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ABSTRACT

THE EFFECT OF DISPLACEMENT CONTROL LOADING HISTORIES

ON GENRAL CONNECTING SURFACES USING

FINITE ELEMENT ANALYSIS

Sanjog Sabnis, M.S.

The University of Texas at Arlington, 2008

Supervising Professor: Ali Abolmaali

Displacement loading history provided by the AISC Seismic Provision 2005 is
commonly used for experimental testing and analytical modeling of beam-to-column
steel connection to stimulate the seismic effect. However, the basis for the above loading

history is not documented in the literature.

Thus, this study developed 25 cyclic load cases by varying the frequency and
magnitude of the AISC-2005 loading within a predefined envelops. The 25 load cases are

obtained from five different load sets in which the concept of uniform and non-uniform

v



frequencies and amplitude are utilized. All the load cases are limited to the displacement

equivalent to the AISC-2005 story drift recommendation of 0.06 rad.

The cyclic load cases were applied to the simple connecting surfaces consisting
of: welded shear, single-bolted shear, double-bolted shear, and4-bolt tee-hanger. Also a
typical 4-bolt extended end-plate connection was considered. The 3-D finite element
model (FEM) of the above connections were developed by considering material,
geometric, and contact non-linearity’s for cyclic plasticity-based analysis of the selected

connection.

Parametric study was conducted by varying the force and geometric related
parameters of the connections which were then subjected to the developed loading cases.
During the parametric study, the contact algorithm and element type were also varied in
order to identify their effect on the analysis results. In addition, a load control loading
history which was reported in the literature was used for comparison purpose. The areas
under the outer loops of the hysteresis loops were calculated to represent the response.
This area signifies the energy dissipation characteristics of each selected connection. The
percentage difference of each parametric case subjected to different cyclic displacement

loading history is documented and reported.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

For long period of time guideline provided by the AISC Seismic Provision 2005
for testing of moment connections has been followed by researcher. AISC Seismic
Provisions 2005 suggested the application of displacement control loading as drift angle
over a predefined number of cycles as shown in Table 1-1 and Figure 1-1. Guideline also
suggests that the connection should sustain the minimum angular drift of 0.06 radians. In
reality literature has very little evidence to support this assumption. Only resemblance
was found in literature to the AISC Seismic Provisions 2005, which was SAC Loading

protocol (1997).



Table 1-1 AISC Seismic Provision 2005, displacement control loading history

No. of cycles | Drift angle (rad)
6 0.00375
0.005
0.0075
0.01
0.015
0.02
0.03

[\SRE SN} SN - fo i ko)

Further, increase in drift angle of 0.01 after every 2 cycles until connection

reaches inelastic mode.

0.08 30,06
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Figure 1-1 Displacement loading history, AISC Seismic Provision 2005



Insufficient evidence in literature inspires this study. Different models are
developed to test under various loading conditions to evaluate the AISC guidelines
provided. Models tested consist of welded shear surface, bolted shear surface, tee-
hanger, and extended end-plate connections shown in Figure 1-2 to Figure 1-6. The
behaviors of models are tested by 25 different loading cases which are created by varying
the AISC Seismic Provisions 2005. Further, the parametric study was carried out on the
connecting surface models by varying the geometry and force parameters. The impact of
these parameters as individual, and in combination was studied. Energy dissipation by

was obtained by calculating area under the outer loop of each hysteresis loop tested.

Figure 1-2 Welded shear surface model



/

Figure 1-3 Single bolted shear surface model
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Figure 1-4 Double bolted shear surface model

O
O

Figure 1-5 Tee-hanger model
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Figure 1-6 Extended end-plate connection

1.2 Literature review

Bursi and Jaspat (1998) attempted to produce the appropriate methodology for the
three-dimensional non-linear finite element model of extended end plate moment
resisting steel connection. While establishing the methodology for moment connection
using finite element modeling, they focused on some of the important issues as
constitutive relationships, step size, number of integration points, kinematic descriptions,
element types and discretization. Authors also introduced a spin model for the bolt

preloading. A rigid beam element was connected at bolt center to the beam. The study



carried out monotonically increasing displacement on 14 specimens to validate the finite

element model with the experimental data.

Kovacs et al. (2008) investigated the response of the end-plates under cyclic
loading for steel and composites (concrete fill steel I — sections) to develop favorable
guideline for structural arrangement to withstand the seismic loadings. This study also
proposed the semi-empirical method to approximate the cyclic hysteretic behavior of

studied joints based on the knowledge of monotonic moment-rotation curve.

Yorgun and Bayramoglu (2001) attempted to compare the standard end plate
connection with some of the innovative fabricated connections in order to achieve the
better performance. A gap was fabricated between the end plate and the column flange to
make it different from the standard moment connection. This gap between the end plate
and the column flange is filled with I- shape element same as the beam section. Tests
were carried out for four full-scale extended end plate connections which were subjected
to monotonic and cyclic loadings. The displacement control loading protocol
recommended by the ECCS was applied for testing. This study reported that connections
with a gap fabricated between end plate and column flange performed better than

Standard connections.

Shi et al. (2007) carried out eight full scale beams- to- column end plate moment
connection tests. The specimens were tested under cyclic loadings. Aim of authors study

was to investigate the influence of factors such as flush and extended type, end plate



stiffeners, column flange stiffeners, bolt size, and plate thickness. This study also
proposed three failure modes in order to achieve enough of joint rotation capacity and
energy dissipation capacity under earthquake loadings. Failure of end plate and column
flange, the panel zone yield preceding the end plate and bolt, and the end plate fail prior

to bolt are three modes of failure suggested.

The specimens were applied to a combined load and displacement loading
conditions in different steps. In the first step the specimens were loaded under load
control protocols until specimen yields. Under load control protocol, each step of load
increment was consisted of one cycle. After yielding of specimen loading was converted
to displacement control. In displacement control each displacement increment step

consist of 2 number of cycle. The loading was applied at the tip of the beam.

Maggi et al. (2005) presented a parametric study result of extended end plate
connections using finite element modeling tool. Authors discussed six finite element
models along with their experimental specimens in order to study the overall stiffness,
displacement of the end plate, and axial forces in the bolts. The parameters were varied
in order to calibrate analytical model and observe changes on end plate behavior. The end
plate thickness was varied from 19 to 37.5 mm and the bolt diameter was varied from 16,
19, and 22 mm. Authors observed good agreement between mode 1 and mode 3 failures,

but in case of mode 2 failures more refinement in model is suggested.



In the finite element model testing, loading was applied in two parts. In first part,
the temperature gradient was imposed to achieve the pre-tensioning in the bolts. Once the
pre-tensioning in the bolts are achieves then loading is switch to step two. In Step 2
displacements were applied at the end of the beam which generated the bending moment

in the connection.

Cabrero and Bayo (2007) presented an experiment investigation of statically
loaded extended end plate connection in both major and minor axis. The proportional
loading was applied for the test. The experimental test program was consisting of basic
test specimens. The end plate thickness was varied in two different sets of thin plates and
thick plates. The specimens were consisting for four beams connected to form an
extended end plate connection. Two beams were there in major direction and other two
beams was in minor directions. The loading was applied in two steps such as load control
and displacement control. In first stage load control loading protocols was applied till
elastic loading range, and then loading protocol was shifted to displacement control. The
study reported that in case of major axis thick plates a special attention should be given to

nut striping behavior which is a brittle failure.

Coelho et al. (2004) investigated the effect of end plate thickness and grade of
steel on the behavior of extended end plate connection. They tested eight full scaled
specimens monotonically. Tests were carried out in two sets by varying the end plate
thickness and steel grade. The specimens were subjected to the monotonic tensile force in

term of displacement control protocol. The displacement speed of 0.02mm/s is



maintained up to collapse of specimen. This study reported that moment resistance
increases with the increases in the end plate thickness at the same time rotational capacity
decreases of the section. Grade of steel is having very little influence on the any of the

property of connection.

Liew et al. (1997) verified some of the test results in order to develop an analysis
and design methodology for the semi rigid connections. They tested two types of
connections such as top seat double web angles and extended end plate connections.
Authors obtained the data in term of stiffness and moment capacity. The tests were
conducted in order to study the load — displacement response, connection behavior under
sequential and non sequential loading, and to compare the test results with the advance

analysis to check the accuracy.

Loading history involved the loading and unloading of cycles up to collapse to
evaluate the beam column connection. Initially beam column connection was loaded up
to 25% of ultimate load and then unloaded. Next unloading was carried out at 80% of
ultimate load. The test was control using load within the elastic limits, whereas in

inelastic range test was controlled by displacement control.

Mohamadi-shooreh and Mofid (2008) presented a parametric study of bolted flush
end plate connections to study working procedure to examine the initial rotational
stiffness of the connection. Authors also studied the moment- rotation behavior which is

significant in high rise building and industrial structures. They crated a finite element



model using SUT DAM a nonlinear finite element program. The study compared test
results with the existing literature to prove models validness. The load control loading

history was adopted to obtain the results.

Liew et al. (2004) presented comparison study between steel extended end-plate
connection and composite beam to column joint. Eight full- scale tests were conducted by
using European Convention for Constructional Steelwork (ECCS) loading protocol as
shown in Figure 1-7. The main objective of this research was to study full response of

joints (rotations) when subjected to applied moment.

6ey

"Lt

wl -

Figure 1-7 ECCS loading history used by Liew et al., 2004

Mourad et al. (1995) studied the behavior of extended end plate connection with

hollow beam section using blind bolts under cyclic loading. Authors also studied the four

10



story frame building with bolt connection under a dynamic loading condition and
compare the results with the rigid connections to see the effect of connections flexibility

on the response. To create the seismic load effect authors subjected connection to

quasistatic cyclic loading.

The load was applied on the beam tips in a displacement controlled manner.
Initially specimens were subjected to four cycles of half expected yield load value to keep
the behavior of the connection elastic in order to check the working of all components of

test setup. Typical loading sequence is shown in Figure 1-8 Loading was stopped after

every Smm of displacement to proper scanning of data.

Cycles

Displacement  ductility
1
T

\/V\/ o Toasng

Figure 1-8 Displacement loading history used by Mourad et al., 1995
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Deng et al. (2000) presented a connection element which incorporated the
response stimulation and failure detection in extended end plate connection model. The
stimulation of connection model hysteretic response of connection is formulated and
implemented in the non-linear finite element program DRAIN-3DX. In the formulation
stiffness and strength degradation and pinching are expressed as the damage index. An
automatic event definition algorithm is devolved and an event to event solution scheme is

followed.

Bursi et al. (2005) presented the numerical analysis of isolated T snub connection
subjected to low cycle loadings. The performance of bolted partial strength beam to
column joint under the seismic loading. An experimental program consists of bolted end
plate joints and individual components were tested under set of constant and variable
displacement amplitude. A detailed three-dimensional non-linear finite element analysis

was carried out to tune the model material parameter.

This study used the random amplitude displacement loading histories in order to
vary the degree of complexity. Figure 1-9 shows the different displacement loading

profiles used in the analysis.
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Figure 1-9 Random displacement loading history used by Bursi, 2005

Lin and Chen (2008) carried out a strained control test on magnesium alloy to
evaluate the fatigue properties by push pull cyclic test at different strain amplitude at
room temperature. In order to observe the effect of strain control loadings effect the
material was polished with sand paper, water, and alcohol to remove the surface
irregularity. Computerized Instron 8801 servo-hydraulic testing system was used to

produce low cycle fatigue under total strain control. The strain control low cycle

13



amplitudes were applied till 10,000 cycles after which it change to load control test at a

frequency of 50 Hz.

Ozgur (2008) used the load control loading protocols to study the strengthening of
shear deficient RC beam by external bonding of fiber reinforced polymer (CFRC) straps
under a cyclic loading. The load was applied on the cantilever portion of the beam using
10,000kN capacity hydraulic jack which was controlled by 600kN load cell. Initially
author applied two cycles in the elastic region for verifying the functioning of

experimental setup.

Santana et al. (2008) preformed a cyclic test under a strain control protocols in
order to study the dynamic response of fatigue damage on aluminum alloy and AISI steel
specimen. MTS 810 machine was used to carry out these tests under fully reversed axial
total strain control mode. The smoothed specimen of diameter 3.17mm is used for testing.

The loading profile was sinusoidal wave form with a frequency of 1Hz.

De-Feng et al. (2008) tested A356-T6 casting alloy under a uniaxial and multi-
axial cyclic loading. Experiment was carried out on the MTS 809 machine at room
temperature under displacement control condition at a frequency of 0.5Hz. The Loading
was a combination of tension and torsion loading in a sinusoidal form with a phase

difference of 90°.

Verderame et al. (2008) performed cyclic tests on the RC column with the smooth

reinforcing steel bars to checks its performance under seismic condition. The experiment

14



was carried out under the displacement control protocols. The load was applied using the

two hollow actuator placed on the columns horizontally. The hydraulic actuator was

capable of producing the displacement of £ 250mm. Two series of fifteen and ten

predefined drift have been repeated three times until the maximum displacement of

100mm. This study used two different loading histories in order to assess the effect of

magnitude on the behavior of the column. Figure 1-10 shows the two loading histories

used in the experiments.

displacemeant,a [mm]
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Figure 1-10 Displacement loading histories used by Verderame et al., 2008
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Fan et al. (2008) created a finite element model for estimating the crack growth

rate. An idea was to predict the fatigue growth rate of the stainless steel 304L based on a

newly developed fatigue approach. A compact specimen was subjected to Mode I crack

growth under constant amplitude loading and two step high-low sequences. The authors

15




also compared the results obtained from the finite element model with the experimental

result available in literature.

Mace and Manconi (2008) introduce a finite element model in order to describe
the method by which the dispersion relationship for a two dimensional structural
components can be predicted. A typical four nodded rectangular segment is modeled
applying the periodic conditions relating the nodal degree of freedom and forces. Authors
crated example models of thin plate, and symmetrical laminated plate, and formed coated
laminated sandwich panel. Authors found a fair resemblance in results from finite

element model and experimental results.

Massingham and Irving (2006) created a finite element model to study the
cylindrical Hertzain contact on a test sample subjected to alternating shear loading.
Model was tested under a variable amplitude fritting fatigue in terms of shear on the
cylindrical contact surface. Four nodded plain strain elements were used, and the size of
elements within the contact region was kept as 25um x 25um. Total of 60,000 element

were designed in the model.

A modeled combination of overloads containing 125% and 150% was applied
First, the case of 125% overload followed by 150% in order to observe the stress
distribution due to loading histories on the contact surface. Figure 1-11 presents the

loading history used in this study.
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Figure 1-11 loading history used by Massingham and Irving P.E., 2006

Wang et al. (2006) carried out a four point bending test to estimate the fatigue life
and deformation behavior of carbon fiber reinforced concrete. They tested twelve
specimens with different mixture under a cyclic loading. Load controlled tests using a
hydraulic mechanical testing system (MTS) of 10kN capacity was employed. Constant
load rate of 10 N/s is applied in the form of sinusoidal wave form. The loading history
was applied in two different frequencies 0.1 and 10 Hz. Figure 1-12 shows the first six

cycles of loading history.
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Figure 1-12 sinusoidal loading history used by Wang et al., 2006

Pirondi et al (2006) purposed a work to stimulate the ductile damage and failure
involved by plain strain reversal using damage model. Cyclic loading tests were
performed on various round notch bars to study the evaluation of plastic deformation and
damage under multi axial stress condition. The authors crated a symmetrical finite
element model using four nodded fully integrated element. The test was conducted using
a servo-hydraulic testing machine under a displacement control loadings. The test was

carried out with the frequency of 0.004Hz and 0.008Hz.

Lam et al. (2006) carried out experiments on the behavior of the FRP concrete
under cyclic compression to check the compressive strength and ultimate strain of
concrete. In this study author tested eight concrete specimens confined in the FRP. Tests
were carried out under the displacement control protocols using servo-hydraulic machine.
Specimen were subjected to predetermined level of loading and then unloaded, but not
loaded in the reverse direction. The specimens were tested in two ways such as

monotonic and cyclic loading.

