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This thesis describes a numerical study and an experimental investigation of the
behaviour of semi-rigid beam-to-column composite connections subject to wind loads.
Connections in composite frames are normally designed as pin-jointed connections.
Diagonal wind bracing is included in such buildings to resist wind loads. The use of
semi-rigid connections in the design of such frames can provide substantial savings
in material and erection costs. It also avoids the intrusion of bracing into the useful
space within the building.

The connection was studied numerically using a finite element package (ANSYS). The
parameters affecting the behaviour of the connection have been used to develop
two-dimensional finite element models for the different configurations. A three-
dimensional model was also developed to check the accuracy of the two-dimensional
analysis. Material properties, geometrical dimensions, boundary conditions and
loading were carefully given as input data to represent, as realistically as possible,
those of the actual joint. Material nonlinearity was considered for concrete, steel,
reinforcing bars and shear connectors. The bolt slip and the construction tolerance
were also accounted for. The developed model was then used to determine not only
the overall stiffness of the frame but also the stress and deformation distnibutions
within the joint components. Different options for stiffening up the joint laterally were
also studied. The models predicted with a very good accuracy the joint lateral
stiffness under horizontal loading. Also they provided useful information which could

not be obtained experimentally e.g., concrete stresses, tensile stresses in the
reinforcing bars.

An experimental investigation was carried out to verify the safe behavioural prediction
of this type of connection. Because of the high cost and time consumption required
to make the sample, a single and representative connection was selected on which the

experimental work was carried out., Modifications were introduced during the tests
to increase the lateral stiffness of the original connection.

Finally, the main conclusions based on both the numerical and the experimental parts
and recommendations for further work have been given.

11



CHAPTER ONE: GENERAL INTRODUCTION AND LITERATURE

REVIEW .. ...ttt eeeeoscossccocaos 1

L.l Introduction . & .. vt ittt it it et e e et e e e s 1
1.2The Purpose of this Study . ¢ v v et ettt et e e et oo vneese . 2
1.3 Composite COnStruCtion . v v v v o v o o o vt oo v oo voecoensos 3
1.3.1 Behaviour of Composite Slabs . . .......c000 ... 3

1.3.2 Advantages of Composite Construction ........... 4

1.3.3 Disadvantages of Composite Construction . ......... 5

1.4 Types of Connections . . v v e v v oo oo voeeoeeeeesensess 5
1.4.1 Types of Beam-to-column Connections . .......... 6

1.4.2 Semi-rigid Composite Connections .. ........0... 7

1.5 Methods of Studying Beam-to-column Connections . ......... 7
1.6 Earlier Modelling of the Connection Constituents . .......... 10
1.7 Previous Work on Composite Beam-to-column Connections .... 13
1.8 Summary of the Previous Work ..............c....... 18
1O Objectives & v v v v i it i i e e ettt e e 18

CHAPTER TWO: FINITE ELEMENT MODELLING OF

SEMI-RIGID COMPOSITE CONNECTIONS SUBJECT

TO WIND LOADS . . ... ..ttt ittt e e o nnsnas 27

P28 B §414 o To (et 4 T ) o 27
2.2 Modelling of Beam-to-column Connections « . « v v v o o 0 v o v v o . 28
2.3 Finite Element Modelling Using ANSYS . ........c0v..... 29
2.3.1 Procedures for Preparinga Model .............. 30

2.3.2 Selection of the Analysis Type .. ....0ovveeen... 30

2.3.3 Generalised Plane Strain Procedure . . ... .o oo ... .. 31

234 8taticloading . . ... s e e e e e e . 32

2.3.5 Co-ordinate System and the Element Mesh . ........ 32

24 The Element Types Used ... ...ttt e e eennnnnn. 33
2.4.1 Steel Column . ... 0.ttt ettt et et e ee e . 33

2.4.2 0teel Beam . ...l e e e e e e e e 37

243 Concrete Slab . . ... ... e e e e 37

2.4.4 ReInforcing Bars . . v v v v ittt ettt et e 40

2.4.5 Shear ConneCtorS & v v v v v v v v v v e v e oo e eeee e . 40

2.4.6 Concrete-steel Interface . ... v v v v v oo v e v v v v een. 41

2.4.7 Cross-beam (Perpendicular Beam) .............. 42

2.4.8 Construction Tolerance . ... . v v v v v v v o eenees. 43

P R B 2T ) { € 45
2.4.10 Bolt-hole Clearance . . . . v v v v vt v v v e e e e e e e . 45

