buckling can be prevented by means of stub beams, there is no effect of
this factor on the moment capacity of composite cruciform connections. Tests SCJ18
and SCJ19 were cantilever joints where both connections failed due to the insufficient

anchorage of the reinforcement causing failure of the concrete slab.

24 PREDICTION OF MOMENT AND ROTATION CAPACITY OF
COMPOSITE CONNECTIONS USING EQUATIONS

Xiao et al. (1994) tested 19 composite connections and used the findings to develop a
mathematical model to predict both the moment capacity and the rotation capacity of
composite cleated connections, composite fin-plate connections, and composite flush
endplate connections. Reduction factors according to EC4 clause 4.4.3 and BS5950
Part 1 Clause 4.2.6 were recommended for use when high beam shear was present.
Separate equations were proposed to calculate the moment capacity of the connection

when its compressive capacity was governed by the column.

Knowledge of the potential tensile and compressive resistances available from
the slab and the beam permits the location of the neutral axis to proceed. Four cases

are available:

e Neutral axis within the concrete slab

e Neutral axis within the beam's upper flange
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e Neutral axis within the beam's web above the top row of bolts

e Neutral axis within the beam's web below the top row of bolts

Amongst which, the last case is more likely to occur. In this case, some of the
bolt rows will be in tension and will therefore augment the tensile resistance. The

position of neutral axis for this case is shown in Figure 2.6.
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Figure 2.6 Neutral axis within beam's web below top row of bolts (Xiao et al., 1994)

In this case the bolt rows in tension zone will all be assumed to yield except
for the lowest row. This assumption has been carefully examined by looking in detail

at results from several tests and analyses.

Assuming K rows of bolts to be in tension, a region extending to two-thirds of
the vertical pitch directly below the lowest row of bolts is considered to be in tension.

The internal force equilibrium yields the condition:

1
Pty f,—F + pytbw(D — P~y +§ pj

2Ft + pytbw p

K =

(2.1)

where p, is the yield strength, Fis the minimum of {capacity of stud, capacity of

rebar}, Dis the depth of the steel beam, p; is the distance from top bolt row to top
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surface of the steel beam, pis the bolt pitch, F, is the bolt tensile strength, and f,

is the width of the beam flange.

If K is smaller than 1, one row of the bolt will be treated as being in tension. A
bolt row will reach yield when K is 1. If K is greater than 1, the tensile bolt row
number which has been obtained from Eq. 2.1 will be a real number; where the integer
part i represent the rows of bolts which have yielded, and the decimal part j represents
the stress factor for the rows of bolts which have not yielded and is adjacent to the
neutral axis. The total rows of bolts in the tension zone will be i+j.

K= i+ 2.2)

The distance from the bottom surface of the steel beam to the centroid of

compression can be defined as:

2 2
tbw|:(D_ pl_ip_g pj _tbf 2j|+ fltbf ?

d,; = (2.3)

.2
2|:(D_ Py _Ip_g p_tbf jtbw—i_ fltbf :|

Thus, the distance between the center of reinforcement and the centroid of the

compressive area becomes:

d.+D-d, (2.4)

The contribution of the reinforcement bars to the connection's moment capacity is

obtained by:

M,=F(d,+D-d,) (2.5)

All the bolt rows in the tension region will also contribute to the moment capacity as

follows:
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M, =M, +M, +..+M, + M, (2.6)
and

2
MiZZFt(D_pl_p_g p_d23) (2.7)

The moment capacity for a composite connection can be derived as:

Mu:Ms+Mb (2-8)

Xiao et al. (1994) have proposed a method similar to the SCI method to
calculate the available rotation capacity of the composite connections. By calculating
the extension of the rebar, the rotation capacity was defined as:

AL
CDU{D+DJ (2.9)

where D is the depth of the beam and D, is the distance of the upper flange of the

beam to the centre of the reinforcement.

The elongation of reinforcement (AL) consists of two parts: the deformation of
the reinforcement in the plastic zone (L ;) and the deformation of reinforcement in the
remaining elastic zone (L,). Xiao et al. (1994) concluded that the elongation of the

reinforcement in the elastic zone had no effect on the rotation capacity and therefore

could be neglected. The elongation in the plastic zone was calculated as:

Lf{Pl +P+%} (2.10)
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where P, is the distance of the column flange to the first shear stud, P is the pitch of

the shear studs, and ¢ is the plastic strain of reinforcement taken as 0.005.