18



Shao et al. (2006) performed cyclic tests on the 24 FRP concrete specimens. In
first loading history, three cycles of 0-40% in first step and 0-100% in second step were
applied. Second loading history consisted of 0-60% and 0-100% in first and second step
respectively. The only difference in third loading history was 0-80% in first step when

compare with second loading.

Feng et al. (2006) presented a numerical investigation on the effects of loading
and unloading on the three dimensional frictional contact with the rigid foundation.
Authors also investigated the sliding process during the lading and unloading process.
The loading history consists of the vertical rigid motion of the cylinder controlled in
terms of the displacement with a magnitude of 0.1mm the displacement is applied in one

step.

1.3 Goals and objectives

The main objective of this study is to evaluate the AISC-2005 cyclic displacement
loading protocol applied to connecting surface such as welded-welded and bolted welded
steel connection. Thus simple connecting surfaces as well as end plate connections were
considered. Specifically the following concepts were examined in order to achieve above

objective.

1. To obtained different displacement loading protocols by keeping the AISC-2005
as a baseline envelop and verifying its loading magnitude and time period. This

yielding to 25 loading cases that were used in this research.
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2. To identify the difference in the response of connecting surface subjected to
displacement and load control loading. Obviously, this study is most effective

when bilinear material law with strain hardening is used during analysis.

3. The energy dissipation is considered to be the measure of response of each
connection to the applied cyclic load. This is accomplished by calculating the

area under the outer loop of hysteresis loop.

The scope of study was limited to the following connection types:

1. Simple welded shear model

2. Simple 1-bolted and 2-bolted shear model

3. Bolted tee-hanger model

4. Extended end-plate connection
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CHAPTER 2

DEVELOPMENT OF DISPLACEMENT CONTROL LOADING HISTORY

2.1 Introduction

This chapter presents the development of 25 cyclic load cases based on the AISC-
2005 Seismic Provision loading protocol. This was done by varying the frequency and
amplitude of the AISC-2005 with respect two bounding envelops. The 25 loading cases
are categorized based on the five load sets (Set I, II, III, IV, V) with five load cases in

each set.

Envelops are referred to as Envelop A and Envelop B as shown in Figure 2-1 and
Figure 2-2, respectively. Envelop A is obtained by connecting the peak amplitude points
of the AISC-2005, which formed a curve-shape envelop. Envelop B is developed by
connecting a ‘linear’ line from the first amplitude peak of the first cycle to the last

amplitude peak of the last cycle.

The load sets are developed based on the following frame of thoughts:
e Load Set I: the time period of the AISC-2005 is varied uniformly.
e Load Set II: The time period of the AISC-2005 is varied non- uniformly.
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Load Set III: The same as load Set II, but in the reverse direction. This means
amplitude of Set II is applied in descending order.

Load Set IV: Amplitude of each cycles of the AISC-2005 loading protocol is
stretched to touch the Envelop B. Then, the time period was varied to obtain five

load cases.

Loading Set V: Load Set IV was applied in reverse direction.

Dreift angle (rad)
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Figure 2-1 Typical Envelop A
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Figure 2-2 Typical Envelop B

It should be noted that AISC-2005 loading is represented in terms of drift angle
rather than displacement with the maximum rotation = 0.06 rad. Thus, the value of
rotation was multiplied by an arbitary beam depth of 24 in. to arrive to the displacement

load history presents in this study with maximum displacement amplitude being equal to

1.44 in. (24 x 0.06).
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2.2 Development of loading sets

2.2.1 Displacement control loading Set I

Load Set I is devolved by varying the time period of the AISC-2005 loading
protocol uniformly with respect to Envelop A. This simply means that the time period, T,
for the AISC-2005 was considered as the baseline for the period, T = 1 sec, and other
load cases are obtained by T = 2 sec, T = %2 sec, T = 1/3 sec, and T = V4 sec. This
basically introduces the effect of rate of the loading on the connecting surfaces. The load

case designation for load Case I is:

Displacement load case (DLC) — I — Time period (T)

where, “I” refer to the set number. For example, DLC-I-1/2 represents displacement load
case in Set I with time period T = 2 sec. compared to the AISC-2005’s T = 1 Sec. Figure
2-3 through Figure 2-7 represent five loading cases of the load Set I. Each figure also
shows Envelop A which can be used as a tool to compare the amplitude shift with respect

to the original AISC-2005 (Envelop A)
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Figure 2-4 Displacement load history, DLC I-2
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Figure 2-7 Displacement load history, DLC I-1/4

2.2.2 Displacement loading control Set 11

In the Set II loading, time period of the AISC-2005 loading protocol was varied
non-uniformly. The 34 loading cycles of the AISC-2005 was divided into the ten parts as

shown in Table 2-1.

Table 2-1 Parts of loading history

Regions Part No. | No. of cycles
Part 1 6 cycles
Region] | Part 2 6 cycles
Part 3 6 cycles
Part 4 4 cycles
Region II | Part 5 2 cycles
Part 6 2 cycles
Part 7 2 cycles
Region III | Part 8 2 cycles
Region IV | Part 9 2 cycles
Region V | Part 10 2 cycles
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The property of each load case devoloped for the Set II is shown in Table 2-2. For
example, in Case 1, T = 2 sec was assigned for Part 1 and Part 2. Then, T = 1 sec was
assign for Part 3 through Part 5. Further T =2 sec, T = 1/3 sec, T = % sec was assigned
to parts respectively. This means the load Set II takes into account the time dependent
frequency vibration. Figure 2-8 through Figure 2-12 presents the loading cases devoloped

for Set II. The test designation for each load case of the Set II is defined as:

DLC II - TRegion I— TRegion o= TRegion = TRegion I\ TRegion \Y%

Where, TRegionI 5 TRegion II» TRegion 1r » TRegion v, and TRegion v define the 103ding peind

assign to Region I through V respectively.
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2.2.3 Displacement control loading Set I11

Five additional load cases are devoloped in Set III by appling the displacement
amplitude of each load case of the Set II in reverse order. Thus, the time dependednt
frequency variation of the load Set III is identical to that of load Set II. Table 2-3
tabulated the period and amplitude for each of the load cases of Set III. Figure 2-13

through Figure 2-17
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2.2.4 Displacement control loading Set IV

The Envelop B is used in this load set as a bounding envelop (Figure 2-2) the
magnitude of the AISC-2005 loading protocol is streched to touched the Envelop B both
on the positve and the negavtive sides of the loading history as shown Figure 2-18. Thus,
the five different loading cases are devoloped by varing the baseline case (Figure 2-18)
non-uniform by varing the loading period according to the algorithm used for load Set II
and III. The detail of the loading time period and displacement amplitude for this load set
is presented in Table 2-4. Figure 2-19 through Figure 2-23 shows the load cases of the

load Set IV
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2.2.5 Displacement control loading Set V

The loading cases for this set was obtained by appling the displacement amplitude
of Set IV in reverse order as shown in Table 2-5. Figure 2-24 thorough Figure 2-28

shows the loading displacement histories devoloped in Set V.
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CHAPTER 3

FINITE ELEMENT ANALYSIS

3.1 Introduction

Comprehensive non-linear three dimensional (3-D) finite element models (FEM)
of connecting surfaces are developed to evaluate the significance of the AISC-2005
displacement load history on their response. Four simple connection models and one
commonly used end plate connection were considered. A simple connection model
includes the welded shear surface model, single and double bolted surface model, and
tee- hanger model. End-plate connection assembly consisted of end plates, bolts, beams,
and columns. Special attention was given to the contact surfaces in the modeling. For an
example, contact between two plates and bolt was given a more importance in bolted
shear and tee- hanger model. In case of the extended end plate connection, contact

between end plate, column, and bolts was attended.

Classical cyclic plasticity based analysis algorithm consisted of material,
geometrical, and contact nonlinearities which was used in model making process.
Nonlinearity introduced in connecting surfaces by yielding was considered in model.

Lagrangian algorithm was employed to account the geometrical nonlinearity.
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To converge the solution, a P- convergence criterion was used in the models. In
P convergence the higher order polynomial are used to define the displacement function.
Energy based convergences are adopted over monotonic convergence as the models are
mainly nonlinear. Figures used in following Table 3-1 are referred from ABAQUS

User’s Manual.

Table 3-1 Various elements used in study

Element Description D.OF. Element shape
f\s‘ru_ce = face 5
Gy | L7

i ra
face g !
C3D8R Hexagonal 24 E ),*é """ 3
s — & ——~face 4
P 1
Element A A
2
! face 1 face 3

C3D20R Hexagonal 60
Element

C3D4 Tetrahedral 12
Element
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Table 3-1 - continued

C3D10OM Tetrahedral 30

Element

3.2 Material Model

Typically engineering materials initially responds elastically, which means
deformation is fully recoverable after removal of the applied load, and specimen returns
to its original shape. Once the load exceeds the yielding point, specimens do not return to

its original shape. Some part of deformation remains unrecovered

Material behaviors for five different materials are defined in terms of bilinear
stress-strain curve such as plates, end plate, bolts, beam, and column. These properties
are defined in Table 3-2. End plate, plates, beam, and columns are made up of A36 steel,
and bolts made of A325 steel. For end plate, plate, beam, column modulus of elasticity is
29000 ksi (201GPa), and first yield occurs at 36 ksi. Then material hardens to 58 ksi at
20% strain and poisons ratio of 0.29. The plastic strain at 20% strain point is g, = 0.175
(ASTM A36). Similarly, modulus of elasticity is 29000 ksi for bolts, and first yield
occurs at 81 ksi to 92 ksi depending upon the bolt diameter. Then, material hardens to

105 ksi to 120 ksi at 20% strain and a poison ratio was 0.29. The plastic strain at 20%
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strain point is g,= 0.144 (ASTM A325). Figure 3-1 is describing the material properties
which were mentioned above. The initial slope of the curve is assigned as modulus of
elasticity E. Post yielding stiffness identified in this case is 1% of initial stiffness. Post
yield stiffness is referred as tangential stiffness (E; = 0.01), which ensure the bilinear

stress-strain relationship for the used material. Material is considered as isotropic

material.
Table 3-2 Material properties
Material Properties End plate, plate, Beam, Bolt
Column
(A325)
(A36)
Yield Stress (Fy) 36 ksi 92 ksi
Modulus of Elasticity (E) 29000 ksi (201 GPa) 29000 ksi (201 GPa)

Poisson’s Ratio (v) 0.29 0.29

Tangential Modulus (E) 290 ksi 290 ksi
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Figure 3-1 Typical Stress-Strain Curve

Linear elastic behavior was described within a material definition while defining
the elasticity in ABAQUS. It is assumed that plastic strain governs the deformation in
the elastic plastic analysis because the elastic strains are small. ABAQUS accounts this
limitation during its analysis. The justification for dominance of plastic strain is given as;
most of the engineering materials exhibit a well defined yield point, which is a very small
percentage of their young’s modulus. Generally, value of the yield stress is close to or
less than 1% of the young’s modulus of the material. Hence, the elastic strain will also be

less than 1%.

Non recoverable deformation response is modeled by using the plasticity theory.
In ABAQUS, non recoverable deformation is modeled using the incremental theories.
The mechanical strain rate is identified in two different parts, elastic part and plastic part,
in incremental theories. Nonlinear incremental solution technique was adopted due to

changing contact status of bolted surfaces. Also, large deformation was one of the
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reasons for the selection of nonlinear incremental technique. Loading histories were
applied in small incremental load steps. Geometric nonlinearity was introduced to
account for the large expected deformation by employing the large strain analysis. The
advantage of applying the large strain analysis is that it negates any theoretical limitation

on deformation or strain experience by element.

Newton-Raphson technique for nonlinear analysis was adopted in analysis. In
Newton-Raphson, technique load is divided into a sequence of small load increments.
The tangent modulus is updated in the beginning of each load step. The unbalance force
was calculated at the end of single iteration, which was used to solve the incremental
system equilibrium equation. Figure 3-2 shows the conceptual representation of nonlinear

iteration procedure.
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L

Svstem deflection

Figure 3-2 Newton Raphson technique

To stimulate the behavior of the connection under cyclic loading, a linear
kinematic hardening model is employed from ABAQUS software. ABAQUS also

implemented the Bauschinger effect in the model as shown in Figure 3-3
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Figure 3-3 Bauschinger Effect

3.3 Bolt Pretension

Bolt pretension is the first step of load application in the entire loading process of
the model. In this model, the bolts and its various components: bolt head, nut, and bolt
shanks, are modeled with three dimensional solid elements. The Surface interactions
between bolt shank, nut, and end plates are also defined in the model. To stimulate the
effect of bolt tightening, pretension section of ABAQUS is applied. Pretension force was
applied on bolts according to specification of AISC 2005. AISC 2005 defines the
pretension force in terms of proof load. 70% of the bolt’s ultimate tensile strength is
applied as pretension load in AISC 2005. Pretension load was applied by passing an

arbitrary plane through the bolt shank in ABAQUS. Then a load was applied on the
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created surface due to the passing arbitrary plane in the direction perpendicular to the
longitudinal axis. In previous studies of bolted models, the technique of applying a
compressive force equivalent of pretension load was used to achieve the pretension
effect. Technique of applying compressive force experiences a great deal of difficulty in

monitoring the location of the connecting surface such as bolt head, nut, and end plates.

Figure 3-4 Bolt Pretensions

A wench is used to tighten a nut to the bolt for holding plates together. In the
process of tightening of nut, the un-stretched grip length of the bolt shank reduces. Once
the desired pretension force is applied to the bolt, the wench is removed and this reduced
un-stretched grip causes the pretension in the bolt assembly. ABAQUS pretension
element also follows the same procedure in an identical sequence to achieve the effect of
pretension. In the analysis, the pretension load was applied in an incremental load step to

achieve the desired displacement. Once the displacement is achieved it is locked and
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possible material nonlinearity is introduced to the section. After the pretension procedure

is completed, external load is applied on the model in an incremental manner.

3.4 Contact Modeling

Bolted connections are mainly dominated by the nonlinear algorithm due to the
different status of friction between the surfaces. The contact surface between bolt shank
and nut, plate to bolt, bolt head to plates, and nuts to plates are defined in the model for
avoiding the numerical overlap between the connecting surfaces. All the connecting
surfaces are defined in terms of the pairs. The larger part in the connecting pair is defined
as the master surface and the comparatively smaller part is identified as slave surface. It
was not mandatory to define larger surface as the master surface and smaller as slave.
However, models devolved in this study follows above mentioned technique to maintain

uniformity.

The connecting surfaces are defined with two different properties such as surface-
to-surface, and node- to- surface. Both the surface- to- surface and node- to- surface
algorithms are employed to two different models. No model is employed with these two
algorithms at the same time. Surface- to- surface and node —to- surface algorithms are
employed to connecting surfaces: bolt to plate, bolt shank to nut, nut head to plate, and
plate to bolt head. In the case of the single bolted shear model the contact pairs are plate
to plate, bolt head to plate, nut head to plate, bolt shank to plates, and bolt shank to nut.
Similar contact pairs are identified in the case of the double bolt shear model with two

bolts which connects the surface instead of one. In T model contact pairs are flange to
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flange, bolt head to plate, nut to plate, and bolt shank to flange with four bolts in the
model. For extended end plate connection, contact pairs are end plate to column, bolt
head to end plate, nut to column flange, bolt shank to column flange, and bolt shank to
end plate. In the extended end plate connection, the beam and end plate are connected to
each other by tie algorithm to stimulate the effect of welding. Apart from bolted
connections, one welded shear connection is modeled so two plates are connected
together by defining them as a tied surface. Tie constrain stimulates the effect of welding

by preventing the friction between connecting surface unlike the bolted connections.

