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Abstract

The lateral resistance of many steel framed structures is provided by diagonal brace members and
their connections to the frame. Although concentrically braced frames (CBFs) are common
throughout international design guidance, their behaviour is still not fully understood.
Conventional seismic design of gusset plate connections utilises a clearance zone that permits out-
of-plane brace deformation but results in large and stiff gusset plates that do not buckle or yield
along the axis of the brace member. Recent design proposals suggest using an elliptical clearance
zone and reducing all gusset plate dimensions to permit yielding in the gusset plate after brace
buckling and yielding. This strength hierarchy can result in improved brace member and global

frame ductility.

The purpose of this thesis is to investigate specific aspects of brace behaviour including: brace
section size and slenderness; gusset plate geometrical design and connectivity of the brace to the
frame. Furthermore, empirical models for the ductility capacity of hollow section bracing members
and recent proposals for improved detailing of gusset plate connections are validated under

realistic dynamic earthquake loading.

The seismic performance of CBFs with diagonal brace-gusset members is investigated
experimentally and numerically. An experimental programme comprising six pseudo-static cyclic
tests and twelve shake table tests is undertaken investigating a consistent set of structural
properties. Finite element models of the test frames are developed and correlative post-test
simulations using pushover and time-history analysis are performed using the OpenSees seismic

analysis software

The pseudo-static tests provide information on frame stiffness, brace buckling and yield capacities,
gusset plate deformation zones, the influence of gusset plate geometry and brace ductility. Test
results show a strong influence of the brace-gusset-frame connection type. Gusset plates connected
to both beam and column flanges display larger frame stiffness and larger hysteresis loops
compared to gusset plates connected to the beam flange only. Larger drift capacity is observed
with the newly proposed gusset designs, but the brace cross section slenderness is dominant at

large width-to-thickness ratios.

As part of the BRACED project, shake table tests are performed to investigate the ultimate
behaviour of similar brace-gusset members and connections under dynamic low cycle fatigue
conditions; identify active yield mechanisms and failure modes in different brace

member/connection configurations; and to provide experimental data on the earthquake response
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of European CBFs. These shake table experiments investigate a full-scale model single-storey CBF
designed to Eurocode 8. Twelve separate experiments are performed on the AZALEE seismic
testing facility at CEA Saclay. Each experiment examines the response of the test frame and brace-
gusset plate specimens to table excitations scaled to produce elastic response, brace
buckling/yielding and brace fracture. The outputs of the research programme represent a unique
set of data on the ultimate earthquake response of CBFs with realistic brace members and
connections. The principal experimental outcomes include measurements of elastic frame stiffness
and its evolution with brace damage, measurements of the displacement ductility capacity of the
brace specimens; an evaluation of the influence of brace connection configuration and gusset plate
detailing on frame stiffness, damping and ductility; and observations on the contributions of brace

and connection yielding to the overall inelastic deformation of CBFs.

Prior to developing complete numerical simulation models of full CBFs in OpenSees, a tiered
hierarchical approach was used with fundamental modelling aspects investigated first, progressing
to model optimisation using advanced models with greater detail. A parametric study that
examined different aspects of the available OpenSees modelling techniques was followed by a
correlation study which demonstrated the capabilities and limitations of the OpenSees physical
theory model using the data from a series of singe member cyclic loading experiments. The
numerical modelling procedures were then implemented for the CBF test structure and correlated
against the results from the cyclic loading CBF tests. Finally, a reference model is presented and
further modelling techniques are discussed in relation to its application to the shake table tests. The
numerical modelling is shown to have validated a methodology of modelling this class of structure
in OpenSees, while the research project as a whole supports an assessment of Eurocode 8 design

guidance for CBFs.
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Principal Notation

List of nomenclature used in this thesis.

Latin upper case letters

A Area; elongation ratio Fg
A, Effective area Fuc
Ay Gross area F
B Bolt force E,
c Damping matrix E,
Ca Deflection coefficient factor 1
Cy Compressive resistance K
G’ Post buckling compressive K,
capacity

cA Connection type (Section 3.4) K;
CB Connection type (Section 3.4)

CBF  Concentrically braced frame Layg
D Diameter Lpy,
Dy Storey drift Ler
DI Damage index Le
Dy Maximum inelastic drift Leg
E Young's modulus; energy L,
Eq Energy dissipated Ly
E, Tangent modulus Ly

Etor Total energy dissipated M

Eyo Energy dissipated at end of 10t My,

loading cycle

EBF  Eccentrically braced frame MRF
EC Elliptical clearance method for Np,ra

gusset plate design
F Force Ny
Fy Base shear force Ng
F; Conservative force Ny ra

| |‘|. w
it ‘ll[ﬂll,"'f"[ i

Elastic seismic force in SDOF
system

Non-conservative force

Yield force; yield stress for
design (AISI, 2007)

Average yield stress for cross
section (AISI, 2007)

Ultimate force

Second moment of area

Stiffness matrix; effective
length factor
Secant stiffness

Initial stiffness
Length
Average plate buckling length

Location of buckle/fracture
along brace tube length
Critical buckling length

Extensometer gauge length
Gusset plate free length
Coupon original gauge length
Total length