24,11 Seat Cleat v v v v vt vttt ot v et n o oo e 46



24.12Modellingof Weld .....c 00t eceeeeeens 47

2.5Mesh Generation . . . v v oo e o e e etoosnsossoscsscseses 47

2.6 Boundary Conditions and Load Application .............. 48

2.7 Stability and Solution Convergence .. .....ceeeeeeeeenns 43

2.8 Wave FrontReduction . ......c.ceeeecececocasonsos 50

2 9SUMMATY ¢ 4 v v oo oo s eonesosososssososscaasnosess 50

CHAPTER THREE: 2-D MODELS USED IN THE NUMERICAL

STUDY . ...t teteooeesosssscscccsas 60

3.1 Introduction . . v v v v v e e et et e e et e s 60

3.1.1 Material Properties . . « ¢ ¢« « v e e vttt e v e s o e o 62

3.1.2Load Application . . . v vt e v et e v ot vt 0 e s oo o 63

3.2FiniteElement Models ... .. ccctevteececcrcccncess 64

3.2.1 Model One (the 4 Shaped Sub-frame) . ........... 64

3.2.2 Model Two (the -{ Shaped Sub-frame) ........... 67

3.2.3 Model Three ( The -— Shaped Sub-frame) ......... 69

3.2.4 Model Four (the - Shaped Sub-frame) .......... . 70

3.3Modelsof Stiffened Joints . ... ..o v v vttt ettt ettt 71

3.3.1 The o4 Shaped Sub-frame witha Comer The ........ 71

3.3.2 The Effect of Slab Reinforcement . . . « ¢« v ¢ ¢ e v v 0o v o 72

3.3.3 The Effect of Seat Cleat Stiffening .............. 73

3.3.4 The Effect of Universal Beam Choice .. .... ¢ 4. ... 74

3.3.5 The Effect of Seat Cleat Angle ..........c. ..., 74

3.3.6 The Effect of Reinforcement and Seat Cleat ........ 75

3.4 SUMMATY & o v v vt o vt o oot oeesacossossssesssoossose 75
CHAPTER FOUR: REPRESENTATION OF SHEAR CONNECTION

IN THE NUMERICAL STUDY .............. 88

4. 1 IntroducCtion & v v o i vttt ettt e et et 88

4. 1.1 Push-off Test . ... ... eenenenn 89

4.1.2 Composite Beam Analysis . ......cc0vveeun... 89

4.2 Numencal Model Features . . . .0 oo vt v vttt et oo e enen.s 90

4.2.1 Finite Element Mesh . . . ... ... .00t it e, 01

4.2.2 Material Properties . . . v v v vt ittt e e e oo e . 91

4.2.3 Boundary Conditions . . ¢ e v v v e v v v vt vttt o n e 02

4.2.4 L0adIng v v v bttt t et e e et e et . 92

4.3 Numerical Results . . ... ittt i ittt ittt eeaens . 93

4.4 Comparison of Numerical and Experimental Results ......... 93

4.5 SUMMATY & v o ot vt et oo o oo oeansonssoeencnoennsosoe 94

CHAPTER FIVE: NUMERICAL RESULTS FROM 2-D Models ..... 101

T A {116 o 01117 1 () ¢ . 101

5.1.1 Honizontal Displacement . ..........cccce... 101

.12 Element Stress . v v v vt i i it i e et e e 102

5.1.3 Behaviour of Different Configurations ........... 103

1V



5.2 Preliminary Assessment of the Model ................ 103

5.2.1 Analytical Verification ......ccto et veneeesns 104

S5.2.2Horizontal Deflection ... .. c¢ceteeeeeeeeees 105

5.3 Model One (The o4 Shaped Sub-frame) ... .. cc0v e e v e v 106
5.3.1 Effect of Bolt-hole Clearance and Construction

Tolerance « & v vt e e e v e e eecececosovooveease 108

5.3.2 Effectof ReinforcingBars . ........c.c000eee.. 111

5.3.3 Effect of Steel Beam Cross-section . . .. ¢ e e e o0 oo« 112

5.3.4 Effect of Seat Cleat StiffenerPlate ............. 112

5.3.5Effect of Seat Cleat Section . ... .. oot e e vennoe 113

S5AModel TWO .« v v e vttt v vt renecosecccsecccaascsaos 113

SSModel Three .. ..ottt ece ittt teeeececeaceess 114

S6Model Four . . ..t i i it ittt ittt teeesnsencccocese 114

5.7 Effect of Stiffening Measures . .. ..ottt et e eeenenn 115

5.7.1Effectof Comer Bracing . . ... ¢ v e v eeeevceeoea 115

5.7.2 Effect of Reinforcing Bars and Seat Cleat . . ....... 115

.8 SUMMATY . ittt ittt neeeeososososcosasnseneses 116

CHAPTER SIX: EXPERIMENTAL PROGRAMME ............. 144

6.1 Introduction .« v v v v v vt ittt it ettt e et e e 144

6.1.1 Vanables Affecting Connection Stiffness ......... 145

6.1.2 Choice of the Sample Frame tobe Tested . . . . .. ... 146

6.2Matenalsand Geometry ........o0e e ieeterenoens 146

6.2.1 Steel Components of the Composite Subassembly . ... 147

0.2.2BOltS ...t e i e e et 150

6.2. 3 DeCKINg ...ttt e ettt 152

6.2 4 Reinforcing Bars . . ..o v vttt vttt 152

0.2, Fasteners o v v i vttt ittt e e i e 152

6.2.6 C0NCIetE . .. i ittt it et ettt 153

0.3 Sample Assembly . .ottt it e e e e e e e e e 154

6.3.1TheSteel Frame ...........cc00iii .. 154

6.3.2 Decking Preparation and Sheet Fixation ......... . 154

6.3.3Shear Studs . . .. .. it e e e 156

6.3.4 Concrete Formingand Placing . . . .. ..o v v v v v v 157

6.4 Testing of Materials . . ..ot i i i ittt ittt e et oeeeens 158

6.5 L0ads .. i ittt it e e e e e et et 159

6.5.1 Loading Frame and Testing Machines ........... 160

6.5.2 Stability of the Test Frame . . . . v v v v v v o v e v v o 160

6.6 Instrumentation of the Test Specimen . ................ 161

6.6.1 Transducers and DataLogger ........0o 0 v 162

6.6.2 D12l GaUges . v v v vt vttt t et e e e 163

6.7 Test Piece Modifications . . .. v v v v vt v vt vttt e onvnnes 165

6.7.1 Use of Two High Strength Friction Grip Bolts . ... .. 165

6.7.2Use of FOUr HSFGBoIts ... ... v v v it v vt v e v 165

6.7.3 Welding of the Seat Cleat to the Steel Beam ....... 166

0.8 SUMMATY .t vt ittt ittt ittt et tensennensnnos 167



CHAPTER SEVEN: EXPERIMENTAL RESULTS .............. 185

7.1 Introduction & @ v v v vttt e et e e et ot eeean e 185

7.2 Steel Frame Load Response . . . o ¢ e v et v e et e e vovonsoo 186

7.2.1 Load-deflection Curves ......cccveeeoeoosos 186

7.2.2Non-linear Effects . ......ccceceeeeenccsscs 187

7.3 Decked Frame Load Response . .o v e e v v v et v et oo oo oo 188

7.4 Composite Frame Load Response ... ... ..ot e v ee oo o 189

7.4.1 Composite Frame with Bearing Bolts . . . . . . . ¢ . . .. 190

7.4.2 Comparison of Bare Steel and Composite Frames . ... 192

7.4.3 Composite Frame with Fully Tightened Bolts . . . . . .. 193

7.4.4 Composite Frame with Two HSFGBolts ......... 193

7.4.5 Composite Frame with Four HSFG Bolts ........ . 194

7.4.6 Composite Frame with Welded Seat Cleat . . ....... 197

7S5 Testingof Materials . ... .. cceeeeeeeeeeecoconees 199

7.0 SUMMATY . ...ttt t v e enerooosososossccsocnseesese 200
CHAPTER EIGHT: MODIFIED 2-D NUMERICAL MODEL OF THE

TESTSAMPLE . ... ...ttt 221

8. 1Introduction . . .. v v i v i ittt ittt it ettt 221

8.2 Numerical Model Features . .. ... v oo v vttt eneeeeens 222