I e
I. -T"I‘ 11 }=— surface 1
| - ;__;T__‘_l__j 1

el T/« surface 2
(a)
T T T _’_'_r_rT T surface 1
—— . IL--—
T e =
= L Ll | [ 7]« surface 2
L
(b)
_r____T_——t——*I"_'_ T 1Tt

| |=— surface 1

8 U W N G G S . | |=— surface 2

Figure 3-5 Contact interactions between two surfaces; (a) beginning of step, (b) middle
step, (c) end step, prepared by Le, 2008

Distribution of contact stress is an important aspect of the contact surface
modeling. To stimulate the contact surface effectively an adequate mesh density is

required, because the region undergoes a plastic deformation to allow contact stress to

55



distribute. Both surface to surface and node to surface contact algorithms used in
ABAQUS are deformable finite element. Friction plays an important role in contact
algorithm. To indicate the roughness of the surface, two values for the coefficient of

friction, 0.35 and 0.2, was used.

3.5 Model Verification

A convergence study was carried out on all the models developed in the project
using different mesh densities. The geometrical nonlinearity algorithm was not used in
the case of welded connection models. Finite element model is verified by using P-
conversion technique. The numbers of elements are increased until the load- deflection

curve observes no impact in P-convergence technique.

3.6 Development of finite element models

Each finite element model assembly is created by different individual parts. For
example, three different parts, bolt head, bolt shank, and nut were created in the bolt
model. Then the three parts were assembled to create the model. AISC 2005 guideline

was followed to obtain the practically accepted dimensions.

3.6.1 Welded shear surface model

3.6.1.1 Assembly

Welded shear surface model was the simplest model among all the models. Two

plates of identical thickness are welded together.
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Figure 3-6 Welded shear surface model

3.6.1.2 Contact Definition

Welded connection was stimulated in the model by using tie constraints. Since
there is only one connecting surface, no other contact property was defined apart from the
tie constrain. Both the plates were the same dimensions; hence one surface was randomly

defined as master surface and the other as slave surface.

Table 3-3 Connection properties for welded connection

Contact pair Master Surface Slave Surface Constrain

Top- Bottom plate Top plate Bottom plate Tie
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3.6.1.3 Boundary Condition

Three different boundary conditions are defined in the model. Firstly one end of
the connection is fixed for preventing any kind of movement. Then rollers are applied on
one lateral edge of the connection in order to avoid any unwanted lateral displacement.
The most important boundary condition was defined in terms of displacement control
loading. To apply a deformation on a specific point on the model a roller support was

attached to that point. Then the roller support was displaced in a predefined sequence.

3.6.2 Bolted Shear Surface Models

3.6.2.1 Assembly

In the case of bolted shear surface models, three main components were
developed. Model consists of two plates connecting each other by bolts. Single bolted
shear surface exhibit the use of one bolt, whereas double bolt connection indicates the use
of two bolts for connection. As mentioned earlier, connection assemblies are developed
in the parts. For example, bolts are developed in three different parts such as bolt head,
bolt shank, and nut. Similarly, plates and bolts are developed individually and then

assembled back to form a model.
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Figure 3-8 Double bolted shear surface model

3.6.2.2 Contact Definition

Single and double bolted shear models are more complex in nature than the
previous model. More numbers of connecting surfaces were introduced in this type of
model. In order to accurately stimulate the effects of a connecting surface various
properties are defined. The most challenging connecting surface was between the bolt
shank and the plates. Some other connections introduced in the model were plate to plate,

bolt head to plate, and nut to plate.
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Table 3-4 Contact properties for single bolted surface models

Contact Master Slave Tangential behavior Normal
pair Surface surface Behavior
Frictional Frictional
Formation coefficient
Top-Bottom | Top plate Bottom Penalty 0.35 Hard
Plate plate Contact
Bolt head- Top plate Bolt head Penalty 0.2 Hard
Top plate Contact
Nut-Bottom Bottom Nut Penalty 0.2 Hard
plate plate Contact
Bolt shank- | Bolt shank Plates Penalty 0.2 Hard
both plates Contact
Bolt shank- | Bolt shank Nut Penalty 0.2 Hard
Nut Contact
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Table 3-5 Contact properties for double bolted surface models

Contact Master Slave Tangential behavior Normal
pair Surface surface Behavior
Frictional Frictional
Formation coefficient
Top-Bottom | Top plate Bottom Penalty 0.35 Hard
Plate plate Contact
1* Bolt Top plate Bolt head Penalty 0.2 Hard
head-Top Contact
plate
2" Bolt Top plate Bolt head Penalty 0.2 Hard
head-Top Contact
plate
1* Nut- Bottom Nut Penalty 0.2 Hard
Bottom plate Contact
plate
2™ Nut- Bottom Nut Penalty 0.2 Hard
Bottom plate Contact
plate
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Table 3-5 — continued

1* Bolt Bolt shank Plates Penalty 0.2 Hard
shank-both Contact
plates
2" Bolt Bolt shank Plates Penalty 0.2 Hard
shank-both Contact
plates
1* Bolt Bolt shank Nut Penalty 0.2 Hard
shank-Nut Contact
2" Bolt Bolt shank Nut Penalty 0.2 Hard
shank-Nut Contact

3.6.2.3 Boundary Condition

Similar to the earlier model, three boundary conditions were applied in this
model. One end of the connection was fixed. Further, to prevent lateral displacement, a
roller support was applied on the lateral edge of the connection. Displacement control

loading was applied as a third boundary condition.
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3.6.3 Tee - Hanger Model

3.6.3.1 Assembly

The tee — Hanger model consists of two T sections connected to each other by
flanges using four bolts. T- Section was developed in two different parts to form an
assembly, the flange, and web. Similarly bolts were also developed in three different

parts as explained earlier.

Figure 3-9 Tee-hanger model

3.6.3.2 Contact Definition

The tee — hanger model shows a contact surface between two flanges. Dimensions

of both flanges are identical. Hence, one surface was selected randomly as master surface
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and the other as slave surface. Contact surface between bolts and flanges was another
critical surface identified in the model. In this case, flange surface is considered as master
surface and bolt shank was designated as salve surface. Flange surface was identified as
master surface and bolt head was considered as a slave surface in contact between flange
and bolt head. Finally, the flange was considered as a master surface and nut as slave in

contact between nut and flange.

Table 3-6 Properties for tee — hanger model

Contact Master Slave Tangential behavior Normal
pair Surface surface Behavior
Frictional Frictional
Formation coefficient
Top-Bottom | Top flange Bottom Penalty 0.35 Hard
Flange flange Contact
1* Bolt Top flange | Bolt head Penalty 0.2 Hard
head-Top Contact
flange
2" Bolt Top flange | Bolt head Penalty 0.2 Hard
head-Top Contact
flange
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Table 3-6 — continued

3" Bolt Top flange Bolt head Penalty 0.2 Hard
head-Top Contact
flange
4™ Bolt Top flange Bolt head Penalty 0.2 Hard
head-Top Contact
flange
1¥ Nut- Bottom Nut Penalty 0.2 Hard
Bottom flange Contact
flange
2" Nut- Bottom Nut Penalty 0.2 Hard
Bottom flange Contact
flange
3" Nut- Bottom Nut Penalty 0.2 Hard
Bottom flange Contact
flange
4™ Nut- Bottom Nut Penalty 0.2 Hard
Bottom flange Contact
flange
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Table 3-6 — continued

1* Bolt Bolt shank Flanges Penalty 0.2 Hard
shank-both Contact

flanges

2" Bolt Bolt shank Flanges Penalty 0.2 Hard
shank-both Contact

flanges

3" Bolt Bolt shank Flanges Penalty 0.2 Hard
shank-both Contact

flanges

4™ Bolt Bolt shank Flanges Penalty 0.2 Hard
shank-both Contact

flanges

1* Bolt Bolt shank Nut Penalty 0.2 Hard
shank-Nut Contact

2" Bolt Bolt shank Nut Penalty 0.2 Hard
shank-Nut Contact
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Table 3-6 — continued

3 Bolt Bolt shank Nut Penalty 0.2 Hard Contact
shank-Nut

4™ Bolt Bolt shank Nut Penalty 0.2 Hard Contact
shank-Nut

3.6.3.3 Boundary Condition

In tee- hanger, to prevent buckling of the web section while loading, roller
supports were applied on one phase of the web. Similarly, roller supports are attached on
one of the lateral edges to prevent any deformation normal to loading. Displacement
control loading method was used in which the roller was applied on the point to be

loaded. Then the roller support was displaced at a predetermined rate.

3.6.4 Extended end-plate connection model

3.6.4.1 Assembly

Extended end-plate connection model was the most complicated assembly
developed in the study. Extended end-plate assembly consisted of column, beam, end-
plate, and bolts. The column was developed in two different parts; plate and L section,
and assembled. The beam and end plate were developed as single parts. Bolts were again

developed in three different parts and assembled.
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Figure 3-10 Extended end-plate connection

3.6.4.2 Contact Definition

Various contacts were identified in extended end plate connection model. Firstly,
column surface and end-plate surface was identified as master surface and slave surface
respectively. Beam and end-plate were merged together to stimulate the welding effect.
Contact between bolt shank-end plate, and bolt shank- column was the trickiest of all. In
this case, end-plate and column surfaces were identified as master surface together and
bolt shank was defined as slave surface. Surface-to-surface and node-to-surface contact

algorithm were applied individually to study their effect.
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Table 3-7 Contact properties for extended end-plate model

Contact Master Slave Tangential behavior Normal
pair Surface surface Behavior
Frictional Frictional
Formation coefficient
Column-End Column Plate Penalty 0.35 Hard
plate Contact
1¥ Bolt End plate Bolt head Penalty 0.2 Hard
head-End Contact
plate
2" Bolt End plate Bolt head Penalty 0.2 Hard
head-End Contact
plate
3" Bolt End plate Bolt head Penalty 0.2 Hard
head-End Contact
plate
4" Bolt End plate Bolt head Penalty 0.2 Hard
head-End Contact
plate
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Table 3-7 — continued

1* Nut- Column Nut Penalty 0.2 Hard
column flange Contact
flange
2" Nut- Column Nut Penalty 0.2 Hard
column flange Contact
flange
3" Nut- Column Nut Penalty 0.2 Hard
column flange Contact
flange
4™ Nut- Column Nut Penalty 0.2 Hard
column flange Contact
flange
1* Bolt Bolt shank flanges Penalty 0.2 Hard
shank- Contact
column
flanges- End
plate
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Table 3-7 — continued

2" Bolt Bolt shank flanges Penalty 0.2 Hard
shank- Contact
Column
flanges- End
plate
3" Bolt Bolt shank flanges Penalty 0.2 Hard
shank- Contact
column
flanges- End
plate
4" Bolt Bolt shank flanges Penalty 0.2 Hard
shank- Contact
Column
flanges- End
plate
1¥ Bolt Bolt shank Nut Penalty 0.2 Hard
shank-Nut Contact
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Table 3-7 — continued

2" Bolt Bolt shank Nut Penalty 0.2 Hard Contact
shank-Nut

3 Bolt Bolt shank Nut Penalty 0.2 Hard Contact
shank-Nut

4" Bolt Bolt shank Nut Penalty 0.2 Hard Contact
shank-Nut

3.6.4.3 Boundary Condition

Column was fixed from the top, bottom and vertical side to prevent any sort of

deformation after application of load. A symmetrical fixed condition was applied on one

face of the connection model because only half of the model was created due to

symmetry. Roller supports were applied on the beam flange to avoid buckling of the

flange. Displacement control loading was adopted to load the model by attaching a roller

support. The roller support was displaced to a predefined magnitude to introduce the

force in the model.
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3.6.4.4 Symmetric Modeling

Symmetric modeling is a technique to reduce the complicated nature of the model
by just considering half of the model. A model is called symmetric when both load and
geometry are symmetrical. All the nodes on the plane of symmetry are restrained from
translation in three dimensional spaces. The extended end plate connection was the only
model in this study considered as symmetrical due to its load and geometrical setups.
Only half of the model is considered for achieving the simplicity and reducing the time

require for analysis.
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CHAPTER 4

PARAMETRIC STUDY

4.1 Introduction

This chapter focuses on the parametric study carried out on the finite element
models developed for connecting surfaces. Different combinations of geometric
parameters, such as the level of pretension, contact properties, element type, and loading
histories, were considered in the parametric study. To study the effect of each parameter
on the connecting surfaces test combinations were created by varying geometric and

force related variables.

Geometric variables depend on different types of connection surfaces. For
example in the case of welded shear surface the only geometrical variable is plate
thickness, whereas in bolted shear surfaces along with plate thickness, bolt diameter is
also considered as a geometric variable. Pretension was another parameter which was
varied in the study. Pretension was varied in three different stages: full pretension, half
pretension, and quarter pretension. Contact property was defined in two ways, first was
surface-to-surface and second was node-to-surface. In terms of element type, hexagonal

element and combined element with regular and higher order were used individually and
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in combination to study their effect. Loading history was given prime importance in the
study. In all 25 different loading histories are developed in the process to study the effect
of loading history on the connecting surfaces. A detail discussion of each parameter is

carried out in the subsequent section.

4.2 Test Cases Nomenclature

443 tests were carried out on different finite element models of connecting
surfaces: welded shear surface, one and two bolt shear model, tee- hanger, and extended
end plate model. To identify different parameters in the test, individual variables used are

defined as follows.

e t, = plate thickness

e tr=flange thickness

e by =Dbolt diameter

e SM = shear model

e 1B =single bolt model

e 2B= double bolt model

e W = welded model

e T =T hanger model
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PT = pretension load

FP = full pretension

HP = half pretension

QP = quarter pretension

ET = element type

HX = hexagonal element

C = combined element

te = end plate thickness

g = gauge distance

C: = contact type

E = elastic modulus

Fy = yield stress

DLC = displacement load case

EEP = extended end plate connection model

SS = surface- to- surface
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e NS = node-to- surface

In the case of defined variable, some numbers are attached to further differentiate the
variable. For example DLC I-2 indicates displacement loading case two of Set-1. Further,
the entire test case was termed in a specific way to make it simple to identify. For
example, a test was identified as SM-W- t, -DLC. In the nomenclature, first the type of
model is defined. Then a type of connection is defined, which was welded in the above
case. Then, plate thickness was defined and loading case followed next. Figure 4-1

shows the sequence of various parameters in a test designation.

PLATE THICKNESS  PRETENSION
CONTACT ALGORITHM

MODEL TYPE

SM-2B-1-1-FP-C-NS-DLC-I-1

/ LOADING CASE
CONNECTION

BOLT DIAMETER ELEMENT TYPE

Figure 4-1 Sequence in test designation
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4.3 Geometric Variables

Geometric parameter is considered to be one of the most important factors while
studying the impact of various parameters on the connecting surface. In this study,
commonly used simple connecting surfaces are developed along with the extended end
plate connection, hence bolt diameter and plate thickness are the major variables for

parametric study.

4.3.1 Welded shear surface models

In welded shear surface finite element model, the only geometrical change was
plate thickness. Plate thickness was varied in two different sizes: 72 in and 1 in. Plate
dimensions were kept constant apart from plate thickness. Table 4-lexplains the

combinations used in the model.

Table 4-1 Geometrical combination for welded shear surface model

Geometrical variable Case 1 Case 2 Models
tp % 1n 1 in l. t,="21n
2. t,=11n
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Figure 4-2 Welded shear surface model

4.3.2 Bolted shear surface models

In the case of one and two bolted shear surface finite element models, the
geometrical variables are plate thickness and bolt diameter. Both plate thickness, and bolt
diameter are varied two times. Then three more cases are developed by combining these

two variables.
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Table 4-2 Geometrical combinations for single and double bolted shear surface model

Variable parameter | Case 1 | Case 2 Models

by 5 1n 1 in 1. bg="21in,t,=11n

2. bg=lin, t,=" in

tp Viin 1in
3. bg=lin,t,=11n
by
| I— ' l.‘#tp

Figure 4-3 Bolted shear surface model

4.3.3 Tee- hanger models

Similarly for the tee- hanger model, two geometric variables are considered and
three cases are made from the combination of two variables. Bolt diameter and flange
thickness are varied for the parametric study. Apart from bolt diameter and flange

thickness, gauge length is also varied within the combination. Unlike flange thickness
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and bolt diameter, gauge length is not varied as an individual case. The effect of gauge

length is incorporated within the model combinations.