Final gauge length

Mass matrix; bending moment
Moment magnitude

Moment resisting frame
Design buckling capacity
Critical elastic force

Number cycles to fracture

Design plastic capacity

xi
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xii

Web force
Peak ground acceleration
Prying force in T-stub

Response modification
coefficient; Reduction factor

Upper yield strength
Tensile strength

Yield mechanism resistance
0.2% plastic proof strength
0.5% total proof strength

Ratio of expected yield strength
to minimum specified yield

Design Spectrum

Elastic spectral acceleration

Coupon cross section area

Latin lower case letters
Acceleration

Ground acceleration

Width

Effective width
Original width
Whitmore Width
Damping coefficient
Depth

Strain rate

Yield displacement

Natural frequency

NS

2%/50

10%/50

50%/50

fy
fya

fu

Lid
Vil J[}\ l‘ll M

Minimum cross section area

after fracture

Standard linear clearance

method for gusset plate design

Period of first mode of

vibration

Transition periods for elastic

response spectrum

Effective period

Natural period

Uniform hazard spectrum
Elastic design base shear force
Design base shear force

Cross section area percentage
reduction

Earthquake record scaled to
UHS with 2% in 50 years
probability of exceedence
Earthquake record scaled to
UHS with 10% in 50 years
probability of exceedence
Earthquake record scaled to
UHS with 50% in 50 years
probability of exceedence

Yield strength

Average cross section yield
strength
Ultimate strength

Acceleration due to gravity
Radius of gyration
Stiffness

Horizontal plate length
Vertical plate length

Mass; slope of Coffin-Manson
log-log curve
Effective mass

Number; node



Ay

ﬁWW

Yovr

6max

Thickness
Plate thickness

Greek upper case letters
Lateral deformation; interstorey
drift

Structural displacement

Member ultimate displacement

Greek lower case letters
Balance factor

Balance factor based on
Whitmore width
Overstrength factor

Structural yield displacement

Maximum structural

displacement

Strain

Fatigue ductility coefficient
Plastic strain
Yield strain

Strain for failure after one cycle

Ve

o

meas

Ha

feq

L
fLﬂW‘;ﬁV“
Crosshead separation rate

Behaviour factor

Member yield displacement

System overstrength factor

Rotation angle

Slenderness; Modal
participation correction factor
Slenderness value to determine
the relative slenderness
Non-dimensional slenderness

‘Design’ non-dimensional
slenderness from nominal
strengths

‘Measured’ non-dimensional
slenderness from measured
strengths

Displacement ductility

Structural damping ratio
Equivalent viscous damping

Natural frequency

xiii



f’|rir'1|ll*‘l|1,"|'!l"‘*‘
1 Introduction

1.1 Earthquakes and Structural Design

It is commonly known that earthquakes affect the lives of millions of people in all parts of the
world. Amongst factors such as social upheaval and long-term economic costs, loss of life is the
primary concern in relation to earthquake events. The scale of such casualties varies significantly
with each seismic event. Magnitude (My,), location and time-period have all heavily influenced the
number of deaths in the significant earthquakes of the past century. Since commencing this
research work in 2009, more recent devastating earthquake events have occurred: 2009 Sumatra
earthquake in Indonesia (M, =7.9); 2010 Haiti earthquake (My, = 7.0); 2011 Christchurch
earthquake (My, = 6.3) and 2011 Tohoku earthquake off the coast of Japan (M, = 9.0). These
seismic events are remembered for causing hundreds of thousands of deaths and billions of dollars

in economic costs.

An earthquake is the sudden release of energy in the earth’s crust that creates seismic waves. The
primary source of this accumulation and release of energy is tectonic activity. Tectonics is an aspect
of geology related to the structure and deformations of the earth’s crust, particularly the theory of
plate tectonics. Seismic waves are complex ground vibrations that propagate from an energy
source and interact with each other. As a result, there is typically large variability in the seismic
wave characteristics (peak, period, duration) at different locations for the same earthquake event.
Seismic waves are typically classified as body waves and surface waves. Body waves are further
characterised as primary or P-waves and shear or S-waves with surface waves characterised as
Love waves and Rayleigh waves (Figure 1.1(a)). P-waves are compression waves and as they travel
the fastest, are felt first. They are generally of small amplitude and high frequency content. S-
waves arrive shortly after and have very strong ground motion content. These waves typically

cause the most damage with surface waves following afterwards.
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Figure 1.1 - Diagram showing (a) seismic wave characterisation for body and surface waves (USGS,
2013) (b) identification of wave characteristics in acceleration data (USGS, 2013) and (c)

accelerogram showing acceleration time-history from 1995 Kobe earthquake (My, = 6.8) in Japan.

There are various parties involved in the reduction of earthquake risks such as geologists,
engineers, architects and government agencies. In particular, the structural engineering community
can directly influence the impact of earthquakes and their subsequent consequences. A proper
understanding of structural dynamics and design can reduce the loss of life in any earthquake
either through structural collapse or secondary damage caused by falling debris or subsequent fire.
Furthermore, sufficient structural design can ensure continued operation and function of the built

environment (especially critical structures such as hospitals and power facilities).