8.2.1 Geometry Changes .. ....cceveeveencnesaas 222

8.22Matertal Changes . . . ... v v vttt vt o eoneeoees . 223

S.3Numerical Results . .. v v vt it v vttt st e eennoseens 223

8.4 Comparisons with the Experimental Results . . ... ¢ e 0000 o 226

8.0 SUMMAIY 4 vt vt vttt e oo teeeeooooeesanccossscoess 227

CHAPTER NINE: THREE DIMENSIONAL MODEL OF THE TEST

SAMPLE . ... ...ttt it . 236

200 B {116 {0 T 11 ot 4 (o) ¢ 236

9.2 Numerical Model Features . . . ... v vt vt v e vt oo eneens. 237

02.1Element Types Used . ... .o v i vttt i ot eennn. 238

9.22TheFiniteElement Mesh . .........c....... . 238

0.2.3Matenal Properties . . ... v v vttt ittt et e e 239

9.2.4 Shear Connection & v v v v v v v v v o oot v o neoenoes 239

9.2.5 Boundary Conditions and Loading ............. 239

0.3 Numerical Results . ... v ittt ittt ettt et oo oennen. 240

9.4 Comparison With 2-D Model ... 0 i i vttt i it e e e e e e 242

9.5 Comparison with the Experimental Results . ............. 244

0.6 Model Assessment . . .o v ittt ittt ettt e e 245

B N 1} 111117 1 o 245

CHAPTER TEN: CONCLUSION AND FUTUREWORK ......... 257

10.1Introduction . .. v ittt i ittt ettt e e e 257

10.2 The Numerical Study . ... .o v i it ittt ie et e nnen 258



10.3 The Experimental Study . .. ... ¢ttt enoensess 262

10.4 Suggestions for Future Wortk ... ... i vt cn e v e e 266
REFERENCES .. ...ttt teteeeesssccasssacncsscseos 268
APPENDIX I: WIND LOAD CALCULATIONS ...... ..., 273
APPENDIX II: CONCRETE SLAB EFFECTIVE WIDTH ........ . 277
APPENDIX ITII: ANALYTICAL VERIFICATION .....¢ 0o eeeeo 279
APPENDIX IV: LISTINGOFINPUTDATAFILE . . . ... ... ... 281
APPENDIX V: STRESS-STRAIN CURVE OF CONCRETE AS USED IN

ANSYS ... ittt ittt et enoeconoocnnos 287

vii



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my supervisor Dr. C.K., JOLLY
for his knowledgeable and skilful guidance throughout this research programme.

His encouragement and keen supervision greatly contributed to the steady progress

of the project.

Special thanks are owed to Dr. A.C. LOCK for his kind assistance in computer

and finite element related problems.

Thanks are owed to the staff of the Civil Engineering Heavy Structures
Laboratory. Their co-operation contributed not only to the motivation of the

experimental programme but to making the task a pleasant one.

Thanks are extended to all my friends and colleagues within the Department of

Civil Engineering for their help and fruitful discussions.

Finally, I gratefully acknowledge the generosity and encouragement of my parents,

my wife, my brother and my sister in law for their unlimited support.

Viii



HA R ONE

ENERAL INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

The recent popularity of composite construction systems has opened further scope

for research. One subject of interest to designers is the stiffness of composite
joints. In previous use of composite construction, it has been assumed that the
flooring system and the supporting frames act independently. In composite
construction, the steel beam and the concrete slab are designed to act together in
an efficient structural system. Despite ihat, at beam-to-column connections the

composite action is usually ignored and the joints are assumed to behave as pinned
ones [1,2,3].

The idea behind semi-rigid composite connection is to improve the performance of
a relatively weak steel connection such as the top and seat angle by making use of
the composite slab and replacing the top angle by slab reinforcement [4,5]. The
non-composite top and seat connection is relatively weak because the top angle

yields under a combination of flexural and tensile forces at a load considerably

lower than the tensile capacity of either angle leg [6]. The composite system offers

increased moment capacity and stiffness for the following reasons [4,5,6]:

(1) The moment arm in a composite connection is longer than that in a

non-composite one.

(2)  The reinforcing bars resist tensile forces as pure tensile stresses, while the

top cleat in a steel connection yields under a combination of tensile and

bending stresses.



(3)  The yield strength of reinforcing bars is greater than that of the structural
steel. The yield stress of reinforcing bars is 460N/mm* while that of the
structural steel is 275 or 355N/mm? for grades 43 and 50 steel,
respectively.

Despite that, composite beams are still designed as simply supported with the

beam-to-column connections being selected to carry only the design shear loads.

It is therefore the scope of this work to study the overall performance of
semi-rigid composite connections resisting lateral loads in a range similar to that of
wind loads. The intention is to study this connection numerically by finite element

analysis and then experimentally to confirm the numerical results

1.2 The Purpose of this Study

Connections in steel frames supporting composite floors with profiled steel decking
are normally designed as simple (pin-jointed) connections. Buildings containing
such connections cannot resist any of the lateral forces on the building without the
inclusion of diagonal wind bracing or shear walls. The alternative is to use
unbraced frames with rigid connections which is an expensive solution. However,

the concrete surrounding the steelwork does, in fact, provide some rigidity at the

joints to resist these forces.

The use of semi-rigid connections in the design of such frames can provide
substantial savings in material and erection costs over the pinned connection design
method. It also avoids the intrusion of wind bracing into the useful space within
the building. The purpose of this study is to examine the behaviour of semi-ngid

composite connections resisting wind loads and to quantify the degree of rigidity

achieved.



1.3 Composite Construction

Composite Construction is the general term used to denote the composite action of
steel beams and concrete floors. Composite deck slabs are those where profiled
steel sheeting (or decking) acts as permanent formwork and as reinforcement to

the concrete placed on top. Composite metal deck flooring has now become a

common feature in the typical U.K. multi-storey steel frame building [7,8].