Table 4-3 Geometrical combinations for T- Hanger model

Variable parameter | Case 1 | Case 2 Models

by Y2 1n 1 in I. bg="in,ty=11n,g=1%1n

2. bg=lin, ty=11n,g=2% in

tr V4 in 1in
3. bg="21in, ty= Y2in,g=11n

by '

mn |

ty

i
1] I ’

s

Figure 4-4 Tee-hanger model
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4.3.4 Extended end-plate connection model

In the case of extended end plate connection models, the parameter was end-plate
thickness and bolt diameter. Unlike other connections, all the variables are varied at a
time instead of individual change. Two different combinations of extended end plate

connections were formed to test.

Table 4-4 combinations for extended end plate model

Variable parameter | Case 1 | Case 2 Models
te Z3h! lin 1. te=%in,bg=11n
bq Y 1n 1 in 2. te=%in,bg=% iIn
4.4 Loading Cases

4.4.1 Displacement control loading cases

In the study, two approaches to load the connecting surface were adopted:
displacement control and load control. Displacement loading cases are the most important
aspect, which was studied to observe its impact on the connecting surface. To study the
impact of loading history on the connecting surface, 25 different loading cases were
developed for displacement control. These multiple cases are mainly based on two

profiles. First profile is a curve and second is linear. The nature of the profile was change
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to introduce the variation in magnitude of displacements. The nature of the loading

profiles was inspired from the AISC Seismic Provision 2005.
4.4.2 Load control loading case

Apart from displacement control, load control technique was also used in the
study. Unlike the displacement control loading case, no variation was attempted. Only
one case of load control loading history was used. To start with loading one kip of load
was applied in three consquative cycles. After initial three cycles the load was again
increased to two kip. This pattern was followed until the load reached five kip. Once the
load reached five kip, it was applied in a single cycle and the load was incresed by one

kip after every cycle. Figure 4-2 shows the loading history.

11 70

10

g 50

1

¢ -

2 FTERRRI 0

3 .........................................
=3 Ak A ........... w0 &
Elin AAAAANANN _ =
SRR AAATAVATATAVAIAVRY 10 &
=3 VYV S
g - N S SN N - - - - [
= 2 teryy -30

i 1 |

_g -50

-9

-10 -70

0 5 10 15 20 25
Cycle

Figure 4-5 Typical Load control Loading History
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4.5 Pretension

Pretension was another issue given great importance in the study. Pretension
applied on the bolts depends on the bolt diameter. In the paramteric study, pretension was
varied in three stages. First the full pretension was applied under the displacement control
loading. Then pretension was redused to half and quarter in second and third stages

respectivly. No pretension load was applied in welded connection.

Table 4-5 Pretension load corresponding to bolt diameter

Bolt diameter (in) 051075 1 | 12515 |175] 2

Pretension load (kip) | 12 | 28 | 51 | 71 | 103 | 152 | 198

4.6 Contact

Contact was defined in two different ways: surface-to-surface and node-to-
surface. Each case was defined individually to observe the effect. Node-to-surface

contact definition was applied under the load deformation DLC I - 1.

4.7 Element Type

Three different higher order element types were used in the study: hexagonal

element, tetrahydral element, and combination of the first two. All the element types were
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used under the displacement control loading. Genrally combination was used in case of
all type of bolted models. Bolts was assingned as tetrahydra elements and plates as
hexagonal elements. In the case of welded shear surface only first two higher element

types were used. Combined element type was not studied.
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4.8 Results of parametric study

Table 4-6 Welded shear surface model (SM-W-1/2) Casel

Energy Dissipation Percentage Difference
Load cases (Kip-in) (%)
DLC I-1 120.96 0.00
DLC I-2 125.52 3.63
DLC I-1/2 122.88 1.56
DLCI-1/3 119.76 -1.00
DLCI-1/4 120.48 -0.40
DLC II-2- 1- %2 -1/3- Y4 128.88 0.00
DLCII- Y4 -2 -1- % -1/3 128.4 -0.37
DLCII- 1/3- %4 -2-1- 125.52 -2.68
DLCII-2-1/3-Y%-2-1 126 -2.29
DLCII-1-%-1/3-Y%-2 127.68 -0.94
DLC III- 2- 1- 4 -1/3- V4 122.88 0.00
DLCIII- %4 -2 -1- %2 - 1/3 123.36 0.39
DLCIII- 1/3-Y4-2-1-% 124.08 0.97
DLCII- % -1/3-%-2-1 123.36 0.39
DLCII- 1-%-1/3-%-2 123.12 0.19
DLCIV-2-1-'-1/3-Y4 128.4 0.00
DLCIV-"%-2-1-%-1/3 129.36 0.74
DLCIV- 1/3-%-2-1-% 127.44 -0.75
DLCIV-"%-1/3--2-1 117.36 -9.41
DLCIV- 1-%-1/3-Y%-2 124.8 -2.88
DLC V-2-1--1/3-" 128.64 0.00
DLC V-"%-2-1--1/3 128.4 -0.19
DLC V- 1/3-V4-2-1-% 126.24 -1.90
DLCV-%-1/3-"-2-1 125.76 -2.29
DLCV- 1-%-1/3-%-2 127.68 -0.75
LLC 121.68 -3.06
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Table 4-7 Welded shear surface model (SM-W-1) Case2

Energy dissipation Percentage Difference
Load cases (kip-in) (%)
DLC I-1 58.8 0.00
DLC I-2 58.32 -0.82
DLCI-1/2 60.48 2.78
DLC I-1/3 57.12 -2.94
DLCI-1/4 58.8 0.00
DLC I1-2- 1- 2 -1/3- Y 57.12 0.00
DLCII- % -2 -1--1/3 60.72 5.93
DLC II- 1/3- Y4 -2- 1- 2 58.56 2.46
DLCII-'-1/3-" -2 - 1 59.52 4.03
DLCII-1-%-1/3-Y - 56.64 -0.85
DLC III- 2- 1- %5 -1/3- % 61.44 0.00
DLC III- Y4 -2 -1- %2 - 1/3 54.48 -12.78
DLC - 1/3-'-2-1-% 55.68 -10.34
DLCII- ' -1/3-Y,-2 - 1 56.64 -8.47
DLCII- 1-%-1/3 - - 57.36 -7.11
DLC IV-2-1--1/3- % 59.76 0.00
DLCIV-Y%-2-1--1/3 54 -10.67
DLC IV- 1/3- % -2- 1 s 56.88 -5.06
DLCIV-"%-1/3-"-2-1 60.24 0.80
DLCIV- 1-4-1/3 - % -2 59.04 -1.22
DLC V-2-1-'%-1/3-Y 58.32 0.00
DLC V-"-2-1-%-1/3 62.88 7.25
DLC V- 1/3- ' -2- 1 5 62.4 6.54
DLCV-'%-1/3-"%-2-1 57.36 -1.67
DLC V- 1-2-1/3 - % -2 59.28 1.62
LLC 54.78 -7.34
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Table 4-8 Single bolted shear surface model (SM-1B-1-1/2-FP) Case 1

Energy Dissipation | Percentage difference
Load cases (Kip-in) (%)
DLC I-1 47.52 0.00
DLC -2 47.28 -0.51
DLCI-1/2 46.08 -3.13
DLC I-1/3 46.8 -1.54
DLCI-1/4 47.28 -0.51
DLC I1-2- 1- 52 -1/3- Y 46.56 0.00
DLCII- % -2 -1--1/3 47.04 1.02
DLC II- 1/3- Y4 -2- 1- 2 46.8 0.51
DLCII--1/3-" -2 - 1 47.28 1.52
DLCII-1-%-1/3-Y - 47.52 2.02
DLC III- 2- 1- Y5 -1/3- % 44.4 0.00
DLC III- Y4 -2 -1- %2 - 1/3 42.96 -3.35
DLCIII- 1/3-'-2-1-% 43.68 -1.65
DLCII- ' -1/3-Y,-2 - 1 44.4 0.00
DLCI- 1-%-1/3 - - 44.16 -0.54
DLC IV-2-1-"-1/3- % 48.24 0.00
DLCIV-Y-2-1-%-1/3 48.48 0.50
DLC IV- 1/3- %4 -2- 1 s 48.72 0.99
DLCIV-'%-1/3-Y-2-1 45.6 -5.79
DLCIV- 1-4-1/3 - % -2 46.32 -4.15
DLC V-2-1-'%-1/3-Y 48.72 0.00
DLC V-"-2-1-%-1/3 49.68 1.93
DLC V- 1/3- V4 -2- 1 5 48.24 -1.00
DLCV-'%-1/3-"%-2-1 49.2 0.98
DLC V- 1-2-1/3 - % -2 47.04 -3.57
HX-DLC-I-1 38.64 -22.98
NS-DLC-I-1 25.68 -85.05
LLC 41.04 -15.79
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Table 4-8 - continued

Note:

HP-DLC-I-1 43.2 0.00
HP-DLC-I-2 43.68 1.10
HP-DLC-1-1/2 43.92 1.64
HP-DLC-I-1/3 42.96 -0.56
HP-DLC-I-1/4 42.96 -0.56
QP-DLC-I-1 41.52 0.00
QP-DLC-I-2 41.04 -1.17
QP-DLC-I-1/2 42.02 1.19
QP-DLC-I-1/3 41.28 -0.58
QP-DLC-I-1/4 41.28 -0.58

* Refer Figure 4-1 for test designation.

** FLNA = Full load not achieved.
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Table 4-9 Single bolted shear surface model (SM-1B-1/4-1) Case 2

Energy Dissipation | Percentage difference
Load cases (kip-in) (%)
DLC I-1 47.04 0.00
DLC I-2 48.24 2.49
DLCI-1/2 47.52 1.01
DLC I-1/3 49.92 5.77
DLCI-1/4 46.56 -1.03
DLC 1I-2- 1- 2 -1/3- Y4 49.44 0.00
DLCII- % -2-1-%-1/3 49.32 -0.24
DLC II- 1/3- V4 -2- 1- ' 49.45 0.02
DLCI-'%-1/3-%4-2-1 49.39 -0.10
DLCII-1-%-1/3-"%-2 48.25 -2.47
DLC III- 2- 1- 2 -1/3- Y4 50.4 0.00
DLCIII- Y4 -2 -1- 5 - 1/3 46.56 -8.25
DLC III- 1/3-'-2-1- 47.76 -5.53
DLCII-"-1/3-"%-2-1 49.2 -2.44
DLCII- 1-%-1/3-%-2 48.72 -3.45
DLCIV-2-1-"%-1/3-Y 49.92 0.00
DLCIV-Y%-2-1-%-1/3 48.48 -2.97
DLCIV- 1/3-%-2-1-% 48.72 -2.46
DLCIV-'"%-1/3-Y-2-1 48.48 -2.97
DLCIV- 1-%-1/3--2 48.96 -1.96
DLC V-2-1-'%-1/3-Y 48.48 0.00
DLCV-Y-2-1--1/3 50.16 3.35
DLC V- 1/3-'4-2-1- 48.96 0.98
DLCV-"%-1/3-Y-2-1 50.16 3.35
DLCV- 1-%-1/3-Y%-2 50.16 3.35
HX-DLC-I-1 12 *FFLNA
NS-DLC-I-1 16.56 *HFLNA
LLC 47.52 1.01
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Table 4-9 - Continued

Note:

HP-DLC-I-1 60.48 0.00

HP-DLC-I-2 59.52 -1.61
HP-DLC-I-1/2 59.76 -1.20
HP-DLC-I-1/3 59.76 -1.20
HP-DLC-I-1/4 59.76 -1.20

QP-DLC-I-1 67.68 0.00

QP-DLC-I-2 67.44 -0.36
QP-DLC-I-1/2 66 .55
QP-DLC-I-1/3 66.96 -1.08
QP-DLC-I-1/4 67.2 -0.71

* Refer Figure 4-1 for test designation.

** FLNA = Full load not achieved.
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Table 4-10 Single bolted shear surface model (SM-1B-1-1) Case 3

Energy dissipation Percentage difference
Load cases (Kip-in) (%)
DLC I-1 22.36 0.00
DLC I-2 21.36 -4.68
DLCI-1/2 22.08 -1.27
DLC I-1/3 20.64 -8.33
DLCI-1/4 21.84 -2.38
DLC I1I-2- 1- 2 -1/3- Y% 19.92 0.00
DLCII- Y% -2 -1--1/3 19.68 -1.22
DLC II- 1/3- V4 -2- 1- ' 19.92 0.00
DLCI-'%-1/3-%4-2-1 20.4 2.35
DLCII-1-%-1/3-"-2 19.68 -1.22
DLC III- 2- 1- 2 -1/3- Y4 18.72 0.00
DLC III- Y4 -2 -1- %2 - 1/3 18 -4.00
DLC - 1/3-'4-2-1-% 18.96 1.27
DLCI-"-1/3-%-2-1 18.96 1.27
DLCII- 1-%-1/3-%-2 18.72 0.00
DLCIV-2-1-"%-1/3-Y 19.92 0.00
DLCIV-Y-2-1-%-1/3 19.44 -2.47
DLCIV- 1/3- % -2-1- % 19.92 0.00
DLCIV-'"%-1/3-Y-2-1 19.44 -2.47
DLCIV- 1-%-1/3-V-2 19.44 -2.47
DLC V-2-1-'%-1/3-Y 18.48 0.00
DLC V- -2-1-%-1/3 18.24 -1.32
DLC V- 1/3-'4-2-1- 18.24 -1.32
DLCV-"%-1/3-Y4-2-1 18.48 0.00
DLCV- 1-%-1/3-"%-2 18.24 -1.32
HX-DLC-I-1 17.76 **FLNA
NS-DLC-I-1 12.48 **FLNA
LLC 20.07 -11.41
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Table 4-10 - continued

HP-DLC-I-1 26.64 0.00

HP-DLC-1-2 26.64 0.00
HP-DLC-1-1/2 26.64 0.00
HP-DLC-1-1/3 26.4 -0.91
HP-DLC-1-1/4 26.16 -1.83

QP-DLC-I-1 29.52 0.00

QP-DLC-1-2 29.04 -1.65
QP-DLC-I-1/2 28.35 4.13
QP-DLC-I-1/3 28.12 -4.98
QP-DLC-I-1/4 28.56 -3.36

Note:

* Refer Figure 4-1 for test designation.