Xiao et al. (1994) used the location of the neutral axis to determine the rotation
capacity of composite connections. The rotation capacity also considers the slip of the
shear studs. The rotation capacity was defined considering four different location of
neutral axis:

1. Neutral axis in the concrete slab

2. Neutral axis in the top flange

3. Neutral axis between the top flange and the top bolt row
4. Neutral axis below the top bolt row

The model is similar to the one in Figure 2.7. Amongst these possibilities, the
last one is the most likely one and hence is described in detail. The rotation capacity
for the last case is given by:

®, = L + L,

d.+ +i+g +i+g
¢t P p3p P p3p

(2.11)

where p is the bolt pitch, p; is the distance of the top bolt row from the top flange, d,

is the depth of the concrete slab, and iis the number of tension bolts that yielded and

is given by the integer part of the following expression:

1 _
pytbf f1 - Fs + pytbw(D - P _tbf +§ pj

2Ft + pytbwp

i = integer part of (2.12)

F=RA-Q (213)
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where P, is the allowable bolt tensile stress from BS5950, A is the tensile area of the

bolt, and Q, is the prying force.

L= (2.14)

where N is the number of shear studs and K is the secant stiffness of a shear stud,

taken as 30 kN/mm.

The main drawback of the above formula is that the depth considered for the
calculation of the rotation capacity becomes larger than the depth of the beam and
sometimes greater than the combined beam and slab depth. This depth means that the
beam is rotating without even having any physical contact with the column at the level

of its bottom flange.
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Figure 2.7 Spring model for composite cruciform flush endplate connections
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2.5 FIBER REINFORCED POLYMER (FRP)

The use of FRP composites in strengthening reinforced concrete structures has been of
great interest for civil engineers in recent years. Many researchers have strengthened
different reinforced concrete members such as beams, columns and slabs with FRP
laminates. Parvin and Granata (1998), Mosallam (2000) and Gergely et al. (2000)
conducted some experimental and numerical studies on the subject of strengthening
RC joints with FRP laminates. They pointed out the increase in the strength of joints
and decrease in the ultimate rotation of the joints as a result of FRP strengthening of

RC connections.

Application and demonstration projects of CFRP EBR (Externally Bonded
Reinforced) started in the late 1980’s throughout early 1990’s. The use of carbon fiber
for structural application in Europe was first studied at the Swiss Federal Testing
Laboratories (EMPA). One of the first application considered which has proved to be
commercially successful was the use of the CFRP plates as externally bonded
reinforcement. The CFRP plates are much thinner than its steel counterpart, which
allow lap joints to be made between different elements. The reduced eccentricity of

the plate also reduces the tendency for peeling failure.

Carbon fiber sheets have been developed primarily in Japan and used for
seismic retrofitting of existing RC structures. More than 1000 strengthening projects
have been performed in a manner similar to the bonded steel plates. Currently, many
grades of carbon fiber sheets are available, offering elastic modulus values from 230
to 640 kN/mm?. Moreover, the carbon fiber can be aligned and woven in uni-
directional and bi-directional ways to produce a fine mesh sheet of fiber. Thus, the
designers have freedom of design when considering structural strengthening with
CFRP sheets. CFRP sheets are easy to handle and install and also can be used in a
variety of applications. They are ideal for complex shapes where strengthening is

required.

Experimental studies involving bonded CFRP to reinforced concrete beams

has been performed by Meier et al. since 1985 at the Swiss Laboratories for Materials
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Testing and Research. This program envisioned the replacement of steel plates with
FRP laminates for repairing and strengthening reinforced concrete beams. The
examining of the strength and stiffness of beams with unidirectional CFRP plates was
the primary focus of their research (Meier et al., 1985).

The first full-scale FRP repaired beam test conducted in the United States was
at the University of Arizona (Saadatmanesh and Ehsani 1991) and using glass fiber
reinforced polymer (GFRP). The tests consisted of six large concrete beams; five
rectangle cross-sections (8’x18”) and one T-beam (3”x24” flange, 8”x18” web). All
the specimens were 192” long and tested as a simple span in four point loading. The
steel reinforcement ratios, shear reinforcement, and cambering were varied in the six
beams. However, the externally applied GFRP was identical for each beam
(1/4°x10”x168”). The research concluded that adding GFRP plates improved the
strength and stiffness of the specimens. The tests showed that the GFRP sheets carried
a portion of the tensile force which decreased the stress in the steel reinforcement.
This was particularly evident with the smaller steel reinforcement ratios.