1.3.1 Behaviour of Composite Slabs

The cross-sectional area of the sheeting acts as conventional reinforcement in the
direction parallel to the sheet profiles [2,3,9]. Tensile forces are developed in the
sheeting because of the bond between the steel decking and the concrete. The
profile shape appears to have a significant effect on the composite behaviour.
Mechanical interlock is usually dependent on local plate bending, and therefore
indentations are best situated close to the stiff sections of the profile such as

corners or on narrow plate elements [10,11].

The direction in which the deck spans determines both the cross-sectional area of
concrete available to resist tensile forces and the ability of the metal deck to
contribute to moment resistance. The stiffness of the uncracked slab, based on the
second moment of area of concrete, 1s significantly greater when the deck flutes
run parallel to the beam rather than being perpendicular [11,12,13]. The steel
decking, which 1s used as both permanent shuttering and tensile reinforcement to
the slab, ranges between 46 and 76mm in depth and between 0.8 and 1.5mm in
thickness [7,14]. The common values for previous terms are SO0mm and 0.9 to
1.2mm [14,15]. A light reinforcing mesh is supplied to control crack width and to
carry the slab in case of fire. Composite action between the slab and the deck 1s

achieved through three shear transfer mechanisms: chemical bonding between the
cement paste and the surface of the steel decking, mechanical interaction due to
the interlock of the geometrical shape or presence of embossments and frictional

interaction [18,19]. Use of a re-entrant profile or by indentations (embossments) in



the sheet is sometimes associated with end anchorage to increase the load carrying
capacity of the composite slab [20,21,38]. The indentations also have the
advantage of increasing the strength of the sheet through strain hardening effect.

1.3.2 Advantages of Composite Constructic
The recent rapid expansion in the use of the system in the U.K. may be a result of

the significant advantages that it offers which may be summarised as follows
[3,5,9]:

(1) The steel deck acts as permanent shuttering for the in-situ cast concrete
slab, This saves the time and cost of erection and removing of forms and

falsework.

(2)  After the erection of the steel deck there will be a safe platform for other
construction stages. Since there is no supporting falsework, finishing trades

can operate on the floor immediately below the one being constructed; this

accelerates the construction programme.

(3)  The steel decking acting as the tensile reinforcement saves the time

consumed 1n placing and fixing the reinforcing bars of the slab.

(4) A reduction of about 30% in the amount of concrete fill can be achieved by

the profiled steel deck geometry. This reduction leads to lighter

superstructures.

(3)  The cellular geometry of the deck permits the formation of ducting cells
within the floor so that services can be incorporated and distributed within

the floor depth. This may lead to an increase in the clear storey height or a

decrease in the building height.



(6)

(7

Since the steel decks are formed from thin gauge sheet steel, their light
weight facilitates the handling and placing by site workers. For the same
reason, the sheeting can be transported to site in a compactly stacked form,
thus saving on transport costs.

Metal decked floor systems provide quick, reliable overhead protection.

1.3.3 Disadvantages ¢ omposite Con ion

The system has some minor disadvantages which may be listed as follows [3]:

(1)

(2)

)

(4)

()

The difficulty in achieving an adequate fire rating which 1s now largely

overcome as further fire test information is available.

Prior to concreting, the surface of the decking must be cleaned of any

foreign matter to ensure proper bonding between steel and concrete.

Steel decks are slippery to walk on. This may be dangerous for workers

using it as a working platform.

High winds during site construction may disturb laying and fixing of the
light decking.

In areas of concentrated traffic or storage, the upper surface of the steel

decking must be protected against damage from high local loads.

1.4 Types of Connections

Structural steel connections may be divided according to their use into three

categories [21,22] as follows:



(a) Connections required to produce a structural member like those used in

trusses and compound members.

(b) Connections used to connect together individual elements e.g.,

beam-to-column connections.
()  Connections between the steelwork and supporting concrete or masonry
structure. An example of this category is the connection of concrete slabs

to steel beams in composite construction.

14.1T of Beam-to-column Connection

Structural connections may be classified according to their response into three
groups [21,22,23]:

(1) Flexible connections (pinned)
(i1) Rigid connections (fixed)
(11i) Semi-rigid connections

Another categorisation has been suggested by A.I.S.C. dividing connections into

either fully restrained (FR), or partially restrained (PR), connections.

The web cleat connection is considered a very flexible one while extended end
plates and T-stubs are nearly ngid ones. Figure 1.1 shows the moment-rotation, or
M-@, curves for the most common joints. The non-linearity of the M-$ curve in

most cases arises from softening (yield) in some of the connection constituents.

When the moment applied to a connection is carried as axial tension and
compression, it tends to possess high stiffness. This is because axial deformations
prior to yield are generally small. However, connections in which the forces are

resisted by members in bending, for example the flange cleated joint or endplate to

un-stiffened thin column flanges, or those in which the moment is transferred



through a connection to the beam web, are much more flexible [24,25].

1.4.2 Semi-rigid Composite Connections

The semi-rigid nature of most beam-to-column connections in steel frames has
been recognised. In fact, most of the connections lie in the grey area of neither
rigid nor pinned ones. Despite the obvious economical and structural advantages of
semi-rigid connections over rigid and simple ones, their practical application 1s

still limited. This is due to the non-linear nature of its moment-rotation curve
which requires an iterative solution for each load step to ensure convergence and
equilibrium. This has led to a lack of sufficient data base for the design of frames

incorporating semi-rigid composite connections and a limitation in use [26,27,28].

1.5 Methods of Studving Beam-to- oi mn Connection

Most of the previous studies on beam-to-column connections concentrated on the
knowledge of the connection moment-rotation (M-®) characteristics. Design
methods which are based on test data are limited by the availability of good
quality, carefully documented test results. The number of connection types tested
is still limited compared with the number of possible connection types, and

variations within each type [27]. A short description will be presented for different
methods used to predict the joint behaviour.

(a) Mathematical Expressions

The idea of this method of prediction is to carry out a mathematical representation
for connection M-® curve. The semi-rigid connection factor Z is defined as the

angle change per unit moment.