During an earthquake, seismic waves induce ground motion which causes structures to move
horizontally and vertically. Most of this is horizontal motion and is typically measured as a ground
acceleration, a,. The response of a structure is composed of inertial forces F which (in accordance
with Newton’s second law) are the product of the structural mass m, and the structural response
acceleration a: F = m X a. The inertial forces are typically conceptualised as static lateral forces
applied to the side of a structure. The structural acceleration is largely determined by the
individual earthquake event and local site conditions. The mass is a function of the size, shape and
layout of a building. Earthquakes are time-variant events and the mass and stiffness of a structure
control its dynamic behaviour. More flexible structures have a lower natural frequency of vibration

and higher natural period of vibration. The opposite is true for stiffer structures. Through careful
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design procedures, lateral forces are transferred down through the structure to the foundation. The
methods for sustaining these lateral forces are fundamental for reducing the risk associated with

earthquakes and are discussed in the following section.

1.2 Statement of Problem

Common construction methods for steel framed buildings include concentrically braced frames
(CBFs) and moment-resisting frames (MRFs). CBFS consist of diagonal brace members for lateral
resistance. Some of the earliest braced frame structural systems were used for support against
wind loading. Particularly after the 1940 Imperial Valley earthquake, it was noted that some braced
structures demonstrated better seismic performance as shown in the photograph in Figure 1.2(a).
MRFs are based on the idea of using beam-column connection stiffness for lateral resistance. MRFs
were employed in Olive View Hospital in California, however, unbalanced stiffness distribution
lead to soft-storey formation and resulting collapse after the 1971 San Fernando earthquake (Figure

1.2(b)).

Figure 1.2 — (a) Water towers with diagonal bracing in El Centro, California after 1940 Imperial Valley
earthquake (NISEE, 2011). Tank on left was braced for wind loading only and suffered considerable
damage; tank on right had been braced for a 10% lateral force before earthquake. (b) Olive View
Hospital, California after 1971 San Fernando earthquake (Godden, 1997); large interstorey drift due to
soft storey formation at the first storey level. (c) Hotel Terminal, Guatemala City; damaged due to
torsional failure of second storey during 1976 Guatemala earthquake.
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Prior to the 1994 Northridge earthquake and 1995 Hanshin/Awaji (Kobe) earthquakes, MRFs were
particularly prevalent in steel construction. After the earthquake events, it was found that many of
the moment-resisting connections did not perform as expected and some buildings sustained
significant damage, without any immediate signs of collapse (Mahin, 1998). These connection types
suffered from brittle fracture of welded joints. This unexpected behaviour prompted significant

investigation of design theory and drove a shift in long-term trends towards CBF usage.

Fracture is an undesirable phenomenon that occurs in structures and can reduce ductility under
seismic loading. As illustrated in the general load-displacement curve in Figure 1.3, displacement
ductility is the ability of a material, member or structure to undergo deformation after initial yield
(Fy) without any significant reduction in strength. To quantify displacement ductility u,, it can be
expressed as the ratio of ultimate displacement A, to yield displacement A,. If fracture can be
delayed, displacement ductility can be extended and can result in greater structural energy

dissipation.

F
A

< s

> A

(@) (b)
Figure 1.3 - (a) General force-displacement plot of structural member.(b) Photograph of brace
with fracture developed into tearing of section.

Considerable effort in recent years by Tremblay et al. (2003), Goggins et al. (2006), Nip et al. (2010)
and others has helped advance understanding and assessment of the displacement ductility
concept particularly in relation to brace members. Predictive models have been developed that
account for brace parameters and have shown reasonable accuracy. However, improvement is
needed to consider brace boundary conditions and performance under dynamic loading

conditions.
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Existing design methods focus significant plastic strain formation in certain brace members
especially in the compression loading range. This causes local buckling around the brace mid span
and large lateral deformations of the brace at this region. Large strains associated with local
buckling can lead to fracture development under low cycle fatigue conditions. In a CBF, braces are
connected to the beam and column members using gusset plates. Gusset plates are sized to permit
the development of a plastic hinge that allows lateral displacement of the brace member under
compression. Recent improvements have been suggested by Lehman et al. (2008), the provide
alternative methodologies for gusset plate plastic hinge design. The concentration of plastic strains
under seismic loading is reduced using the balanced design concept. In this way, in addition to the
plastic hinge mechanism, tensile yielding of the gusset plate is permitted. This has shown
improvements in structural performance parameters such as drift ratio but additional
experimentation is required particularly under seismic loading conditions. This has been employed
in the context of American design practice, where brace members tend to be larger due to design
code stipulations. In a European design context, there is a requirement for applying these concepts

with more slender braces.

An expansive volume of research has taken place to date on the numerical modelling of braced
frames. Little research exists investigating the seismic response of alternative design methods and
correlation with realistic results. In light of the above, the research presented herein aims to
investigate the seismic behaviour of different brace member and connection designs through
experimental testing. In conjunction, numerical models are developed and a number of modelling

options are correlated with the experimental results.