26 NUMERICAL MODELING

Although the experimental measurements of strain and displacements with increasing
load provide valuable insight into the problem, in many cases important local effects
cannot be measured at all or cannot be measured with the necessary accuracy. This is
due to the fact that the necessary measuring process is either impractical or is too
expensive. Numerical studies thus provide a low cost-effectiveness ratio. Also the
number of geometric and mechanical parameters which can reasonably be expected to
influence the connection behavior is significant. In such cases numerical modeling is a
very effective method for including more variables that could be contained in the
limited scope of an experimental program. The most suitable tool available at present
for studying such a complicated problem is the Finite Element Method (FEM). The
FEM acts as a link between the experimental tests and the mechanical and analytical
modeling.
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The first numerical study on the composite connections was undertaken by
Leon and Lin (1986). They used a general purpose FE software ADINA to model the
connection. In their model, concrete was considered to have no tensile resistance.

They modeled a connection tested by Leon (1986).



CHAPTER 11

RESEARCH METHODOLOGY

3.1 INTRODUCTION

Finite element analysis is one of the several numerical methods that can be used to
solve complex problems and is the dominant method used today. As the name implies,
it takes a complex problem and breaks it down into a finite number of simple
problems. Theoretically, a continuous structure has an infinite number of simple
problems However, finite element analysis approximates the behavior of a continuous
structure by analyzing a finite number of simple problems. Each element in a finite
element analysis is one of these simple problems. In a finite element model, each
element will have a fixed number of nodes that define the element boundaries to
which loads and boundary conditions can be applied. The behavior of the variables in
each type of element is defined by a suitable shape function. From the shape function,
for each element, the stiffness matrix is developed. Then the stiffness matrices are
assembled into the global stiffness matrix. The applied load is arranged in a matrix
known as the load matrix. Using the basic equation: [F] = X [K][d] the displacement
at every nodal point is calculated. From the displacements, element stresses and nodal
stresses are calculated. The finer the mesh is, the closer we can approximate the
geometry of the structure, the load application, as well as the stress and strain
gradients. However, there is a tradeoff: the finer the mesh is, the more computational
power is needed to solve the complex problem. The strategy of optimizing the mesh
size can greatly reduce an analyst’s time without compromising on the quality of

analysis results.
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3.2  NON-LINEAR FINITE ELEMENT MODEL

In a linear analysis, the behavior of the structure is assumed to be reversible (i.e., the
body returns to its original un-deformed state upon the removal of the applied load).
However, in cases of a buckling, failure analysis, or the large deformation including
those beyond the elastic limit, it is not possible to superimpose the solution from
several load cases to obtain the solution for a higher load case. In such cases non-
linear finite element analysis is required. In practice four types of non-linearity can be
identified:

e Material non-linearity (non-linear stress-strain relation but linear strain
displacement relation). An example of this is the elastic-plastic behavior in

materials.

e Geometric non-linearity (non-linear strain-displacement relation but linear

stress-strain relation). An example of this is elastic post buckling of structures.

e Combined material and Geometric non-linearity. An example of this is the
deformation of rubber-like materials.

e Boundary non-linearity (when the deformations and stresses at contacting
bodies are not linearly dependent on the applied load). This is due to the fact

that the extent of the contact area changes with the applied load.

Note that semi-rigid composite connections possess material, geometric, and boundary

nonlinearity.

3.2.1 The stiffness matrix in non-linear problems

In linear problems, the overall stiffness matrix [K] is a function of geometry and

material properties, not the boundary conditions or the applied load. Therefore, the
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element stiffness matrix [K, ] remains constant for linear problems and is calculated as

follows:

[K.]=] B [D][B]ax (3.1)

<'—.

where [D] is the material property matrix and [B] is the shape function matrix.

In non-linear problems, the overall stiffness matrix [K] is a function of the
current state of stress and strain. Therefore, [ K,] must be updated to take into account
for the change in material properties and/or the geometry with the current stress and

strain. For nonlinear problems, [ K,] can be written as:

[K.1=1(F.u) 3.2)

where F is the external forces and u is the displacement.

Figure 3.1 shows the basic effect of variation of the stiffness matrix in linear

and nonlinear problems.