Polynomial representations which take into account the curved nature of the M-®
relationship often use a standardised format to express rotation in terms of moment

via several constants. These constants are obtained by a combination of



straightforward least-squares curve fitting for ¢, constants and using experimental

results to determine k parameters:

¢ =C, (kM) +c;(k-M)3 "'C;;(kM)s

k depends on the main geometrical parameters of the connection. As an
alternative, the polynomial of the previous equation may be replaced by an
exponential function that has the advantage of yielding a positive slope for all

values.

More mathematical expressions for the M-$ relationship are explained in reference

[27]. Purely empirical methods have the disadvantage of being unable to be
extended outside the range of the calibration data.

(b) Simplified Analytical Model

To carry out a simple model of the key components of beam-to-column

connections 1t 1s essential to have:

(1)  Close observation of test behaviour to identify the major sources of

deformation in the connection.

(2)  Elastic analysis of the initial loading phase, concentrating on the key

components to predict initial connection flexibility.

(3) A plastic mechanism analysis for the key components to predict ultimate

moment capacity.

(4)  Verfication of the resulting equations against test data.

(5)  Description of connection M-® behaviour.



This technique is more suitable for flexible forms of connections and has the

disadvantage of being dependent on test data [27].

(c) Prediction by Mechanical Models

In this type of modelling, the connection is considered as a set of rigid and

deformable components. Test data and/or analytical models are used to supply

inelastic nonlinear laws to different parts.

Although mechanical models are an adequate tool for the study of steel
connections, they possess the disadvantage of being dependent for their accuracy
on the assumed load-deformation response. A second disadvantage is that they are
not easily applicable in cases where the connection includes many different
variables, which is the case of semi-rigid composite connections. Further details of

this method of prediction are explained in reference [27].
(d) Prediction by the Finite Element Method

The finite element method is the most suitable tool for studying connections. It has
been used widely in solving different engineering problems for many years
[29,30,45,46]. The number of variables in semi-rigid composite joints make
numerical approaches, such as the finite element technique, the most suitable

methods for undertaking comprehensive parametric studies.

Although the finite element technique has many advantages over experimental
studies regarding cost and time, it should be used carefully to represent the actual
problem correctly. Experimental studies are always expensive, time consuming,

and are limited to certain connections. Although experimental measures are
powerful in studying overall performance of a connection, especially for
measuring displacements and rotations, they are very poor in studying local effects
such as bolt local deformations, or the extension of contact zones. Moreover, the

number of geometrical parameters is limited in experimental studies. An extensive



parametric study is economically possible only by means of numerical modelling
[27,28,29].

ynstituent

1.6 Earlier Modelling of the Connection

Since a rather limited quantity of work has been carried out on semi-rigid
composite connections, it was decided to make use of any available research on
both steel and composite connections. The techniques used to model different parts
of steel connections are reviewed. A review of the previous work on composite
connections will also be presented. The number of experimental and numerical

studies carried out to study composite connections is very limited.

(a) Modelling of Bolts

Bolts are modelled in finite element analysis by different approaches [27,29,30].

These can be summarised as follows:

(1) Indirect modelling by replacing the bolt by its force or boundary

conditions.

(2) By introducing equivalent structural systems having the same mechanical
properties as the bolt.

(3) Directly using separate finite elements to represent the bolt.

Maxwell et al., [31] prepared a finite element model to study end plate
connections. In this model, bolt positions were described by element numbers.

These elements had an effectively zero stiffness but with the area of the bolt hole.
A bolt which is subject to moment and tension or compression is represented by

four forces symmetrically placed about the bolt centre line and at the nodes of the

aforementioned elements. Extension of the bolt material was catered for in the

analysis. Bolts which were positioned close to the compression flange have been
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ignored.

Lipson & Hague [32] studied the single angle bolted-welded connection shown in
Figure 1.2. The connection was modelled by representing the weld as an idealised
rigid line support. The bolts were represented by nodal forces. The whole
connection was modelled as a rigidly supported elastic-plastic plate. The load

criterion was a distributed load simulating the bolt-hole interaction which was

determined experimentally.

Richard and his associates [33] studied single web plate connections. The aim of
the numerical work was to calibrate a mathematical expression which is suitable
for the prediction of the moment-rotation curve. An inelastic finite element was

used to model the bolt action. The load-deformation relationship of that bolt was

determined by carrying out a series of single bolt, single shear tests.

Patel & Chen [35] introduced an equivalent truss system to simulate bolt action.
This was carried out using 3 bar elements as shown in Figure 1.3 (a), in which
elements one and two represent pre-tension while the third bar element represents
shear forces carried by the bolt. Plane stress isoparametric elements were used to

model the beam, column and connection plates. The major disadvantage of this

system is that it neglected slip of the bolts,

The previous approach has been improved by Beaulieu & Picard [29] by adding a
fourth bar element to represent slip or friction as shown in Figure 1.3 (b). This

contact element is coupled with the bar element which simulates shear and can

account for slip and contact.

Krnishnamurthy [27] developed the finite element model shown in Figure 1.4 to
study end plate connections. In this model, the approach of replacing the bolt by

the displacements produced after the application of bolt forces was used. The main

features of this model are:
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(1) An iterative solution to follow the change in the zone of contact between
the endplate and the support. This support was considered ngid. The

endplate and the support were assumed to be initially in contact.

(ii) The bolt pre-load was accounted for by applying the initial bolt forces, the
bolt extension was determined and in the subsequent phases the bolt

clamping effect was represented by displacement conditions.

(b) Modelling of Weld

Any two welded plates can be modelled considering them to behave
monolithically. A more accurate model can be obtained using springs, the spring
constants being determined from experiments on the weld matenal [10,27].
Beaulieu et al., [36] developed a 15 node 3-D prismatic quadratic element which
was used in combination with a 20 node 3-D hexahedric quadratic (brick) element
to represent the connected plates. The choice of the most suitable approach
depends on the degree of accuracy required. If in the range of loading used no

significant effect of the weld will be expected, the first method will be acceptable.

(c) Contact Elements

Contact between two solids can be modelled by a set of nonlinear orthogonal
springs calibrated according to the nature of the contact between the surfaces.
These elements can represent separation or firm contact between solids, and

perfect slip or friction between two surfaces. In order to account for slip and

contact in a bolted connection, a contact element is coupled with the bar element

which simulates shear as shown in Figure 1.3 (b) [29].