1.3 Research Objectives

The overall aim of this work is to improve upon existing understanding of, and numerical
modelling methods for, steel CBFs subjected to seismic loading; and to assess the implications for

design methods and guidance. This is achieved by addressing several distinct objectives:

e A large body of research has generated theoretical and empirical formulae to predict key
brace performance parameters. This study shall examine the validity of these predictive
formulae under realistic dynamic response conditions using pseudo-static and shake table
testing of model CBFs.

e More recent research has shown that standard practice with respect to brace connection
design can be improved by using alternative geometrical details. This study shall assess
the influence of different gusset-plate characteristics on the dynamic response of CBFs
subjected to earthquake ground motion. Conventional and recently-proposed design

methods shall be qualitatively and quantitatively compared.
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¢ Finite element software has been used to model the global response of braced frames and
the local response of brace members and brace connections. In this work, OpenSees
modelling techniques proposed for this form of structure will be investigated, and the
software’s ability to model the earthquake response of CBFs will be validated through
correlation with test results.

e Based on this validation and parametric analysis, any identified improvements to the
existing modelling techniques shall be represented as recommendations for future

modelling studies.

14 Organisation of Thesis
This section describes the overall layout of the thesis document. A summary of each chapter is
provided so that the natural progression of each chapter and the rationale behind the structure of

the document as a whole is explained.

Chapter 2

This chapter comprises a review of previous work on design philosophies and methodologies for
steel CBFs. The general behaviour of brace members under inelastic cyclic loading is explained,
followed by a discussion of the recent research literature on brace ductility. A brief discussion of

structural damping is also included.

Chapter 3

A review specific to brace member connection design is presented. Current design procedures are
surveyed alongside alternative proposed procedures. This elucidates the rationale behind the

brace specimen selection and design used for experimental testing in subsequent chapters.

Chapter 4

The open-source finite element software used in this study is described. The stiffness and flexibility
methods are reviewed and are examined for their suitability for this project. A parameter study on
inelastic brace member response is presented which considers important modelling parameters
that have been highlighted in existing literature. Progressing from this parameter study, a general
model for brace members is discussed, particularly in relation to modelling fracture due to fatigue.
The general brace model is then correlated with monotonic cyclic loading tests. Finally, techniques

available for modelling the whole CBF are discussed and the general brace model is employed.

Chapter 5
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This chapter details the preparation and underlying design of an experimental programme of

cyclic tests on a model CBF. This includes the design of the experimental specimens, measurement

of material properties, and cold-formed cross-section strength considerations. Also included is an

overview of the cyclic testing procedure and the test control system and instrumentation used

during the cyclic experimental programme.

Chapter 6

Primary observations from the cyclic experimental programme are presented followed by detailed
results from direct measurements obtained in each test. An analysis of these results draws some
preliminary conclusions concerning the investigated experimental parameters. This information

helps guide the dynamic shake table experiments in later chapters.

Chapter 7

Finite element models of the test structure and specimens from the previous cyclic tests are
demonstrated. This leads to a comparison of model output with the experimental test
measurements. The aim of this chapter is to investigate the model’s ability to capture the observed
response of the cyclic test specimens. These models will then be further developed for application

to dynamic testing, as discussed in Chapter 10.

Chapter 8

The background to the BRACED project and the shake table tests completed are described in this
chapter. The aims of the project are set out, the test frame outlined and the design of the brace-
gusset plate specimens explained. Details of the instrumentation equipment and its locations on
the test frame and specimens are presented as these become key references for interpreting the
experimental results in the subsequent chapter. The testing regime employed in the shake table

tests is also outlined.

Chapter 9

The results from the BRACED project tests are presented showing the actual measured brace areas
and directly recorded test data for both types of tests performed using the selected specimens.

Secondly, an analysis of this data discusses and compares behaviour and performance parameters.

Chapter 10

Using the previously developed finite element models from Chapter 7, the responses of the test
frame in each experiment are modelled. First, different modelling options are presented then

correlations between the experimental results and the response obtained using a general reference
7
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model are shown. Based on this correlation study, alternative methods are described to offer

potential improvements to future model development.

Chapter 11

This chapter summarises the work completed within this research project. Following this a series of

conclusions and recommendations for future work are outlined.
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2 Background: Seismic Behaviour and

Design of Tubular Bracing Members in
CBFs

21 Introduction

Having being initially developed to provide lateral stability and to resist lateral wind loads in the
elastic range, braced building frames have seen increased refinement and adaptation over the past
number of decades to ensure good earthquake resistance through nonlinear behaviour. Braced
building frames generally consist of members that span diagonally in an orthogonal frame. The
diagonal members are normally connected using gusset plate connections forming an efficient
system for resisting lateral loads induced by both earthquakes and wind. Typical structural frame
types are described in Eurocode 8 (CEN, 2004a) under three main classifications of frames as
shown in Figure 2.1. These are concentrically braced frames (CBFs), eccentrically braced frames

(EBFs) and moment resisting frames (MRFs).