** FLNA = Full load not achieved.
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Table 4-11 Double bolted shear surface model (SM-2B-1-1/2) Casel

Energy dissipation Percentage difference
Load cases (kip-in) (%)
DLC I-1 88.56 0.00
DLC I-2 88.08 -0.54
DLCI-1/2 92.88 4.65
DLC I-1/3 88.08 -0.54
DLCI-1/4 91.68 3.40
DLC 1I-2- 1- %2 -1/3- Y4 81.84 0.00
DLCII- -2 -1-%-1/3 86.4 5.28
DLC II- 1/3- V4 -2- 1- ' 81.84 0.00
DLCI-'%-1/3-%4-2-1 78.96 -3.65
DLCII-1-%-1/3-"%-2 82.8 1.16
DLC III- 2- 1- 2 -1/3- Y4 84.48 0.00
DLC - Y4 -2 -1- 5 - 1/3 84.24 -0.28
DLC III- 1/3-'-2-1- 84 -0.57
DLCI-"-1/3-"%-2-1 84.24 -0.28
DLCII- 1-%-1/3-%-2 84 -0.57
DLCIV-2-1-"-1/3-" 83.04 0.00
DLCIV-Y%-2-1--1/3 88.08 5.72
DLCIV- 1/3-%-2-1-% 87.6 5.21
DLCIV-'"%-1/3-"-2-1 90.24 7.98
DLCIV- 1-%-1/3-V-2 93.36 11.05
DLC V-2-1-'%-1/3-Y4 90.72 0.00
DLCV-Y-2-1--1/3 87.6 -3.56
DLC V- 1/3-V4-2-1- 93.36 2.83
DLCV-"%-1/3-Y-2-1 85.44 -6.18
DLCV- 1-%-1/3-Y%-2 85.44 -6.18
HX-DLC-I-1 23.52 *FFLNA
NS-DLC-I-1 29.04 *HFLNA
LLC 84.24 -5.13
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Table 4-11 - continued

HP-DLC-I-1 62.4 0.00
HP-DLC-I-2 63.6 1.89
HP-DLC-1-1/2 61.44 -1.56
HP-DLC-I-1/3 62.88 0.76
HP-DLC-I-1/4 61.92 -0.78
QP-DLC-I-1 46.08 0.00
QP-DLC-I-2 44.4 -3.78
QP-DLC-I-1/2 46.8 1.54
QP-DLC-I-1/3 43.92 -4.92
QP-DLC-I-1/4 46.32 0.52

Note:
[ ]

* Refer Figure 4-1 for test designation.

** FLNA = Full load not achieved.
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Table 4-12 Double bolted shear surface model (SM-2B-1/4-1) Case 2

Energy Dissipation | Percentage difference
Load cases (kip-in) (%)
DLC I-1 73.68 0.00
DLC I-2 74.16 0.65
DLCI-1/2 74.16 0.65
DLC I-1/3 73.68 0.00
DLCI-1/4 74.64 1.29
DLC I1-2- 1- 2 -1/3- Y% 72.72 0.00
DLCII- Y% -2 -1--1/3 69.36 -4.84
DLC II- 1/3- V4 -2- 1- ' 71.52 -1.68
DLCI-'%-1/3-%4-2-1 72.48 -0.33
DLCII-1-%-1/3-"%-2 74.4 2.26
DLC III- 2- 1- 2 -1/3- Y4 73.68 0.00
DLC - %4 -2 -1- %2 - 1/3 73.92 0.32
DLCIII- 1/3-'4-2-1-% 74.64 1.29
DLCI-"-1/3-"%-2-1 74.16 0.65
DLCII- 1-%-1/3-%-2 73.2 -0.66
DLCIV-2-1-"%-1/3-Y 80.16 0.00
DLCIV-%-2-1-%-1/3 75.12 -6.71
DLCIV- 1/3- % -2-1- % 74.4 -7.74
DLCIV-'%-1/3-Y-2-1 80.16 0.00
DLCIV- 1-%-1/3--2 75.6 -6.03
DLC V-2-1-'%-1/3-Y 80.4 0.00
DLC V-"-2-1-%-1/3 75.6 -6.35
DLC V- 1/3-'4-2-1- 73.92 -8.77
DLCV-"%-1/3-Y-2-1 75.84 -6.01
DLCV- 1-%-1/3-"%-2 74.4 -8.06
HX-DLC-I-1 24.24 *FFLNA
NS-DLC-I-1 19.2 *HFLNA
LLC 68.4 -7.72
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Table 4-12 - continued

HP-DLC-I-1 51.6 0.00
HP-DLC-I-2 50.16 -2.87
HP-DLC-1-1/2 48.96 -5.39
HP-DLC-I-1/3 51.36 -0.47
HP-DLC-I-1/4 52.8 227
QP-DLC-I-1 37.2 0.00
QP-DLC-I-2 43.44 14.36
QP-DLC-I-1/2 37.92 1.90
QP-DLC-I-1/3 38.4 3.13
QP-DLC-I-1/4 42 11.43

Note:

e * Refer Figure 4-1 for test designation.

e ** FLNA = Full load not achieved.
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Table 4-13 Double bolted shear surface model (SM-2B-1-1) Case 3

Energy Dissipation Percentage difference

Load cases (kip-in) (%)

DLC I-1 35.04 0.00

DLC I-2 33.84 -3.55
DLCI-1/2 31.68 -10.61

DLC I-1/3 32.64 -7.35
DLCI-1/4 34.56 -1.39

DLC I1-2- 1- 52 -1/3- Y 37.92 0.00
DLCII- % -2 -1--1/3 35.28 -7.48
DLC II- 1/3- Y4 -2- 1- 2 32.64 -16.18
DLCII--1/3-" -2 - 1 37.92 0.00
DLCI-1-'%-1/3-Y - 31.68 -19.70
DLC III- 2- 1- Y5 -1/3- % 34.32 0.00
DLC III- Y4 -2 -1- %2 - 1/3 31.68 -8.33
DLC - 1/3-'4-2-1-% 34.32 0.00
DLCII- ' -1/3-Y,-2 - 1 33.36 -2.88
DLCI- 1-%-1/3 - Y- 33.6 -2.14
DLCIV-2-1-"-1/3- % 33.84 0.00
DLCIV-Y-2-1--1/3 32.4 -4.44
DLC IV- 1/3- %4 -2- 1 s 34.32 1.40
DLCIV-'"%-1/3-Y-2-1 34.32 1.40
DLCIV- 1-% - 1/3-%-2 33.12 -2.17
DLC V-2-1-'%-1/3-Y 34.8 0.00
DLC V-"-2-1-%-1/3 34.32 -1.40
DLC V- 1/3- " -2- 1 5 34.32 -1.40
DLCV-'%-1/3-"%-2-1 33.84 -2.84
DLC V- 1-%-1/3 -%-2 34.32 -1.40

HX-DLC-I-1 29.28 **FLNA
NS-DLC-I-1 24.24 **FLNA
LLC 32.05 -9.33
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Table 4-13 - continued

HP-DLC-I-1 40.56 0.00
HP-DLC-I-2 41.52 2.31
HP-DLC-I-1/2 40.08 -1.20
HP-DLC-I-1/3 40.56 0.00
HP-DLC-I-1/4 38.16 -6.29
QP-DLC-I-1 49.44 0.00
QP-DLC-I-2 49.68 0.48
QP-DLC-I-1/2 49.92 0.96
QP-DLC-I-1/3 48.24 -2.49
QP-DLC-I-1/4 49.92 0.96

Note:

e * Refer Figure 4-1 for test designation.

e ** FLNA = Full load not achieved.
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Table 4-14 Tee-hanger model (T-1-1/2-1'%) Casel

Energy Dissipation | Percentage difference
Load cases (kip-in) (%)
DLC I-1 204 0.00
DLC I-2 183.36 -11.26
DLCI-1/2 171.12 -19.21
DLC I-1/3 204.48 0.23
DLCI-1/4 183.6 -11.11
DLC I1-2- 1- 2 -1/3- Y% 212.16 0.00
DLCII- % -2 -1--1/3 199.68 -6.25
DLC II- 1/3- V4 -2- 1- ' 196.56 -7.94
DLCI-'%-1/3-%4-2-1 199.44 -6.38
DLCII-1-%-1/3-"%-2 212.64 0.23
DLC III- 2- 1- 2 -1/3- Y4 194.64 0.00
DLC - %4 -2 -1- %2 - 1/3 198 1.70
DLCIII- 1/3-'4-2-1-% 194.16 -0.25
DLCI-"-1/3-"%-2-1 198 1.70
DLCII- 1-%-1/3-%-2 198.24 1.82
DLCIV-2-1-"%-1/3-Y 201.84 0.00
DLCIV-%-2-1-%-1/3 201.84 0.00
DLCIV- 1/3- % -2-1- % 197.04 -2.44
DLCIV-'%-1/3-Y-2-1 198.24 -1.82
DLCIV- 1-%-1/3--2 201.6 -0.12
DLC V-2-1-'%-1/3-Y 202.08 0.00
DLC V-"-2-1-%-1/3 199.92 -1.08
DLC V- 1/3-'4-2-1- 200.88 -0.60
DLCV-"%-1/3-Y-2-1 202.32 0.12
DLCV- 1-%-1/3-"%-2 201.84 -0.12
HX-DLC-I-1 109.44 *HFLNA
NS-DLC-I-1 28.8 *HFLNA
LLC 178.32 -14.40
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Table 4-14 - Continued

Note:

HP-DLC-I-1 187.92 0.00

HP-DLC-1-2 183.12 .62
HP-DLC-I-1/2 185.52 -1.29
HP-DLC-I-1/3 187.92 0.00
HP-DLC-I-1/4 185.76 -1.16

QP-DLC-I-1 96.72 0.00

QP-DLC-I-2 87.36 -10.71
QP-DLC-I-1/2 97.44 0.74
QP-DLC-I-1/3 89.28 -8.33
QP-DLC-I-1/4 94.08 .81

* Refer Figure 4-1 for test designation.

** FLNA = Full load not achieved.
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Table 4-15 Tee-hanger model (T-1-1-2%) Case 2

Energy Dissipation Percentage Difference
Load cases (kip-in) (%)
DLC I-1 102.48 0.00
DLC I-2 100.56 -1.91
DLCI-1/2 90.96 -12.66
DLCI-1/3 101.76 -0.71
DLCI-1/4 93.6 -9.49
DLC II-2- 1- %2 -1/3- Y4 98.88 0.00
DLCII- % -2 -1--1/3 101.76 2.83
DLC II- 1/3- Y4 -2- 1- 100.32 1.44
DLCII-2-1/3-%-2-1 101.52 2.60
DLCII-1-%-1/3-"-2 100.56 1.67
DLC III- 2- 1- Y42 -1/3- Y4 96.24 0.00
DLC - %4 -2 -1- %2 - 1/3 94.8 -1.52
DLCIII- 1/3-V4-2-1-% 91.92 -4.70
DLCI-"-1/3-"%-2-1 97.68 1.47
DLCII- 1-%-1/3-%-2 97.68 1.47
DLC IV-2-1--1/3-Y 89.28 0.00
DLCIV-Y-2-1-%-1/3 90.72 1.59
DLC IV- 1/3-%-2-1-% 90.24 1.06
DLCIV-'"%-1/3-"-2-1 90 0.80
DLCIV- 1-%-1/3-%-2 90.24 1.06
DLC V-2-1-%-1/3-Y, 95.04 0.00
DLC V- -2-1-%-1/3 85.44 -11.24
DLC V- 1/3-V4-2-1-' 95.04 0.00
DLCV-"%-1/3-Y4-2-1 93.36 -1.80
DLCV- 1-%-1/3-"%-2 91.68 -3.66
HX-DLC-I-1 47.28 **FLNA
NS-DLC-I-1 51.12 **FLNA
LLC 96 -6.75
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Table 4-15 - continued

HP-DLC-I-1 78.24 0.00

HP-DLC-I-2 78.96 0.91
HP-DLC-I-1/2 79.44 1.51
HP-DLC-I-1/3 76.8 -1.87
HP-DLC-I-1/4 80.16 2.40

QP-DLC-I-1 57.36 0.00

QP-DLC-I-2 60.96 5.91
QP-DLC-I-1/2 59.52 3.63
QP-DLC-I-1/3 57.12 -0.42
QP-DLC-I-1/4 56.4 -1.70

Note:

* Refer Figure 4-1 for test designation.

** FLNA = Full load not achieved.
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Table 4-16 Tee — hanger model (T-1/2-1/2-1) Case 3

Energy dissipation

Percentage difference

Load cases (Kip-in) (%)
DLC I-1 138.96 0.00
DLC I-2 133.92 -3.76
DLC I-1/2 139.44 0.34
DLC I-1/3 134.4 -3.39
DLC I-1/4 141.84 2.03
DLC II-2- 1- %2 -1/3- Y4 137.28 0.00
DLC II- %4 -2 -1- %2 - 1/3 141.36 2.89
DLC II- 1/3- V4 -2- 1- % 136.08 -0.88
DLCII-'-1/3-Y4-2-1 134.88 -1.78
DLCII-1-%-1/3-Y-2 141.6 3.05
DLC III- 2- 1- %2 -1/3- Y4 133.92 0.00
DLC III- Y4 -2 -1- %5 - 1/3 134.88 0.71
DLC III- 1/3- Y% -2-1-" 139.2 3.79
DLCII- Y% -1/3-%-2-1 135.12 0.89
DLCII- 1-%-1/3-Y%-2 142.08 5.74
DLCIV-2-1-'%-1/3-Y 139.2 0.00
DLCIV-%-2-1-%-1/3 140.64 1.02
DLCIV- 1/3-%-2-1-" 142.08 2.03
DLCIV-%-1/3-Y-2-1 134.88 -3.20
DLCIV- 1-%-1/3-Y-2 141.84 1.86
DLC V-2-1-%-1/3-% 134.4 0.00
DLC V-%-2-1-%-1/3 134.88 0.36
DLC V- 1/3-%-2-1-'% 138.96 3.28
DLC V- -1/3-Y-2-1 134.4 0.00
DLCV- 1-%-1/3-Y-2 141.6 5.08
HX-DLC-I-1 55.2 **FLNA
NS-DLC-I-1 42.96 **FLNA
LLC 129.89 -6.98
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Table 4-16 - continued

HP-DLC-I-1 114 0.00
HP-DLC-I-2 114 0.00
HP-DLC-1-1/2 112.8 -1.06
HP-DLC-I-1/3 113.28 -0.64
HP-DLC-I-1/4 113.52 -0.42
QP-DLC-I-1 103.68 0.00
QP-DLC-I-2 105.84 2.04
QP-DLC-I-1/2 105.6 1.82
QP-DLC-I-1/3 103.2 -0.47
QP-DLC-I-1/4 106.08 2.26

Note:

* Refer Figure 4-1 for test designation.

** FLNA = Full load not achieved.
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Table 4-17 Extended end-plate connection model (EEP-1/2-1) Case 1

Energy Dissipation Percentage
Load cases (Kip-in-rad) Difference (%)
DLCI- 1 71.8 0.00
DLCII- -2 -1-%-1/3 67.34 -6.62
DLCIV-Y%-2-1-%4-1/3 79.35 9.51
LLC 35.7 -101.12
HP-DLCI- 1 30.04 -139.01
QP-DLCI-1 24.99 **FLNA

Note:

e * Refer Figure 4-1 for test designation.

e ** F] NA = Full load not achieved.

Table 4-18 Extended end-plate connection model (EEP-1/2-1/2) Case 2

Energy Dissipation Percentage Difference
Load cases (kip-in-rad) (%)

DLC I- 1 46.17 0.00
DLCII- % -2 -1- 2 -1/3 41.35 -11.66
DLCIV-"-2-1-%-1/3 49.37 6.48

LLC 32.62 -41.54
HP-DLCI- 1 30.55 -51.13
QP-DLCI-1 13.84 **FLNA
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CHAPTER 5

CONCLUSION

3.1 Summary

This study developed 25 cyclic displacement control loading histories by utilizing
AISC Seismic Provisions 2005 as the baseline and the guideline. The research conducted

is presented in five chapters as follows:

Chapter 1 explain and maps the complete literature review on the loading

histories, studies related to end-plate connections, and finite element modeling.

Chapter 2 presents the methods adopted for developing the 25 different
displacement loading histories, which are based on the displacement loading history
suggested by the AISC Seismic Provision 2005. All loading cases are derived from two
basic curved and linear profiles from which five loading sets are derived which yield to

25 load cases.

Chapter 3 presents the finite element models of four connecting surfaces used in
this study. The models consist of welded shear surface model, single and double bolted

shear surface model, tee — hanger model, and extended end-plate connection model.
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Various aspects of the modeling process were studied in this chapter. Finite element
model development process consisted of bolt pretension, contact properties, boundary

conditions, model verification, and model symmetry.

Chapter 4 presents the parametric study, in which force related and geometric
variable to obtain the parametric case. The thirteen different FEM model cases were
subjected to the 25 displacement control loading histories developed in Chapter 2. The
energy dissipation response of each connection assembly was obtained by calculating the
area under the outer loop of the hysteresis loop for each connection. In addition different

element types and contact algorithm were studied during the parametric study.