The two-dimensional interface element contained in ANSYS [37] element library

was proved to be capable of representing 2-D friction/gap closure. This element

represents two parallel surfaces which may or may not maintain contact in the

normal direction and may or may not slide relative to each other in the tangential
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direction. The element may resist compressive loads only in the normal direction

and shear in the tangent direction.

(d) lling of Sh nnection

Shear connection has been modelled by means of non-linear springs following
constitutive laws which were deduced experimentally. This approach was used by
Zandonini et al., [36]. The finite element model and the constitutive laws for the
shear connectors are shown in Figure 1.5. Another approach, developed by Lin

et al., [40] (Figure 1.6), was carried out to study composite bridges and can be
extended to cover all similar cases. In this approach, the composite action between
the concrete slab and the steel beam is described by two interactions at the
interface: traction and shear due to the presence of studs. The contact mechanisms
and mechanical connections are simulated by the use of a bar element with two
nodes i and j. The bar element can be seen as two independent linear springs.
These springs have a stiffness k, perpendicular to the longitudinal axis of the bar
and k, parallel to it. The constitutive laws of this element are explained in detail in
reference [40]. In this study, a combination of ANSYS interface and spar elements

were used to represent the shear connection of studs.
1.7 Previous Work on Composite Beam-to-column Connections

A review of all available test data on composite beam-to-column connections has

been reported by Zandonini [5,27]. Although experimental analysis is essential to
establish the fundamental background, it has a limited scope.

Different researchers have used the finite element method to study beam-to-column

connections in bare steel and in composite constructions. In fact, a steel connection

is contained in each composite one. Regarding the steel part of a composite

connection, previous techniques used to model weldments, bolts, and contact areas

may be used.
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An experimental as well as an analytical programme was carried out to study the
behaviour of semi-rigid composite connections carrying monotonic and cyclic
loading by Leon and his associates [4,41-43].

Van Dalen and Godoy [39] carried out an experimental study of the moment
capacity and rotation characteristics of beam-column composite connections. The
concrete slab was a solid one with headed shear studs to provide shear connection.
Three types of connections were studied, flexible, semi-rigid, and rigid. From the
test results, it was concluded that a composite beam-column connection with
reinforcement continuing beyond the column centreline has a moment capacity in
excess of that of the bare steel connection. The effect of the slip of the seat cleat
bolts on the rotation, and consequently on the lateral deflection of the flexible

connections was also reported.

Ammerman & Leon [43] developed a comprehensive finite element model for
semi-rigid composite connections using the finite element code ADINA. The
model requires a two step analysis. Firstly, the connection angles were modelled
using a detailed mesh of 3-D solid elements. The behaviour of angle cleat
segments subject to either a tension or a compression force acting along one leg
was studied. The effect of slip due to bolt-hole clearance was included. Secondly,
the results of this analysis were incorporated into a large mesh of the entire
connection sub-assemblage in which the angles were replaced by equivalent truss

elements.

This procedure is lengthy and requires a large amount of computer time. In this
model, the effect of the deformation of bolts and of the column components as
well as the shear connectors’ flexibility were neglected. Shear connectors were

assumed to be rigidly fixed to the steel beam which means a full interaction
between the slab and the beam.

The steel beam was modelled using 20-node 3-D elements and the steel column

was replaced by a line support. Beam elements were used to model the shear
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connectors while truss elements were used to model the reinforcing bars. The
concrete slab was not included in this model. The concentration in this model,

Figure 1.7, was on the connecting angles more than on the concrete slab.

The aim of the large scale experimental programme carried out by Leon and his
associates was to investigate the behaviour of semi-rigid composite structures.
Four full-scale semi-rigid specimens were tested. The first two were to modify
non-composite connections that had been studied earlier by Radziminski and

one had a top angle and the other had not. The major finding of these two tests is
that the results showed the advantage of composite connections over the similar

non-composite ones.

The third included testing of interior connections under monotonic and cyclic
loading as well as lateral loading on a full-scale frame which incorporated the
same connections as the first two tests. In the frame tested, the depth of the steel
decking used was S1mm and the total depth of the light weight concrete slab was
125mm. Full composite beam action was provided by a pair of headed studs

placed in each rib of the metal deck. High strength friction grip bolts A325 were

used in the steel connection.

The specimen was subjected to a combination of gravity and lateral loads with the
gravity loads representing a reasonable service load level (about 3500N/m?). The
structure was cycled at inter-story dnft of a range of 0.1, 0.25, 0.5, 0.75, 1.0, 1.5

and 2.0% which covered a wide range of wind and seismic loads. The fourth

sample incorporated a much thicker and wider seat angle.

It was concluded that semi-rigid composite frames offer very large gains in

strength and stiffness over bare steel connections. For the service load range,
rigidities of these connections may be similar to those of a rigid frame. This 1s
applied for the case where no slip of the seat cleat bolts took place. For the

stability limit state, the continuous composite action over the column lines provides
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significant additional stiffness which resulted in decreased drifts.

Davison, Lam, and Nethercot [14] investigated the influence of the presence of a
composite floor slab on the performance of beam-to-column connections. Two
main sets of connections were tested, the first contained bare steel connections and
the second was of composite ones. Direct comparisons between the results of both
groups showed improvements in moment capacity of the composite connections
over bare steel ones by different percentages. All the connections were subjected

to gravity loads only and the loads were applied monotonically.

Besides the experimental programme in reference [14], a finite element model was
adopted to study the composite connection numerically. The finite element mesh
for this model is shown 1n Figure 1.8. The composite beam was modelled using an
equivalent all-steel I-section. The second moment of area of the transformed
section was calculated using a modular ratio of 15. The minimum elastic modulus
of the transformed section, and the plastic moment capacity of the composite
section were also determined. From these values the dimensions of a doubly
symmetric I-section was found. The connection was represented using a spring

with multilinear M-® curve obtained from test data.

In this model, the equivalent I section extended from the mid-span of the beam to
a point at a distance =0.35 L where L is the span of the beam. The rest of the
half span which is 0.15L was modelled using a Non-composite bare steel section.
This means that at the joint zone, the strength of the concrete slab has been

neglected. This model may be considered a much simplified one.

The behaviour of concrete 1s more complicated and needs more care to be studied.

The equivalent all-steel I section is not capable of representing cracking or

crushing of concrete at any load level.