In CBFs the axes of the brace members are coincident with the intersection of the beam and column
members. Although the behaviour of CBFs is often analysed similar to that of a vertical
cantilevered truss, the assumption that the frame members resist pure axial loads is a
simplification. Large gusset plate connections at the brace ends can create a semi-rigid, moment-
resisting connection resulting in significant bending moments and eventual inelastic deformation
within the connected beams and columns (Roeder and Lehman, 2008). In Eurocode 8, the

classification of CBFs is subdivided into Diagonal Frames and V-Frames.

EBFs are defined as frames where brace axes are non-coincident with beam and column
intersections. They do not possess the same extensive deployment across seismic regions as that of
CBFs. Their design minimises buckling in the braces and encourages inelastic rotations in the
beams, known as links, to promote stable nonlinear frame behaviour. EBFs offer the combined
advantage of high elastic stiffness and large inelastic energy dissipation capacity (O'Malley and
Popov, 1984).

MREFs feature stiff frames of beams, columns and connections with flexural behaviour. At an MRF
connection, if the angle between the beam and column remains constant, then the connection is
designated fully restrained. Energy is dissipated when the yield load of either the beam or column

is reached. Partially restrained connections permit a change in the angle of intersection and

9
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therefore allow yielding of connection elementts. Steel MRFs have long been recognised as a highly
suitable structural system for use in regions of high seismicity. However, unanticipated brittle
fracture of connections during the 1994 INorthridge and the 1995 Hanshin/Awaji (Kobe)
earthquakes contradicted the expectations of rmany structural engineers who anticipated that such
systems would undergo large plastic deformatiion (Mahin, 1998). In particular, after the Northridge
earthquake, Mahin outlines that brittle fracturces usually occurred without damage to architectural
finishes and cladding and was only observablee in buildings under construction at the time. These
observations resulted in a reduction in confidence in the seismic performance of MREFs,
amendments to the design procedures for MR:Fs and a more frequent implementation of CBFs for
seismic design. This in turn has prompted a reassessment of the large body of research on CBFs
(see Section 2.3) motivated in part by the relaitively larger stiffness and reduced interstorey drifts

offered by this frame type.

ISP r77777 e A VI VI

Concentric Diagonal Bracing Concentric V-Bracing

(a) Concentrically Braced Frame (CBF)

AT dda s e

(b) Eccentrically Braced Frames (EBF)

— B BH

() Moment Resisting Frames (MRF)
Figure 2.1 — Structural frame types as classified by Eurocode 8 (CEN, 2004a).

2.2 Seismic Design of Braced Steell Frames

Since the 1970s, a large body of research lhas been carried out on the seismic design and

performance of braced frames, for example Hjelmstad and Popov (1984), O'Malley and Popov
10
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(1984), Khatib et al. (1988), Tremblay et al. (2003), Goggins (2004), Broderick et al. (2005) and Uriz
and Mabhin (2008). Internationally, seismic design guidelines have been developed based on this
body of research. For example, European seismic design codes are contained in Eurocode 8 (CEN,
2004a) and in Canada the Canadian Standards Association expresses seismic design requirements
in ‘Design of Steel Structures’ (CSA, 2009). In the United States several seismic building codes are
currently in use throughout different regions, but the International Building Code (IBC, 2009) is
extensively-used, making reference to the American Institute of Steel Construction (AISC)
Specification for Structural Steel Buildings (AISC, 2005b). The design regulations used by the
International Building Code are primarily based on the recommendations of the American Society
of Civil Engineers (ASCE) entitled ‘Minimum Design Loads for Buildings and Other Structures’
(ASCE, 2010) which in turn is partly based on the provisions of the AISC guidelines ‘Seismic
Provisions for Structural Steel Buildings” (AISC, 2010).

In these seismic design guidelines, there generally exists an implied, tiered design philosophy with
specific performance based design criteria. During small, frequent earthquakes a structure is
designed to remain elastic and provide adequate stiffness and strength to ensure no structural
damage occurs (damage-limitation requirement). However, during large infrequent seismic events
significant inelastic deformation is expected to allow for energy dissipation and structural ductility
whilst preventing structural collapse (no-collapse requirement). In design codes these damage

states are typically linked with different levels of seismic activity.

Eurocode 8 (CEN, 2004a) meets this two-tiered design philosophy through limit state design. The
former, small earthquake requirements are addressed through by deformation-based limit states,
while the compliance criteria for the no-collapse requirement are specified as a force-based
ultimate limit state. The design seismicity level with this limit state has a probability of exceedence
of 10% in 50 years approximately corresponding to an average return period of 475 years. To meet
the latter, large earthquake requirements, no-collapse criteria adopt force-based ultimate limit
states. The design seismicity level with this limit state has a probability of exceedence of 2% in 50

years approximately corresponding to an average return period of 2500 years.

Two design approaches are discussed in the following sub-sections with emphasis on CBF design.
Force-Based Design has been traditionally utilised across many designs codes. However, an
emerging method known as Displacement-Based Design has been proposed by Priestley et al.
(2007).