5.2 Results and discussion

All the results in this study were represented in the form of energy dissipated by

the connection model under different scenarios.

5.2.1. Welded shear surface models

5.2.1.1 Welded shear surface model Case 1

In welded shear surface model, (t, = '2 in), it is observed that all the models are
showing uniform energy dissipation under different loading sets. All the results were
compared with the first case of each respective set. In Set I, the maximum percentage
difference was observed in loading case DLC I- 2 of 3.63% when compared to the DLC
I- 1. At the same time, DLC I- 1/4 case showed the minimum difference in energy

dissipation with -0.4%. In Set II, the maximum percentage difference in energy
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dissipation was observed in Case DLC II- 1/3- %4 -2- 1- 2 to be -2.68%, and its minimum
value was -0.37% for DLC II- % -2 -1- %2 - 1/3. Similarly for Set III, the maximum
difference of 0.97% for DLC III- 1/3- V4 -2- 1- 2 and the minimum difference 0.19% for
DLC HUI- 1- % - 1/3 — V4 - 2 were observed. DLC IV- % - 1/3- V4 - 2 - 1 showed the
maximum percentage difference in energy dissipation of -9.41% and the minimum
observed as 0.74% in the DLC IV- % -2 -1- % - 1/3. In cases of Set V, the maximum and
minimum percentage difference in energy dissipation was observed in DLC V- ' - 1/3-
Ya -2 -1 of -2.29% and DLC V- % -2 -1- %5 - 1/3 -0.19%, respectively. No specific

pattern was observed in the above results.

5.2.1.2 Welded shear surface model Case 2

The welded shear surface model (t, = lin) also showed fairly uniform energy
dissipation. The minimum percentage difference in energy dissipation in Set I was -
0.82% under the DLC I- 2. Loading Case DLC I- 1/3 showed the maximum difference in
the energy dissipation of -2.94%. DLC I- 1/4 showed a perfect agreement with DLC I- 1
case which is considered as reference. In Set II, the maximum percentage difference in
energy dissipation value was observed as 5.93% and the minimum value was -0.85% in
the DLC II- %4 -2 -1- 2 - 1/3 and DLC II- 1- 2 - 1/3 — 4 - 2, respectively. DLC III -V -
2 -1- 2 - 1/3 shows the maximum percentage difference in energy dissipation of -
12.78% and the minimum observed value was -7.11% in DLC III- 1- %2 - 1/3 — % - 2 in
Set III. Similarly, for Set IV, maximum of -10.67% for DLC IV- % -2 -1- 2 - 1/3 and

minimum of 0.8% in DLC IV- 1- % - 1/3 — V4 - 2 percentage difference in energy
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dissipation was observed. In the case of Set V, the maximum and minimum percentage
difference in energy dissipation was observed in DLC V- Y4 -2 -1- %2 - 1/3 and DLC V- 1-

%2 - 1/3 — Y4 - 2 with calculated value of 7.25% and -1.62% respectively.

5.2.2 Single bolted shear surface models

5.2.2.1 Single bolted shear surface model Case 1

In single bolted shear surface model ( by = 2 in, t, = 1 in) in Set I, the maximum
percentage difference of -3.13% was observed in the loading case DLC I- 1/2 when
compared to the DLC I- 1. At the same time, DLC I- 1/4 case showed the minimum
difference in energy dissipation with -0.51%. The average difference in energy
dissipation for all the load cases of Set I was observed as -1.42%. In Set II, the maximum
percentage difference in energy dissipation of -2.02% was observed in the Case DLC II-
1- % - 1/3 — % - 2 and the minimum value of -0.51% was calculated for DLC II- 1/3- V4 -
2- 1- . Set 1l showed the average difference in energy dissipation of 1.26%. For Set III,
the maximum of -3.35% for DLC III- % -2 -1- 42 - 1/3 and the minimum of -0.54% in
DLC III- 1- % - 1/3 — % - 2 percentage difference in energy dissipation was observed.
DLC HI- ' - 1/3- Y4 - 2 - 1 showed a complete agreement with the DLC III- 2- 1- 2 -1/3-
. In Set 111, the average difference in energy dissipation was -1.385%. DLC IV- % -
1/3- % - 2 - 1 showed the maximum percentage difference in energy dissipation of -
5.79% and the minimum observed as 0.5% in DLC IV- % -2 -1- %2 - 1/3 in Set IV. The
average difference in energy dissipation for this set was -2.11%. In case of Set V, the

maximum and minimum percentage difference in energy dissipation was observed in
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DLC V-5 of -3.57% and DLC V- % -2 -1- 2 - 1/3 -1.93% respectively. The Average

difference in energy dissipation was -0.42% in Set V.

In half pretension, Case DLC I- 1/2 showed the maximum difference in energy
dissipation of 1.64% and the minimum of -0.56% for Cases DLC I- 1/3 and DLC I- 1/4.
The average difference in energy dissipation was 0.41%. In quarter pretension, Case
DLC I- 1/2 showed the maximum of difference in energy dissipation of 1.19% and the
minimum difference in energy dissipation was observed in Case DLC I- 1/4 of 0.48%.

The average difference in energy dissipation was observed as -0.29%.

5.2.2.2 Single bolted shear surface model Case 2

In single bolted shear surface model (bg = 1 in, t, = 4 in) in Set I, the maximum
percentage difference was observed in loading case DLC I- 1/3 of 5.77% when compared
to the DLC I- 1. At the same time, DLC I- 1/4 case showed the minimum difference in
energy dissipation with the value of -1.03%. The average difference in energy dissipation
was observed as 2.06%. In Set II, the maximum percentage difference in energy
dissipation was observed in case DLC II- 1- 2 - 1/3 — % - 2 to be 2.47% and the
minimum value of -0.02% for DLC II- 1/3- % -2- 1- ' was recorded. Set II showed
average difference in energy dissipation was -0.7%. In Set III, the maximum of -8.25%
for DLC III- % -2 -1- %2 - 1/3 and the minimum of -2.44% in DLC III- %% - 1/3- V4 -2 - 1
percentage difference in energy dissipation was observed. In Set III, the average
difference in energy dissipation was -4.91%. DLC IV- % -2 -1- /2 - 1/3 showed the

maximum percentage difference in energy dissipation of -2.97% and the minimum
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observed as-1.96% in DLC IV- % -2 -1- /2 - 1/3 in Set IV. The average difference in
energy dissipation was 2.59%. In case of Set V, the maximum and minimum percentage
difference in energy dissipation was observed in DLC V- % -2 -1- %2 - 1/3 of 3.35% and
DLC V- 1/3- V4 -2- 1- > of 0.98% respectively. The Average difference in energy

dissipation was 2.75% in Set V.

In half pretension, Case DLC I- 2 the maximum difference in energy dissipation
of 1.61% and the minimum of -1.2% for Cases DLC I- % was recorded. The average
difference in energy dissipation was -1.31%. In quarter pretension, Case DLC I- 1/2
showed the maximum of difference in energy dissipation of -2.55% and the minimum
difference in energy dissipation was observed in Case DLC I- 2 to be -0.36%. The

average difference in the energy dissipation value was -1.18%.

5.2.2.3 Single bolted shear surface model Case 3

In single bolted shear surface model (bg = 1 in, t, = 1 in) in Set I, the maximum
percentage difference was observed in loading Case DLC I- 1/3 of -8.33% when
compared to the DLC I- 1. At the same time, DLC I- 1/2 case showed the minimum
difference in energy dissipation with the value of -1.27%. The average difference in
energy dissipation was observed as -4.17%. In Set II, the maximum percentage
difference in the energy dissipation was observed in case DLC II- %2 - 1/3- 4 - 2 - 1 of
2.35% and the minimum value of -1.22% for DLC II- % -2 -1- ' - 1/3. Set II showed
average difference in the energy dissipation of -0.02%. In Set III, the maximum value of -

4.00% for DLC III- ¥ -2 -1- % - 1/3 and the minimum value of 1.27% in DLC III- 1/3- Y
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-2- 1- 2 was observed. In Set III average difference in the energy dissipation was -0.37%.
DLC IV- % -2 -1- 2 - 1/3 showed the maximum percentage difference in the energy
dissipation of -2.47% and the minimum value observed as-1.96% in DLC IV- 2 - 1/3- %
-2 -11n Set IV. The average difference in energy dissipation was -2.37%. In case of Set
V, the maximum and minimum percentage difference in energy dissipation was observed
in DLC V- % -2 -1- % - 1/3 and DLC V- 1/3- Y4 -2- 1- % of 1.32% and 0.98%

respectively. The Average difference in the energy dissipation was -0.91% in Set V.

In half pretension, Case DLC I- 1/4 showed the maximum difference in energy
dissipation of -1.83% and the minimum of -0.91% for Cases DLC I- 1/3. The average
difference in energy dissipation was -1.37%. In quarter pretension, Case DLC I- 1/3
showed the maximum of difference in energy dissipation of -4.98% and the minimum
difference in energy dissipation was observed in Case DLC I- 2 of -1.65%. The average

difference in the energy dissipation was observed as -3.52%.

5.2.3 Double bolted shear surface model

5.2.3.1 Double bolted shear surface model Casel

In double bolted shear surface model (bg = ’2 in, t, = 1) in Set I, the maximum
percentage difference was observed in loading Case DLC I- 1/2 of value 4.65% when
compared to the DLC I- 1. At the same time, DLC I- 1/3 showed the minimum difference
in energy dissipation with value of -0.54%. The average difference in the energy
dissipation was observed as -1.74%. In Set II, the maximum percentage difference in

energy dissipation was observed in case DLC II- % -2 -1- %2 - 1/3 of 5.28% and the

113



minimum of -1.16% for DLC II- 5. Set II showed average difference in the energy
dissipation was 0.7%. Similarly for Set III, the maximum value of 0.57% for DLC III-
1/3- % -2- 1- %2 and the minimum value 0f-0.28% in DLC III- 52 - 1/3- % - 2 - 1
percentage difference in energy dissipation was observed. In Set III average difference in
the energy dissipation was -0.43%. DLC IV- 1- % - 1/3 — % - 2 showed the maximum
percentage difference in energy dissipation of value -11.05% and the minimum observed
as 5.21% in DLC IV- 1/3- V4 -2- 1- 2 in Set IV. The average difference in the energy
dissipation was 7.49%. In case of Set V, the maximum and minimum percentage
difference in the energy dissipation was observed in DLC V- 1- 2 - 1/3 — %4 - 2 of -6.18
% and DLC V- 1/3- %4 -2- 1- > of 2.83% respectively. The Average difference in energy

dissipation was -3.28% in Set V.

In half pretension, Case DLC I- 2 showed the maximum difference in energy
dissipation of value -1.89% and the minimum of value -0.76% for cases DLC I- 1/3. The
average difference in energy dissipation was -0.08%. In quarter pretension, Case DLC I-
1/3 showed the maximum of difference in energy dissipation of -4.92% and the minimum
difference in energy dissipation was observed in Case DLC I- 1/4 of 0.52%. The average

difference in energy dissipation was observed as -1.66%.

5.2.3.2 Double bolted shear surface model Case 2

In double bolted shear surface model (bg = 1 in, t, = %4 in) in Set I, the maximum
percentage difference was observed in loading case DLC I- 1/4 of value 1.29% when

compared to the DLC I- 1. At the same time, DLC I- 2 case showed the minimum

114



difference in energy dissipation with value of 0.65%. The average difference in energy
dissipation was observed as 0.65%. In Set II, the maximum percentage difference in
energy dissipation was observed in case DLC II- % -2 -1- %4 - 1/3 value of -4.84% and the
minimum value of -0.33% for DLC II- 1/3- %4 -2- 1- %. Set Il showed average difference
in the energy dissipation was -1.15%. Similarly for Set III, the maximum value of 1.29%
for DLC III- 1/3- % -2- 1- %2 and the minimum value of 0.32% in DLC III- % -2 -1- % -
1/3 percentage difference in the energy dissipation were observed. In Set III average
difference in the energy dissipation was 0.4%. DLC IV- 1/3- % -2- 1- /2 showed the
maximum percentage difference in energy dissipation of 7.74% and the minimum
observed as -6.03% in DLC IV- 1- %2 - 1/3 — %4 - 2 in Set IV. The average difference in
energy dissipation was 7.29%. In case of Set V, the maximum and minimum percentage
difference in the energy dissipation was observed in DLC V- 1/3- 4 -2- 1- 5 of value -
8.77 % and DLC V- ', - 1/3- Y4 - 2 - 1 of -6.01% respectively. The Average difference in

energy dissipation was -7.29% in Set V.

In half pretension, Case DLC I- 1/2 showed the maximum difference in energy
dissipation value of -5.39% and the minimum value of -0.47% for cases DLC I- 1/3. The
average difference in energy dissipation was -1.62%. In quarter pretension, Case DLC I-
2 showed the maximum of difference in energy dissipation of -14.36% and the minimum
difference in energy dissipation was observed in Case DLC I- 1/2 value of 1.90%. The

average difference in energy dissipation was observed as 7.70%.
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5.2.3.3 Double bolted shear surface model Case 3

In double bolted shear surface model (bg = 1 in, t, = 1 in) in Set I, the maximum
percentage difference was observed in loading Case DLC I- 1/2 of 10.61% when
compared to the DLC I- 1. At the same time, DLC I- 1/4 case showed the minimum
difference in the energy dissipation with value of -1.39%. The average difference in
energy dissipation was observed as -5.37%. In Set II, the maximum percentage
difference in energy dissipation was observed in Case DLC II- 1/3- 4 -2- 1- 5 of -
16.18% and the minimum value of -7.48% for DLC II- % -2 -1- 2 - 1/3. Set II showed
average difference in the energy dissipation was -10.48%. Similarly for Set III, the
maximum value of -8.33% for DLC III- % -2 -1- 52 - 1/3 and the minimum value of -
2.14% in DLC III- 1- %2 - 1/3 — Y4 - 2 percentage difference in energy dissipation were
observed. In Set III average difference in energy dissipation was -3.34%. DLC IV- % -2
-1- 2 - 1/3 showed the maximum percentage difference in energy dissipation value of -
4.44% and the minimum value observed as 1.40% in DLC IV- % - 1/3- %4 - 2 - 1 in Set
IV. The average difference in energy dissipation was of -0.95%. In case of Set V, the
maximum and minimum percentage difference in energy dissipation was observed in
DLC V- -1/3-Y4a-2-10f-2.84 % and DLC V- %4 -2 -1- 4 - 1/3 of -1.4% respectively.

The Average difference in energy dissipation was -0.95% in Set V.

In half pretension, Case DLC I- 1/3 showed the maximum difference in energy
dissipation of -6.29% and the minimum of -1.20% for cases DLC I- 1/2. The average

difference in energy dissipation was -1.3%. In quarter pretension, Case DLC I- 1/3
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showed the maximum of difference in energy dissipation of -2.49% and the minimum
difference in energy dissipation was observed in Case DLC I- 2 of 0.48%. The average

difference in energy dissipation was observed as -0.03%.