A set of boundary conditions was.applied to this model which is suitable for the

case of non-sway frames only because at mid-span of the beam only vertical
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deflection was allowed. This is not the case when the frame is subject to lateral
loads. At both ends of the column, rotation was allowed, while deflections in the

vertical and the horizontal directions were prevented.

Although a good agreement with the experimental results was achieved, the
modelling of the connection itself is dependent on the data obtained from the
experimental work. Moment-rotation curves were prepared as multilinear versions
of the data, which means that any change in the geometry of the connection needs

further tests for the continued use of this model. The model was dependent on the
experimental data.

The local behaviour of different constituents of the connection could not be studied

using this approach. The effect of bolt hole clearance and the erection tolerance
also could not be investigated. The effect of partial interaction between steel beam

and concrete was not accounted for.

Zandonini et al., [36] prepared a finite element model using the finite element
programme ABAQUS. The final model is shown in Figure 1.5. Different
components of beam deformations were detected experimentally, The shear

connection flexibility in this study was accounted for by non-linear springs.

Xiao, Nethercot and Choo [20,44] carried out three groups of tests on composite
beam-column connections with the main objective of assessing the performance of
steel and composite connections. The research proved that the behaviour of the
different types of connections is influenced by a wide variety of parameters. The
results also indicated that composite connections are different from bare-steel ones
of similar details in a way which makes it illogical to design them as bare steel
joints. The steel components of the composite connections were the partial depth
end plate, the flush end plate, and the finplate joints. The study is one of the
largest experimental programmes carried out on composite connections. Based on
the test results, a simple design for moment and rotation capacity was proposed.

The results could be used for comparison purposes to justify numerical models.
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This will erﬂarge the outcome of such costly work.

Although experimental analysis is essential to establish the fundamental
background, it has a limited scope because it is limited to the number of

parameters involved in the work.

1.8 Summ he Previous Work

A fairly limited range of conditions and governing factors is actually covered. In
most of the research work so far conducted, slab-column interaction was not

accounted for and no attention was paid to the bolt-hole relative motion.

Partial interaction was neglected in most of the numerical studies so far conducted.
The effect of construction tolerance and of the bolt-hole clearance also was not

accounted for.

Although one of the major factors which govern the behaviour of the joint is the

slab action, the actual behaviour of the concrete material and its complicated
nature has not been accounted for in an accurate way. Numerical models have to

be capable of simulating slab action and the slab-column interaction adequately.

In models including profiled steel decking, modelling of the voided concrete layer

resulting from the geometrical shape of sheets, was not presented.

Further experimental and numerical studies are still required to cover the large

number of variables involved in the formation of composite connections.
1.9 Objectives

This study is concerned with the investigation of semi-rigid composite connections
subject to wind loads. The finite element analysis is used to study the major

parameters which may affect the behaviour of the connection. It is also used to

18



examine the different options of increasing the lateral stiffness of the connection.

To check the accuracy of the finite element predictions, a full scale test frame was
prepared on which a series of tests were carried out. These tests comprise lateral
loading of the bare steel frame, the decked frame and the composite frame. Later,
the bearing bolts were replaced by HSFG bolts to minimize the slip. Finally the

seat cleat was welded to the steel beam to prevent any relative movement between
the two.

The research is described in separate chapters dealing with: finite element
modelling of semi-rigid composite connections, 2-D numerical analysis to study
the behaviour of the connection concerning the development of the models and its
geometries, 2-D numerical results, verification of shear connection modelling, the
experimental programme, 3-D numeriéal study to check the accuracy of the 2-D

predictions, and general conclusions and recommendations for future work.

19



Extended E/P

Flu;h EIP / {p

Flémgc cleats

\

Header plcte

¢ \[b




BOLTED =~

Connection
y ' angle

(a)

NN ﬁ'}"
NN ® N
1.\=‘\
lized rigid |n=§’=§= Loading due to shear
|dec 3 NI ;
Suppori neqr weld /=3.§==§= and momen
INGNY
NN
=E.§i}§= Loading primarily due
=E=§==§= to moment
NN B
Nodal forces /!ﬂ=§=\.§= \
simulating igi§.=§=
bolt-forces INNNNY
SN
th*l
-~
S

(b}

Symmetrical about xy plane

LDED CONNF

21



Moment plote

A B
A B Beam flange
A By 8
sL_J7 73 Q@
Chol o,

5
1,5 !

(a) 3 BAR REPRESENTATION

Bolt hole

B ——

(b) SLIP AND CONTACT SIMULATION

J—

J; ;_ g'___‘_ I - . AU 1
AND PICARD [29] |

Beaom

i
1 e g R .
«+ e o ol IS DN D

o —r
1 somu TN DN SRS B
e ————
..'.*i:=='-'.!;__=
S ..----‘__—

- g

e~
y :Ill‘-———
| IR N S
et ] — T

:
l.
I,

.
L |

Finite element mesh for the 2-D analysis

[27)




P
lcocmey axs

l e CONCRETE SLAS

] lﬂllllllllli"

STEEL BEAM——

SHEAR CONNECTON

R1610

RI6I0

COLLMINY FACE

ET AL [36]

23




Concrete (C)

nterface
[ B Yy K ®r Ly P yF L E *
Steel () dealization

(o) INTERFACE DESCRIPTION

zero stiffness element to represent hole

fty
£ tx
tx
l_/_ ' fn
n o C
(b)Y FINITE ELEMENT MODELLING OF THE £ £

INTERFACE

bolt representation by

four forces and zero
stiffness element

IGURE 1.6

MODELLING OF SHEAR CONNECTION BY IL ET AL.
[40)

24




~N

\

Y
4
77—

(a) Model of one half of an angle

0

5
A

lw%c

(b) Model of the connection

25



e <
Pont locd
(girder anclyses)

—

Im
Connection dt (be analyses
e Udt (b arn. nalyses)
M=~¢ Curves
(tigures ) l 0000000 RAAGARS0C00R0ANRE0000A0AARARGENAAS
||s O Boundary permits vertical
- | *g Y — and horizontol movement
! | e A but not rotation
i
' \ Non-composite ~ !
_ l bare steel section
For internal cose |
‘El'of column is * *Equivalent’
assumed to be "\ | doubly symmetric | section
Im very high l :
' Lz9m (beams)
I L= 6m (girders)

A

0-15L 035L

GURE 1.8 ¢ NITE ELEMENT MODEL B ETHERCOT ET AL.