2.21 Force-Based Seismic Design
Eurocode 8 (CEN, 2004a) describes the compliance criteria for the no-collapse requirement as a

force-based ultimate limit state. This prescribes an ultimate lateral strength to a structure to resist
11
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the applied lateral forces representative of ground motions. This is against the physical reality,
whereby a dynamic earthquake action imposed on a structure is composed of a total energy input
and a demand to tolerate certain displacements and deformations (Fardis et al., 2005). Termed
differently, it is deformations and not forces that cause structural failure. The use of the forced-
based method can be linked to the traditional analysis of structures undergoing a static equilibrium

of forces e.g. gravity and wind actions.

For practical purposes, the no-collapse requirement allows for inelastic deformations and thus
structural members do not have to be designed for a wholly elastic structural response (which
would be prohibitively impractical and expensive). Therefore, the no-collapse requirement

encompasses design for energy dissipation and ductility of specific structural members.

This is implemented in Eurocode 8 through two different design concepts according to three
structural ductility classes. Structural ductility is grouped according to the availability of member
ductility: low ductility (DCL), medium ductility (DCM) and high ductility (DCH). The first design
concept specifies that the expected response of DCL structures fulfils both damage-limitation and
no-collapse requirements while remaining substantially elastic. The second concept takes into
account the capability of the DCM and DCH structures to resist seismic forces through inelastic

deformation.

Seismic design codes specify different types of linear analysis for the design of structures and for
an evaluation of their seismic performance. Generally, a designer can choose between a linear static
analysis or a linear dynamic analysis. In Eurocode 8 (CEN, 2004a) and ASCE-7 (2010) a linear static
analysis is known as ‘lateral force method of analysis” and a linear dynamic analysis is known as
the ‘modal response spectrum analysis’. The lateral force method may be used for buildings
meeting criteria described below and the modal response spectrum is applicable to all types of

buildings.

Both of these linear-elastic methods utilise a design response spectrum to account for the capacity
of a structure to dissipate energy through inelastic and ductile behaviour and a typical viscous
damping ratio § = 0.05. The design response spectrum is simply a single-degree-of-freedom
(SDOF) response spectrum reduced with respect to the elastic response spectrum (Figure 2.2). In
practice, this is carried out by reducing the horizontal and vertical elastic response spectra using a

behaviour factor g which can be expressed as

q=-2 2.1

12
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where F,; is the peak seismic force that would develop in an SDOF system with a linear-elastic
response and F, is the yield force of the SDOF system. At this point, it is worthy to note that a
linear analysis performed in this way does not imply that the structure will perform elastically, it is
merely a method adopted to reduce the complexity of force-based seismic design. For DCL
structures mentioned above, the behaviour factor is limited to 1.5. This value accounts for
overstrength design of the structure and ensures the response is elastic. For DCM and DCH

structures, behaviour factor limits larger than 1.5 are permitted depending on the structural type.

2.55n

wn

Elastic Spectral Acceleration,  [m/s?]

Period, T [s]

Figure 2.2 — Eurocode 8 elastic response spectrum shape with period values Ts, Tc and To and
soil factor S describing the shape of spectrum corresponding to a specific ground type.

The lateral force method applies equivalent lateral static loads to the structure, in two orthogonal
directions. However, some restrictions are in place concerning its applicability. Eurocode 8 (CEN,
2004a) limits this method only to structures whose response is dictated by its fundamental mode in
each direction. Furthermore, a structure must be regular in elevation and its fundamental period of
vibration T; must remain less than both 4T, and 2.0 s where T¢ is a transition period described in
the elastic response spectrum (Figure 2.2). If these criteria are not fulfilled then a modal response
spectrum analysis shall be carried out. The base shear force F, for each of the horizontal directions

is defined as:

Fy, = S4(T;)mA 2.2
where S4(T;) is the value of the design spectrum for the fundamental period, m is the total mass of

the building and A is a correction factor for the modal mass participation of buildings with more
13
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than two stories. The base shear force is typically converted into a set of lateral inertia forces. For
the lateral force method this can be conducted using weighted ratios of storey mass and their
respective horizontal displacements or vertical heights from ground level. For a modal response
spectrum analysis the response of all significant modes of vibration are considered. An eigenmode-
eigenvalue analysis is carried out and for each significant mode, the natural period, mode shape
vector and modal participation factor are calculated for each direction of interest. These are
combined with the spectral displacement to establish a nodal displacement vector for each
direction. Nodal displacement vectors are then used to compute deformations of storeys or
members for each mode. These exact peak modal responses can be combined to form an

approximate overall response.

Two non-linear methods are described in Eurocode 8 as non-linear static (pushover) analysis and
non-linear dynamic analysis. In its simplest form, a pushover analysis is carried out under constant
gravity loads and monotonically increasing lateral loads to reach a target displacement. As the
monotonic loads increase, inelastic deformation development in structural members is considered.
A form of non-linear static analysis is carried out in the present study in the form of a
displacement-controlled pseudo-static cyclic load on a single member CBF test structure (Chapters

4.4).

Where the pushover method of a structure requires an approximation of global deformation for
suitable target displacements or forces, a non-linear dynamic analysis requires the response be
obtained through the direct numerical integration of the structure’s differential equations of
motion. This is done using time-dependant accelerograms as motion input. Non-linear time history

analysis is carried out for the BRACED project and is presented in Chapter 8.