Linear [F] = [K][u]

Non-lincar [F} = [K(F,u)}{u]

Load

Displacement u

Figure 3.1 Stiffness matrix in nonlinear problems
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3.2.2  Numerical procedure in non-linear problems

ANSYS employs the "Newton-Raphson™ approach to solve nonlinear problems. In
this approach, the load is subdivided into a series of load increments. The load
increments can be applied over several load steps. Figure 3.2 illustrates the use of

Newton-Raphson equilibrium iterations in a single DOF nonlinear analysis.
F

u

Figure 3.2 Newton-Raphson Approach
Source: ANSY'S Help

Before each solution, the Newton-Raphson method evaluates the out-of-
balance load vector which is the difference between the restoring forces (the loads
corresponding to the element stresses) and the applied loads. The program then
performs a linear solution using the out-of-balance loads and checks for convergence.
If convergence criteria are not satisfied, the out-of-balance load vector is reevaluated,
the stiffness matrix is updated and a new solution is obtained. This iterative procedure

continues until the problem converges.

A number of convergence-enhancement and recovery features such as line
search, automatic load stepping, and bisection can be activated to help the problem to
converge. If convergence cannot be achieved, the program attempts to solve with a

smaller load increment.

In some nonlinear static analyses, if one uses the Newton-Raphson method
alone, the tangent stiffness matrix may become singular (or non-unique) causing

severe convergence difficulties. Such occurrences include nonlinear buckling analyses
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in which the structure either collapses completely or “snaps through™ to another stable
configuration. For such situations, one can activate an alternative iteration scheme (the

arc-length method) to help avoiding bifurcation points and track unloading.

The arc-length method causes the Newton-Raphson equilibrium iterations to
converge along an arc, therefore, often preventing divergence even when the slope of
the load vs. deflection curve becomes zero or negative. Figure 3.3 schematically
shows the iteration method.
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Figure 3.3 Traditional Newton-Raphson method vs. Arc-Length method
Source: ANSY'S Help

To summarize, a nonlinear analysis is organized into three levels of operation:

e The "top" level consists of the load steps that you define explicitly over a

"time" span. Loads are assumed to vary linearly within load steps.

« Within each load step, one can direct the program to perform several solutions
(sub-steps or time steps) to apply the load gradually.

e At each sub-step, the program will perform a number of equilibrium iterations

to obtain a converged solution.

Figure 3.4 shows a typical load history for a nonlinear analysis.
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Figure 3.4 Load Steps, Sub-steps, and Time
Source: ANSY'S Help

The ANSYS program gives a number of choices when designated a
convergence criteria: the convergence checking can be based on forces, moments,
displacements (or rotations) or any combination of these items. Additionally, each
item can have a different convergence tolerance value. For multiple-degree-of-

freedom problems, one also have a choice of convergence norms.

The user should mostly employ a force-based (and when applicable, moment-
based) convergence tolerance. The displacement-based (and when applicable,
rotation-based) convergence checking can be added, if desired, but should usually not

be used alone.

3.3 MODELING

Modeling involves creating a geometric representation of a structure and defining its

characteristic behavior in terms of its physical properties such as material, loading,

and support.
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34 GEOMETRY

All engineering simulation starts with geometry to represent the design. This could be
a solid component for a structural analysis, the air volume for a fluid, or an
electromagnetic study. The geometry can be produced in a computer-aided design
(CAD) system or built from scratch. The ANSYS Design Modeler software is the

gateway to geometry handling for analysis with software from ANSYS.

ANSYS Design Modeler technology also provides powerful tools for
construction of geometry from the scratch. A complex model can be produced using
familiar solid modeling operations. Built on the Parasolid kernel, the geometry engine
is robust and conforms to industry standards. The two-dimensional sketches can be
extruded into 3-D solids and then modified with Boolean operations. A construction
history is recorded during the creation of the geometry allowing the user to make

changes and then update the design.

Two 305*165*UB40 of 1.6 m in length and one 203*203*UC52 were
connected to form the cruciform arrangement. The beams were connected to the
column flanges by means of partial-depth endplates (150*190*10 mm) and two rows
of M20 Grade 8.8 bolt. A 120 mm deep slap with RMF CF46 profiled metal decking

used. The slab reinforcement ratio is 0.8 % (see Figure 3.5).

Shear studs y Reinforcement ratio
Metal decking CF46

‘| T T 1T T 1

3 < 305*%165*UB40 —_ - S
22 v~

Partial depth endplate

b 3 %
RReRaE Slab width = 1200 mm

203*203*UC52

Figure 3.5 Cruciform arrangement of partial depth endplate composite connection
(reproduced from Xiao et al., 1994: SCJ10)
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