26




HAPTER TW

FINITE ELEMENT MODELLINC
ONNECTION

OF SEMI-RIGID COMPOSITE
BIECT TO WIND LOAD

2.1 Introduction

In this chapter, the overall behaviour of semi-rigid composite connections was to
be studied using the ANSYS finite element software package supplied by
SWANSON. The connection was subject to lateral pseudo-static loads due to wind.

Direction of loading was either positive or negative to produce closing or opening

moment.

It was intended to obtain a model which represents components of the typical

building shown in Figure 2.1 and which satisfies the following requirements:
(1)  Its geometry represents that of the semi-rigid composite connection.

(2)  Wind loads are applicable to the model and have a range of values to

represent actual wind loads.

(3)  The number of elements and the wave front should be within the computer

storage capacity.

(4)  Different connection configurations should be modelled to test the

sensitivity of the results to various parameters.

Once the above conditions are satisfied, justification of the numerical results
should take place.
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2.2 Modelling of Beam-to-column Connections

The analysis of steel beam-to-column connections requires the modelling of:

() Geometrical and material nonlinearities of the various plate components of

the members and of the connection.

(b)  Bolt pre-load and its stress strain relationship for different stresses.

(c)  Contact between bolt and plates and between bolt head and the nut.

(d)  Bolt-hole clearance.

(¢) Changing of area of contact by loading.

(f) Stress-strain relationship for weldments.

(g) Possibility of imperfections in the connection fabrication (thermal

deformations, lack of fit, etc.).

(h) Compression and friction stresses resulting from bolt re-tensioning.

Composite connections are more complicated because of the presence of the
concrete slab. Concrete material properties are themselves more difficult to model
with accuracy. Shear connection between concrete and steel is another problem

which should be accounted for. Further components and effects to be modelled

aIC.

(i) Non-linearity of concrete material which cracks in tension and crushes in

compression.

()  Reinforcing bars.
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(k)  Shear connectors.

(1) Interaction between concrete slab and steel beam.

(m) Modelling of profiled steel sheet.

(n)  Modelling of the concrete layer which contains voids resulting from the

geometrical shape of the steel sheet.

(o) Interaction between concrete and decking.

(p)  Accounting for the problems associated with the yielding of the reinforcing
bars, growth of cracks in the concrete slab and possibility of local bond

failures.

(@  Effect of slip in angles and beams due to the tolerances of bolt holes.

In this study, the joint was represented using different elements to model the steel
column, steel beam(s), concrete slab, reinforcing bars, bolts, web and seat cleat,
and shear connectors. The construction clearance between the end of the steel
beam and the column as well as the tolerance between the bolts and their holes
were modelled. Although the purpose of the analytical study was to investigate the
overall behaviour of semi-rigid composite connections subject to wind loads, care
was taken to enable subsequent detailed study of the local behaviour of each part
of the connection.
2.3 Finite Elemen

Todelling Using /

ANSYS is a finite element multipurpose programme. It is suitable for linear and
non-linear problems and for static, dynamic, thermal, and buckling analyses. Its
modular structure simplifies the process of preparing the model. It has an element
library which contains a good selection of about 99 different elements which can
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be used for elastic, elasto-plastic and stiffness analysis of structures. The
educational version of ANSYS can solve problems with a wave front up to 800. It
has graphics capabilities and input data check options. The programme may be run
interactively or non-interactively (batch). ANSYS has also capabilities of dealing
with problems which contain large deflections, slip, creep, contact surfaces, and
friction. These problems frequently exist in structural connections. Because of
these capabilities, ANSYS was chosen as the finite element software package to
carry out the numerical study.

2.3.1 Procedures for Preparing a Finite Element Model

Each connection studied was divided into a number of finite elements. Elements
are interconnected by nodes. The nodes are located at the corners of a three or
two-dimensional element, or at the end of line elements. Nodes may also take
different positions at mid-side or centre of surface. Connected nodes should have
the same number of degrees of freedom. A system of supports must be applied as

boundary conditions to provide equilibrium and compatibility.

2.3.2 Selection of the Analysis Type

There are some considerations which should be taken into account when choosing
the analysis type. For a composite structure, the three-dimensional analysis was
expected to give the most accurate results. The slender geometry of the members
would have led to an increase in the number of elements in the model if the aspect
ratio was to be kept within the recommended range of 1 to 3, making it
unmanageable with regard to computer storage and run time. On the other hand,
the sensitivity analysis was more concerned with the overall behaviour of the
structure rather than detailed stress analysis of the components. Moreover, the
presence of a rather stiff continuous concrete slab usually allows out-of-plane and
torsional deformations of the joint to be neglected. For these reasons, an in-plane

analysis was expected to be suitable for studying the overall behaviour of
semi-rigid composite connections.
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Generalized plane strain analysis may be used with ANSYS by using the special
options associated with the three-dimensional solid elements. This procedure could
alternatively be done with coupled nodes i.e., by keeping the distance between the
two nodes fixed in a certain direction throughout the solution. Hence, the
generalized plane strain option was selected because it runs more quickly. The

accuracy of the 2-D numerical results will be checked by comparing them with the

experimental results and with those obtained from a 3-D numerical analysis.
2.3.3 nli od Plane in PTOCEUTE

The presence of a stiff continuous floor slab was expected to permit the
out-of-plane and torsional deformations of the joint to be neglected. This enabled
the joint behaviour to be described by its in-plane characteristics. The plane strain
procedure, which has been used, is carried out by using the special options
associated with the three-dimensional solid elements (STIF45 and STIF65). This
option is selected by setting KEYOPT(3) =1 for the solid element types being
used. The applied loads should be identified in the x-y plane.

Element nodes were created at first bearing in mind that the active nodal plane is
the x-y plane. For the composite beam, nodes of the plane at x=0.0 were created
at first and then generated along the x-axis. For each element, one plane of nodal
points (defined as the active nodal plane) at z=0.0, was considered. An identical
plane of nodal points (defined as the parallel nodal plane) at any convenient z>0.0
representing the element thickness was then created.

The 3-D elements defined in thi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>