In Eurocode 8, capacity design procedures for diagonal frames assume that only the tension
diagonals contribute to the design lateral resistance, while dissipative zones in CBFs are also
assigned to the tension diagonals. The remaining members are non-dissipative and are required to
remain elastic; they are designed to have sufficient overstrength to ensure inelastic development in
the brace members only. As a result, the actual maximum yield strength of the dissipative brace
members must be carefully controlled and should not exceed 1.1y,,, where the overstrength factor,
Your = 1.25. All frames designed in this study are diagonal frames, despite their immediate
appearance as V-frames. This layout of the frames in this study permits out-of-plane brace

deformation without interaction between the braces.

Specific maximum q values are defined for diagonal frames and V-frames (Table 2.1). Depending
on the g values employed, the sizing of brace members is selected taking into account brace

slenderness and width-to-thickness ratios (local slenderness):
14
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e To avoid overloading the columns in the pre-buckling stage, the non-dimensional brace
slenderness, 4, in diagonal frames is limited to 1.3 <1 < 2.0 and for V-frames 1 < 2.0.

Eurocode 3 (CEN, 2005a) defines non-dimensional slenderness as:

g e B 23

for Class 1, 2 and 3 cross-sections in which

A > 24
=1 |— ¥
1. fy

where A is the section area, f, is the yield strength, N, is the elastic critical force for the
relevant buckling mode, L, is the relevant buckling length, i is the relevant radius of
gyration and E is the modulus of elasticity for steel.

e Maximum width-to-thickness limits are imposed for the compression elements of cross-
sections for different section classes (Class 1, 2, 3 and 4) by Table 5.2 in Eurocode 3. Within
the behaviour factor limits of Table 2.1, further cross-section class requirements are defined

by Eurocode 8 for specific ranges of q.

Table 2.1 - Maximum behaviour factors, g, for dissipative diagonal frames and V-frames.

Ductility Class
CBF Type
DCM DCH
Diagonal Frames 4 4
V-Frames 2 2°5

When capacity design is complete, displacements under the seismic action are estimated. These are
checked to comply with the damage limitation limits of Eurocode 8. If the limits are exceeded,
redesign of structural members is required by increasing member sizes, to increase member

stiffness.

In the AISC Seismic Provisions (AISC, 2010) two distinct categories of concentrically braced frame
systems are defined: Ordinary Concentric Braced Frames (OCBF) and Special Concentric Braced
Frames (SCBF). OCBFs have low ductility demand expectations and are designed for large base
shears and limited inelastic deformation capacity. SCBFs are specifically designed for significant
inelastic deformation capacity primarily through brace buckling in compression and yielding of the
brace in tension. They require lower base shear capacity and are expected to sustain forces

matching the yielding capacity of the braces through relatively large drifts. The response
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modification coefficient R (ASCE, 2010) provides a rational relationship between response

spectrum demand and the inelastic response reduction capabilities of a structural system:

V= % 25

where 1 is the design base shear force and V, is the elastic design base shear force. As is apparent
from Equation 2.1, R fulfils an equivalent function to the European behaviour factor q. For elastic
design, the base shear values that have been reduced by R are multiplied by a system overstrength
factor €, to estimate the internal forces in force-controlled members for capacity design. In order to

estimate the maximum inelastic drift values D, (under elastic design), story drift values D are

multiplied by a deflection amplification factor Cy:

D, = D,C, 2.6
The inelastic drift values D, are checked to ensure that they do not exceed the allowable storey
drift limits as set out in ASCE 7 (ASCE, 2010). The R, Q, and C, factors pertaining to OCBFs and
SCBFs are listed in Table 2.2 below.

Table 2.2 — Design coefficients and factors for OCBFs and SCBFs as set out in ASCE 7 (ASCE,

2010).
Response System Deflection
CBF Category Modification Overstrength Amplification
Coefficient, R Factor, 2o Factor, C,
OCBFs 6 2 5
SCBFs 3.25 2 3.25

2.2.2 Displacement-Based Seismic Design

The displacement-based design method has been under development for over 20 years (Priestley,
1997; Priestley et al., 2007) with a framework design code developed as recently as 2012 (Sullivan et
al., 2012). The formulation characterises the structure to be designed by a SDOF oscillator whose
properties represent performance at peak displacement response, rather than by its initial elastic
characteristics. The fundamentals of this process are illustrated in Figure 2.3 below. Figure 2.3(a)
shows the SDOF representation of a frame building while Figure 2.3(b) shows the bi-linear lateral-
force displacement curve with initial stiffness K;, followed by post yield stiffness rK;. In contrast to
force-based design where a structure is characterised by elastic pre-yield properties (initial stiffness
and elastic damping), displacement-based design characterises the structure using the secant
stiffness K, at maximum displacement A; and equivalent viscous damping ¢.,. The equivalent
viscous damping represents the elastic damping combined with hysteretic inelastic energy

dissipation (Figure 2.3(c)). Using the established design displacement and damping ratio, the
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effective period T, is determined for the effective mass m, measured at the effective height H,. The

effective secant stiffness K, of the SDOF system is as follows:

K. =4 n’m,/T? 2.7
As a result, the lateral SDOF force F can be determined and used for distribution of base shear

forces Vggse:

F = Vgase = K.y 2.8
me Fi ------------------- 7
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I
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Figure 2.3 — Outline of the displacement-based design process illustrating the SDOF
approximation, equivalent viscous damping representation and effective period determination
(Priestley et al., 2007).