5.2.4 Tee- hanger models

5.2.4.1 Tee-hanger model Case 1

In tee - hanger model ( bg = Y2 in, tr=11in, g = 1 %2 in) in Set I, the maximum
percentage difference was observed in loading Case DLC I- 1/2 of value 19.21% when
compared to the DLC I- 1. At the same time, DLC I- 1/3 case showed the minimum
difference in energy dissipation with value of 0.23%. The average difference in the
energy dissipation was observed as -10.34%. In Set II, the maximum percentage
difference in energy dissipation was observed in case DLC II- 1/3- 4 -2- 1- % of value -
7.94% and the minimum value of -0.23% for DLC II- 1- 2 - 1/3 — 4 - 2. Set 11 showed
average difference in energy dissipation was -5.09%. Similarly for Set III, the maximum
of 1.82% for DLC III- 1- 2 - 1/3 — % - 2 and the minimum of -0.25% in DLC III- 1/3- %
-2- 1- '» percentage difference in energy dissipation were observed. In Set III average
difference in the energy dissipation was 1.24%. DLC IV- 1/3- Y4 -2- 1- 2 showed the
maximum percentage difference in the energy dissipation of -2.44% and the minimum
value observed as -0.12% in DLC IV- 1- %2 - 1/3 — % - 2 in Set IV. The average
difference in the energy dissipation was -1.1%. In case of Set V, the maximum and

minimum percentage difference in energy dissipation was observed in DLC V- V4 -2 -1-
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%2 - 1/3 and DLC V- % - 1/3- V4 -2 - 1 of -1.08 % and 0.12% respectively. The Average

difference in energy dissipation was of value -0.42% in Set V.

In half pretension, Case DLC I- 2 showed the maximum difference in energy
dissipation of -2.62% and the minimum value of -1.16% for cases DLC I- 1/4. The
average difference in energy dissipation was of value -1.27%. In quarter pretension, Case
DLC I- 2 showed the maximum of difference in energy dissipation of value -10.71% and
the minimum difference in energy dissipation was observed in Case DLC I- 1/2 of value

0.74%. The average difference in energy dissipation was observed as -5.28%.

5.2.4.2 Tee-hanger model Case 2

In tee - hanger model (bg =1 in, ty=11in, g =2 % 1in) in Set [, the maximum
percentage difference was observed in loading case DLC I- 1/2 of value -12.66% when
compared to the DLC I- 1. At the same time, DLC I- 1/3 case showed the minimum
difference in energy dissipation with value of -0.71%. The average difference in energy
dissipation was observed as -6.19%. In Set II, the maximum percentage difference in
energy dissipation was observed in case DLC II- % -2 -1- 5 - 1/3 of value 2.83% and the
minimum value of 1.44% for DLC II- 1/3- % -2- 1- 4. Set Il showed average difference
in the energy dissipation was 2.14%. Similarly for Set III, the maximum of -4.70% for
DLC MII- 1/3- % -2- 1- 2 and the minimum of 1.47% in DLC III- 1- %2 - 1/3 — %4 - 2
percentage difference in energy dissipation were observed. In Set III average difference
in energy dissipation was of value -0.82%. DLC IV- % -2 -1- 2 - 1/3 showed the

maximum percentage difference in energy dissipation of 1.59% and the minimum
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observed as 0.8% in DLC IV- 1- %2 - 1/3 — V4 - 2 in Set IV. The average difference in
energy dissipation was of value -1.13%. In case of Set V, the maximum and minimum
percentage difference in energy dissipation was observed in DLC V- % -2 -1- %; - 1/and
DLC V- % - 1/3- % - 2 - 1 of value -11.24 % and -1.8% respectively. The Average

difference in energy dissipation was 4.18% in Set V.

In half pretension, Case DLC I- 1/4 showed the maximum difference in energy
dissipation of 2.4% and the minimum of 0.91% for Cases DLC I- 2. The average
difference in energy dissipation was 0.74%. In quarter pretension, Case DLC I- 2
showed the maximum of difference in energy dissipation of 5.91% and the minimum
difference in energy dissipation was observed in Case DLC I- 1/3 of -0.42%. The average

difference in energy dissipation was observed as 1.86%.

5.2.4.3 Tee-hanger model Case 3

In tee - hanger model (bg = %2 in, tr = %2 in, g = 1 in) in Set I, the maximum
percentage difference was observed in loading Case DLC I- 2 of -3.76% when compared
to the DLC I- 1. At the same time, DLC I- 1/2 case showed the minimum difference in
energy dissipation with value of 0.34%. The average difference in energy dissipation was
observed as -1.18%. In Set II, the maximum percentage difference in energy dissipation
was observed in case DLC II- 1- % - 1/3 — % - 2 of value 3.05% and the minimum value
of -0.88% for DLC II- 1/3- % -2- 1- 4. Set II showed average difference in energy
dissipation was 0.82%. Similarly for Set III, the maximum of 5.74% for DLC III- 1- % -

1/3 — V4 - 2 and the minimum value of 0.71% in DLC III- % -2 -1- 4 - 1/3 percentage
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difference in energy dissipation were observed. In Set III average difference in the energy
dissipation was 2.78%. DLC IV- ' - 1/3- V4 - 2 - 1 showed the maximum percentage
difference in energy dissipation of -3.20% and the minimum observed as 1.02% in DLC
IV-Y4 -2 -1- % - 1/3 in Set IV. The average difference in energy dissipation was 0.43%.
In case of Set V, the maximum and minimum percentage difference in energy dissipation
was observed in DLC V- 1- - 1/3 -V -2 and DLC V- 4 -2 -1- 2 - 1/3 0of 5.08% and
0.36% respectively. The Average difference in the energy dissipation was 2.18% in Set

V.

In half pretension, Case DLC I- 1/2 showed the maximum difference in energy
dissipation of -1.06% and the minimum of -0.42% for Cases DLC I- 1/4. The average
difference in energy dissipation was -0.53%. In quarter pretension, Case DLC I- 1/4
showed the maximum of difference in energy dissipation of 2.26% and the minimum
difference in energy dissipation was observed in Case DLC I- 1/3 of -0.47%. The average

difference in energy dissipation was observed as 1.41%.

5.2.5 Extended end-plate connection model

5.2.5.1 Extended end-plate connection model Case 1

In extended end-plate connection (bg = 1 in, t. = %2 in) DLC I- 1 was considered as
reference for comparison. It is observed that DLC II- %4 -2 -1- %5 - 1/3 showed the
difference in the energy dissipation of -6.62%. At the same time DLC IV- % -2 -1- % -
1/3 Showed 9.51% difference in energy Dissipation. When half pretension model with

loading of DLC I- 1 was compared with full pretension DLC I- 1 showed difference of -
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101.12%. Similarly for quarter pretension, the difference in energy dissipation was -

139.01%.

5.2.5.2 Extended end-plate connection model Case 2

Similarly in extended end-plate connection (by = % in, t. = % in), DLC I- 1 was
considered as reference for comparison. It is observed that DLC II- %4 -2 -1- 72 - 1/3
showed the difference in energy dissipation of -11.66%. At the same time DLC IV- % -2
-1- %2 - 1/3 Showed 6.48% difference in energy Dissipation. When half pretension model
with loading of DLC I- 1 was compared with full pretension DLC I- 1 showed difference
of -41.54%. Similarly for quarter pretension the difference in energy dissipation was -

51.13%.

5.3 Conclusion

The conclusion of the study advances in the following forefronts:

1. The effect of cyclic loading frequency and the time dependent loading frequency
on the response of the shear models tested were not propound with the majority of
the difference in the energy dissipation being below 10% when compare to their
respective cases. However the isolated cases with difference in energy dissipation

as high as 19.7% were observed.

2. The effect of the time depended frequency cyclic load on the response of the tee —

hanger connection was also not noticeable. However there were six cases in
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which difference in energy dissipation were above 10% with maximum value of

19.21%.

3. The effect of developed load cases on the energy dissipation of the two cases of
the extended end-plate connections followed similar trends as those of the simple
connection models. The maximum difference value of 11.66% was recorded for

the above connection cases.

4. The study of the effect of the contact algorithm on the response of the connecting
surfaces was not successful for all the cases due to non-convergence of the finite
element model. However for the single case that the final solution was obtained,

profound difference in energy dissipation was observed (85%).

5. No specific trends were observed in the results of this study.

5.4 Recommendation

The effect of the element type and contact algorithm (even though limited and not
within the scope of the study) showed profound difference for the case that were analyzed
successfully. Thus, it is recommended that the effect of the contact algorithm and element

type to be studied for connection subjected to cyclic displacement loading history.
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APPENDIX A

TEST CASES
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Table A-1 Welded shear surface model Casel

Test
No. tp | Contact DLC LLC
1 1 SS DLCI-1 -
2 1 SS DLCI-2 -
3 1 SS DLCI-3 -
4 1 SS DLCI-4 -
5 1 SS DLCI-5 -
6 1 SS DLCII-1 -
7 1 SS DLCII-2 -
8 1 SS DLCII-3 -
9 1 SS DLCII-4 -
10 1 SS DLCII-5 -
11 1 SS DLCIII -1 -
12 1 SS DLCIII -2 -
13 1 SS DLCIII-3 -
14 1 SS DLCIII -4 -
15 1 SS DLCIII-5 -
16 1 SS DLCIV -1 -
17 1 SS DLCIV -2 -
18 1 SS DLCIV -3 -
19 1 SS DLCIV -4 -
20 1 SS DLCIV -5 -
21 1 SS DLCV -1 -
22 1 SS DLCV -2 -
23 1 SS DLCV-3 -
24 1 SS DLCV -4 -
25 1 SS DLCV -5 -
26 1 SS DLCI-1 -
27 1 NS DLCI-1 -
28 1 SS DLCI-1 LLC
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Table A-2 Welded shear surface model Case 2

Test
No. tp | Contact DLC LLC
1 Y SS DLCI-1 -
2 Y5 SS DLCI-2 -
3 Y SS DLCI-3 -
4 Y SS DLCI-4 -
5 Y5 SS DLCI-5 -
6 Y5 SS DLCII-1 -
7 Y SS DLCII-2 -
8 Y5 SS DLCII-3 -
9 Y5 SS DLCII-4 -
10 Y SS DLCII-5 -
11 Y SS DLCIII -1 -
12 Y5 SS DLCIII -2 -
13 Y5 SS DLCIII -3 -
14 Y4 SS DLCIII - 4 -
15 Y5 SS DLCIII-5 -
16 Y5 SS DLCIV -1 -
17 Y4 SS DLCIV -2 -
18 Y4 SS DLCIV -3 -
19 Y5 SS DLCIV -4 -
20 Y4 SS DLCIV -5 -
21 Y4 SS DLCV -1 -
22 Y5 SS DLCV -2 -
23 Y5 SS DLCV-3 -
24 Y4 SS DLCV -4 -
25 Y4 SS DLCV -5 -
26 Y5 SS DLCI-1 -
27 Y4 NS DLCI-1 -
28 Y4 SS DLCI-1 | LLC
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Table A-3 Single bolted shear surface model Case 1

Test
No. t, ba P Contact E; DLC LLC

1 1 Ya FP SS C DLCI-1 -
2 1 ) FP SS C DLCI-2 -
3 1 Ya FP SS C DLCI-3 -
4 1 Ya FP SS C DLCI-4 -
5 1 Ya FP SS C DLCI-5 -
6 1 Ya FP SS C DLCII-1 -
7 1 Ya FP SS C DLCII-2 -
8 1 Ya FP SS C DLCII-3 -
9 1 Ya FP SS C DLCII-4 -
10 1 ) FP SS C DLCII-5 -
11 1 Vo FP SS C DLCIII -1 -
12 1 ) FP SS C DLCII-2 -
13 1 ) FP SS C DLCIII -3 -
14 1 Yo FP SS C DLCIII -4 -
15 1 Yo FP SS C DLCIII -5 -
16 1 ) FP SS C DLCIV -1 -
17 1 Yo FP SS C DLCIV -2 -
18 1 Ya FP SS C DLCIV -3 -
19 1 Yo FP SS C DLCIV -4 -
20 1 Ya FP SS C DLCIV -5 -
21 1 Vo FP SS C DLCV -1 -
22 1 Ya FP SS C DLCV -2 -
23 1 Ya FP SS C DLCV -3 -
24 1 Ya FP SS C DLCV -4 -
25 1 Ya FP SS C DLCV -5 -
26 1 Ya HP SS C DLCI-2 -
27 1 Ya HP SS C DLCI-3 -
28 1 Ya HP SS C DLCI-4 -
29 1 Ya HP SS C DLCI-5 -
30 1 ) HP SS C DLCI-1 -
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Table A-3 - continued

31 1 v, QP SS C |bpLci-2] -
32 1 v, QP SS C |bpLCci-3] -
33 1 v, QP SS C |DLCI-4]| -
34 1 v, QP SS C |bpLCI-5]| -
35 1 v, QP SS C |pbLCci-1] -
36 1 v, FP SS HX | DLCI-1]| -
37 1 v, FP NS C |pbLCci-1] -
38 1 v, FP SS C |pLCIi-1] -
39 1 v, FP SS C ] LLC
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Table A-4 Single bolted shear surface model Case 2

Test
No. t, ba P; Contact E; DLC LLC
1 Ya 1 FP SS C DLCI-1 -
2 Ya 1 FP SS C DLCI-2 -
3 Ya 1 FP SS C DLCI-3 -
4 Va 1 FP SS C DLCI-4 -
5 Ya 1 FP SS C DLCI-5 -
6 Ya 1 FP SS C DLCII-1 -
7 Ya 1 FP SS C DLCII-2 -
8 Ya 1 FP SS C DLCII-3 -
9 Ya 1 FP SS C DLCII-4 -
10 Ya 1 FP SS C DLCII-5 -
11 Va 1 FP SS C DLCII -1 -
12 Ya 1 FP SS C DLCIII -2 -
13 Ya 1 FP SS C DLCII-3 -
14 Va 1 FP SS C DLCII -4 -
15 Ya 1 FP SS C DLCII -5 -
16 Ya 1 FP SS C DLCIV -1 -
17 Ya 1 FP SS C DLCIV -2 -
18 Va 1 FP SS C DLCIV -3 -
19 Ya 1 FP SS C DLCIV -4 -
20 Va 1 FP SS C DLCIV -5 -
21 Va 1 FP SS C DLCV -1 -
22 Ya 1 FP SS C DLCV -2 -
23 Ya 1 FP SS C DLCV -3 -
24 Va 1 FP SS C DLCV -4 -
25 Va 1 FP SS C DLCV -5 -
26 Ya 1 HP SS C DLCI-1 -
27 Ya 1 HP SS C DLCI-2 -
28 Va 1 HP SS C DLCI-3 -
29 Ya 1 HP SS C DLCI-4 -
30 Ya 1 HP SS C DLCI-5 -
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Table A-4 - continued

31 Y 1 QP SS C |DLCI-1]| -
32 Y 1 QP SS C |DLCI-2]| -
33 Y 1 QP SS C |DLCI-3| -
34 Y 1 QP SS C |DLCI-4]| -
35 Vi 1 QP SS C |DLCI-5]| -
36 Y 1 FP SS HX |DLCI-1| -
37 Y 1 FP NS C |DLCI-1]| -
38 Y 1 FP SS C |DLCI-1]| -
39 Y 1 FP SS C - LLC
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Table A-5 Single bolted shear surface model Case 3

Test
No. t, ba P; Contact E; DLC LLC
1 1 1 FP SS C DLCI-1 -
2 1 1 FP SS C DLCI-2 -
3 1 1 FP SS C DLCI-3 -
4 1 1 FP SS C DLCI-4 -
5 1 1 FP SS C DLCI-5 -
6 1 1 FP SS C DLCII-1 -
7 1 1 FP SS C DLCII-2 -
8 1 1 FP SS C DLCII-3 -
9 1 1 FP SS C DLCII-4 -
10 1 1 FP SS C DLCII-5 -
11 1 1 FP SS C DLCII -1 -
12 1 1 FP SS C DLCIII -2 -
13 1 1 FP SS C DLCII-3 -
14 1 1 FP SS C DLCII -4 -
15 1 1 FP SS C DLCII -5 -
16 1 1 FP SS C DLCIV -1 -
17 1 1 FP SS C DLCIV -2 -
18 1 1 FP SS C DLCIV -3 -
19 1 1 FP SS C DLCIV -4 -
20 1 1 FP SS C DLCIV -5 -
21 1 1 FP SS C DLCV -1 -
22 1 1 FP SS C DLCV -2 -
23 1 1 FP SS C DLCV-3 -
24 1 1 FP SS C DLCV -4 -
25 1 1 FP SS C DLCV -5 -
26 1 1 HP SS C DLCI-1 -
27 1 1 HP SS C DLCI-2 -
28 1 1 HP SS C DLCI-3 -
29 1 1 HP SS C DLCI-4 -
30 1 1 HP SS C DLCI-5 -
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Table A-5 - continued

31 1 1 QP SS C DLCI-1 -
32 1 1 QP SS C DLCI-2 -
33 1 1 QP SS C DLCI-3 -
34 1 1 QP SS C DLCI-4 -
35 1 1 QP SS C DLCI-5 -
36 1 1 FP SS HX DLCI-1 -
37 1 1 FP NS C DLCI-1 -
38 1 1 FP SS C DLCI-1 -
39 1 1 FP SS C - LLC
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Table A-6 Double bolted shear surface model Case 1

Test
No. t, ba P; Contact E; DLC LLC
1 1 Vs FP SS C DLCI-1 -
2 1 Yo FP SS C DLCI-2 -
3 1 Ya FP SS C DLCI-3 -
4 1 Vs FP SS C DLCI-4 -
5 1 Yo FP SS C DLCI-5 -
6 1 Yo FP SS C DLCII-1 -
7 1 Ya FP SS C DLCII-2 -
8 1 Yo FP SS C DLCII-3 -
9 1 Yo FP SS C DLCII -4 -
10 1 Vs FP SS C DLCII-5 -
11 1 Vs FP SS C DLCII-1 -
12 1 Y FP SS C DLCIII -2 -
13 1 Ya FP SS C DLCIII -3 -
14 1 Vs FP SS C DLCIII -4 -
15 1 Ya FP SS C DLCIII -5 -
16 1 Ya FP SS C DLCIV -1 -
17 1 Vs FP SS C DLCIV -2 -
18 1 Vs FP SS C DLCIV -3 -
19 1 Ya FP SS C DLCIV -4 -
20 1 Vs FP SS C DLCIV -5 -
21 1 Vs FP SS C DLCV -1 -
22 1 Y FP SS C DLCV -2 -
23 1 Ya FP SS C DLCV-3 -
24 1 Vs FP SS C DLCV -4 -
25 1 Vs FP SS C DLCV -5 -
26 1 Ya HP SS C DLCI-2 -
27 1 Vs HP SS C DLCI-3 -
28 1 Vs HP SS C DLCI-4 -
29 1 Ya HP SS C DLCI-5 -
30 1 Ya HP SS C DLCI-1 -
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Table A-6 - continued

31 1 v QP SS C DLCI-2 | -
32 1 v QP SS C DLCI-3 | -
33 1 v QP SS C DLCI-4 | -
34 1 v QP SS C DLCI-5 | -
35 1 v QP SS C DLCI-1 | -
36 1 v FP SS HX | DLCI-1 | -
37 1 v FP NS C DLCI-1 | -
38 1 v FP SS C DLCI-1 | -
39 1 v FP SS C ] LLC
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Table A-7 Double bolted shear surface model Case 2

Test
No. t, ba P; Contact E; DLC LLC
1 Ya 1 FP SS C DLCI-1 -
2 Ya 1 FP SS C DLCI-2 -
3 Ya 1 FP SS C DLCI-3 -
4 Va 1 FP SS C DLCI-4 -
5 Ya 1 FP SS C DLCI-5 -
6 Ya 1 FP SS C DLCII-1 -
7 Ya 1 FP SS C DLCII-2 -
8 Ya 1 FP SS C DLCII-3 -
9 Ya 1 FP SS C DLCII-4 -
10 Ya 1 FP SS C DLCII-5 -
11 Va 1 FP SS C DLCII -1 -
12 Ya 1 FP SS C DLCIII -2 -
13 Ya 1 FP SS C DLCII-3 -
14 Va 1 FP SS C DLCII -4 -
15 Ya 1 FP SS C DLCII -5 -
16 Ya 1 FP SS C DLCIV -1 -
17 Ya 1 FP SS C DLCIV -2 -
18 Va 1 FP SS C DLCIV -3 -
19 Ya 1 FP SS C DLCIV -4 -
20 Va 1 FP SS C DLCIV -5 -
21 Va 1 FP SS C DLCV -1 -
22 Ya 1 FP SS C DLCV -2 -
23 Ya 1 FP SS C DLCV -3 -
24 Va 1 FP SS C DLCV -4 -
25 Va 1 FP SS C DLCV -5 -
26 Ya 1 HP SS C DLCI-1 -
27 Ya 1 HP SS C DLCI-2 -
28 Va 1 HP SS C DLCI-3 -
29 Ya 1 HP SS C DLCI-4 -
30 Ya 1 HP SS C DLCI-5 -
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Table A-7 - continued

31 Y 1 QP SS C |DLCI-1]| -
32 Y 1 QP SS C |DLCI-2]| -
33 Y 1 QP SS C |DLCI-3| -
34 Y 1 QP SS C |DLCI-4]| -
35 Y 1 QP SS C |DLCI-5| -
36 Y 1 FP SS HX |DLCI-1| -
37 Y 1 FP NS C |DLCI-1]| -
38 Y 1 FP SS C |DLCI-1]| -
39 Y 1 FP SS C - LLC
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Table A-8 Double bolted shear surface model Case 3

Test
No. t, ba P; Contact E; DLC LLC
1 1 1 FP SS C DLCI-1 -
2 1 1 FP SS C DLCI-2 -
3 1 1 FP SS C DLCI-3 -
4 1 1 FP SS C DLCI-4 -
5 1 1 FP SS C DLCI-5 -
6 1 1 FP SS C DLCII-1 -
7 1 1 FP SS C DLCII-2 -
8 1 1 FP SS C DLCII-3 -
9 1 1 FP SS C DLCII-4 -
10 1 1 FP SS C DLCII-5 -
11 1 1 FP SS C DLCII -1 -
12 1 1 FP SS C DLCIII -2 -
13 1 1 FP SS C DLCII-3 -
14 1 1 FP SS C DLCII -4 -
15 1 1 FP SS C DLCII -5 -
16 1 1 FP SS C DLCIV -1 -
17 1 1 FP SS C DLCIV -2 -
18 1 1 FP SS C DLCIV -3 -
19 1 1 FP SS C DLCIV -4 -
20 1 1 FP SS C DLCIV -5 -
21 1 1 FP SS C DLCV -1 -
22 1 1 FP SS C DLCV -2 -
23 1 1 FP SS C DLCV-3 -
24 1 1 FP SS C DLCV -4 -
25 1 1 FP SS C DLCV -5 -
26 1 1 HP SS C DLCI-1 -
27 1 1 HP SS C DLCI-2 -
28 1 1 HP SS C DLCI-3 -
29 1 1 HP SS C DLCI-4 -
30 1 1 HP SS C DLCI-5 -
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Table A-8 - continued

31 1 1 QP SS C DLCI-1 -
32 1 1 QP SS C DLCI-2 -
33 1 | QP SS C DLCI-3 -
34 1 1 QP SS C DLCI-4 -
35 1 1 QP SS C DLCI-5 -
36 1 1 FP SS HX | DLCI-1 -
37 1 1 FP NS C DLCI-1 -
38 1 1 FP SS C DLCI-1 -
39 1 1 FP SS C - LLC
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Table A-9 T-Hanger model Case 1

Test
No. te ba g P; Contact E; DLC LLC
1 1 1 2% FP SS C DLCI-1 -
2 1 1 2% FP SS C DLCI-2 -
3 1 1 2% FP SS C DLCI-3 -
4 1 1 2% FP SS C DLCI-4 -
5 1 1 2% FP SS C DLCI-5 -
6 1 1 2% FP SS C DLCII-1 -
7 1 1 2% FP SS C DLCII-2 -
8 1 1 2% FP SS C DLCII-3 -
9 1 1 2% FP SS C DLCII-4 -
10 1 1 2% FP SS C DLCII-5 -
11 1 1 2% FP SS C DLCII -1 -
12 1 1 2% FP SS C DLCIII -2 -
13 1 1 2% FP SS C DLCII-3 -
14 1 1 2% FP SS C DLCII-4 -
15 1 1 2% FP SS C DLCIII -5 -
16 1 1 2% FP SS C DLCIV -1 -
17 1 1 2% FP SS C DLCIV -2 -
18 1 1 2% FP SS C DLCIV -3 -
19 1 1 2% FP SS C DLCIV -4 -
20 1 1 2% FP SS C DLCIV -5 -
21 1 1 2% FP SS C DLCV -1 -
22 1 1 2% FP SS C DLCV -2 -
23 1 1 2% FP SS C DLCV-3 -
24 1 1 2% FP SS C DLCV -4 -
25 1 1 2% FP SS C DLCV -5 -
26 1 1 2% HP SS C DLCI-1 -
27 1 1 2% HP SS C DLCI-2 -
28 1 1 2% HP SS C DLCI-3 -
29 1 1 2% HP SS C DLCI-4 -
30 1 1 2% HP SS C DLCI-5 -
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Table A-9 - continued

31 1 1 2% QP SS C DLCI-1
32 1 1 2% QP SS C DLCI-2
33 1 1 2% QP SS C DLCI-3
34 1 1 2% QP SS C DLCI-4
35 1 1 2% QP SS C DLCI-5
36 1 1 2% FP SS HX DLCI-1
37 1 1 2% FP NS C DLCI-1
38 1 1 2% FP SS C DLCI-1
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Table A-10 T-Hanger model Case 2

Test
No. te ba g P; Contact E; DLC LLC
1 Ya Vs 1 FP SS C DLCI-1 -
2 Yo Yo 1 FP SS C DLCI-2 -
3 Ya Ya 1 FP SS C DLCI-3 -
4 Ya Vs 1 FP SS C DLCI-4 -
5 Yo s 1 FP SS C DLCI-5 -
6 Yo s 1 FP SS C DLCII-1 -
7 Ya ) 1 FP SS C DLCII-2 -
8 Yo s 1 FP SS C DLCII-3 -
9 Yo s 1 FP SS C DLCII-4 -
10 Ya Ya 1 FP SS C DLCII-5 -
11 Vs Vs 1 FP SS C DLCII -1 -
12 Yo Yo 1 FP SS C DLCIII -2 -
13 s Yo 1 FP SS C DLCII-3 -
14 Vs Vs 1 FP SS C DLCII -4 -
15 s Yo 1 FP SS C DLCIII -5 -
16 s Yo 1 FP SS C DLCIV -1 -
17 Ya Ya 1 FP SS C DLCIV -2 -
18 Vs Vs 1 FP SS C DLCIV -3 -
19 s Ya 1 FP SS C DLCIV -4 -
20 Vs Vs 1 FP SS C DLCIV -5 -
21 Vs Vs 1 FP SS C DLCV -1 -
22 Ya Ya 1 FP SS C DLCV -2 -
23 Ya s 1 FP SS C DLCV-3 -
24 Vs Vs 1 FP SS C DLCV -4 -
25 Vs Vs 1 FP SS C DLCV -5 -
26 s Ya 1 HP SS C DLCI-1 -
27 Ya Ya 1 HP SS C DLCI-2 -
28 Vs Vs 1 HP SS C DLCI-3 -
29 s Ya 1 HP SS C DLCI-4 -
30 Ya Ya 1 HP SS C DLCI-5 -
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Table A-10 - continued

31 v v 1 QP SS C |DLCI-1]| -
32 v v 1 QP SS C |DLCI-2| -
33 v v 1 QP SS c |pbLci-3| -
34 v v 1 QP SS C |DLCI-4| -
35 v v 1 QP SS C |DLCI-5| -
36 v v 1 FP SS HX |DLCI-1]| -
37 v v 1 FP NS C |DLCI-1]| -
38 v v 1 FP SS C |DLCI-1]| -
39 v v 1 FP SS C _ LLC
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Table A-11 T-Hanger model Case 3

Test
No. te ba g P; Contact E; DLC LLC
1 1 1 2% FP SS C DLCI-1 -
2 1 1 2% FP SS C DLCI-2 -
3 1 1 2% FP SS C DLCI-3 -
4 1 1 2% FP SS C DLCI-4 -
5 1 1 2% FP SS C DLCI-5 -
6 1 1 2% FP SS C DLCII-1 -
7 1 1 2% FP SS C DLCII-2 -
8 1 1 2% FP SS C DLCII-3 -
9 1 1 2% FP SS C DLCII-4 -
10 1 1 2% FP SS C DLCII-5 -
11 1 1 2% FP SS C DLCII -1 -
12 1 1 2% FP SS C DLCIII -2 -
13 1 1 2% FP SS C DLCII-3 -
14 1 1 2% FP SS C DLCII-4 -
15 1 1 2% FP SS C DLCIII -5 -
16 1 1 2% FP SS C DLCIV -1 -
17 1 1 2% FP SS C DLCIV -2 -
18 1 1 2% FP SS C DLCIV -3 -
19 1 1 2% FP SS C DLCIV -4 -
20 1 1 2% FP SS C DLCIV -5 -
21 1 1 2% FP SS C DLCV -1 -
22 1 1 2% FP SS C DLCV -2 -
23 1 1 2% FP SS C DLCV-3 -
24 1 1 2% FP SS C DLCV -4 -
25 1 1 2% FP SS C DLCV -5 -
26 1 1 2% HP SS C DLCI-1 -
27 1 1 2% HP SS C DLCI-2 -
28 1 1 2% HP SS C DLCI-3 -
29 1 1 2% HP SS C DLCI-4 -
30 1 1 2% HP SS C DLCI-5 -
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Table A-11 - continued

31 1 s 1% HP SS C DLCI-1 -
32 1 2 1% QP SS C DLCI-2 -
33 1 2 1% QP SS C DLCI-3 -
34 1 /2 1% QP SS C DLCI-4 -
35 1 2 17 QP SS C DLCI-5 -
36 1 2 1% QP SS C DLCI-1 -
37 1 2 1% FP SS HX DLCI-1 -
38 1 2 17 FP NS C DLCI-1 -
39 1 2 17 FP SS C - LLC
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Table A-12 Extended end plate connection model Case 1

Test
No bq te P; DCL E; LLC
1 1 Vs FP DLCI-1 C -
2 1 Y FP DLCIV -1 C -
3 1 Vs HP DLCI-1 C -
4 1 Vs QP DLCI-1 C -
5 1 Yo FP - C LLC

Table A-13 Extended end plate connection model Case 2

Test
No bg t. Py DCL E; LLC
1 s s FP DLCI-1 C -
2 s s FP DLCIV -1 C -
3 Vs Vs HP DLCI-1 C -
4 s s QP DLCI-1 C -
5 Yo s FP - C LLC
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APPENDIX B

WELDED SHEAR SURFACE MODELS
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APPENDIX D

DOUBLE BOLTED SHEAR SURFACE MODELS
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Figure G-1 Welded shear surface model Case 1
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Figure G-2 Welded shear surface model Case 2
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Figure G-3 Single bolted shear surface model Case 1
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Figure G-4 Single bolted shear surface model half and quarter pretension Case 1
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Figure G-5 Single bolted shear surface model Case 2
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Figure G-6 Single bolted shear surface model half and quarter pretension Case 2
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Figure G-7 Single bolted shear surface model Case 3
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Figure G-9 Double bolted shear surface model Case 1
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Figure G-10 Double bolted shear surface model half and quarter pretension Case 1
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Figure G-11 Double bolted shear surface model Case 2
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Figure G-12 Double bolted shear surface model half and quarter pretension Case 2
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Figure G-13 Double bolted shear surface model Case 3
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Figure G-14 Double bolted shear surface model half and quarter pretension Case 3
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Figure G-15 Tee-hanger model Case 1
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Figure G-16 Tee-hanger model half and quarter pretension Case 1
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Figure G-17 Tee — hanger model Case 2
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Figure G-18 Tee-hanger model half and quarter pretension Case 2
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Figure G-19 Tee - hanger model Case 3
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Figure G-20 Tee - hanger model half and quarter pretension Case 3
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