While this method was developed with the aim of mitigating deficiencies of the force-based

method, it was primarily developed in the context of reinforced concrete frame design. It is
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acknowledged that several outstanding issuess exist for the application of the displacement-based
design method for steel CBFs (Priestley et all., 2007). A study by Medhekar and Kennedy (2000)
applied the displacement-based design method to a two-storey and an eight-storey building with
steel CBFs used for lateral resistance. Haviing compared the seismic response with static and
dynamic time-history analyses, they found that inconsistencies existed with the assumed displaced
shape from design examples. This was particuilarly noticeable with the eight-storey building where
ductility demand exceeded the assumed demiand due to higher modes of vibration. Furthermore
the need for properly calibrated equivalent viiscous damping values was also highlighted. Several
equations exist for evaluating ¢,, for differemt structural types (concrete wall buildings, concrete
frame buildings, steel frame buildings) but more research is required to establish a specific
equivalent viscous damping equation that acccounts for the pinched hysteresis of CBFs. The data

gathered from this body of work will aid in thee understanding of damping of CBFs.

2.3 Concentrically Braced Frames ‘for Seismic Resistance

Concentrically braced frames are widely empoloyed in seismic resistant steel frames due to their
inherent strength and stiffness, which allows: them to efficiently resist design seismic forces and
restrict inter-storey drifts. As well as providingz a source of energy dissipation through the alternate
cyclic yielding and post-buckling deformatioon of their braces, the stiffness of CBFs also helps

minimise non-structural damage and residual (deformations.

2.3.1 Brace Hysteretic Behaviour

Figure 2.4 illustrates the features displayed iin the hysteretic behaviour of a brace member. An
initially stiff axial force-deformation response ‘is limited by buckling in compression or yielding in
tension. Brace buckling generally occurs with seismic forces somewhat lower than those required
for brace yielding. During brace buckling, plasstic hinges develop within the brace length (usually
at mid-length but sometimes at the brace endss, depending on the rotational restraint provided by
the brace connections). With increasing axial dleformation, the compression resistance of the brace
is dramatically reduced as the lateral deflectiion increases. Upon load reversal, a residual axial
deformation is observed at zero load due to thee accumulated plastic rotation of the plastic hinge(s).
When the brace is loaded in tension, the laterall deflection decreases, and a significant axial force is
required to develop the full tensile stiffness aind, subsequently, yield resistance of the brace. The
load deflection hysteresis plot in Figure 2.4 dexmonstrates this behaviour for an asymmetrical axial
loading pattern. The low stiffness of the brace iin the post-buckling and load reversal phases lead to
the archetypal ‘pinched’ hysteretic plots usedl to assess brace performance. This feature is more
severe with slender braces. After several imelastic loading cycles, yield points of the same

displacement magnitude will degrade for each: subsequent cycle. This is known as the Bauschinger
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effect (1886) (cited by Buckley and Entwistle (1956)). The result is that lower axial force is required

to reverse the direction of strain than to continue deforming with strain hardening in the same

direction.
1 T T
2001 Bauschinger Effect— N
150 .
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-
CE 'Pinching' Effect
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Figure 2.4 — Typical brace hysteresis force-displacement plot demonstrating pinched behaviour
due to brace buckling and the Bauschinger effect.

Experimental studies have examined the influence of parameters such as brace slenderness, section
slenderness and end conditions on the hysteretic response of axially loaded brace members. More
recently the ductility capacity of steel braces has also been studied within several experimental

programmes. These are identified in sub-sections below.

2.3.2 Previous Testing of Brace Members for CBFs

The complex hysteresis behaviour of CBFs has prompted a substantial body of research and
experimental investigation. In the 1970s many applications of CBFs were used in fixed offshore
platforms and power transmission towers. More stringent design requirements for offshore
platform design were implemented by the American Petroleum Institute (1977) . Given that
designing such structures on an elastic basis was prohibitively expensive and impractical, this
encouraged a large body research to be carried out to investigate the inelastic cyclic performance of
steel braces. Early experimental work was carried out by Popov, Jain, Roeder, Goel, Tang and Black
amongst others, as detailed below. These investigations were initially aimed at establishing

suitable analytical models to characterise the overall hysteretic performance of steel braces. Early
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theoretical models used experimental results to characterise the general cyclic force-deformation
behaviour, but the quantitative behaviour could not be predicted with a high degree of accuracy,

especially in the peak loading ranges.

It is generally understood that under cyclic axial loading, steel members exhibit a net elongation
after repeatedly reaching their compressive and tensile yield strengths. This was one of the
primary findings noted by Kahn and Hanson (1976) in their experimental program to determine
the hysteretic characteristics of sixteen 25.4x12.7 mm hot-rolled rectangular hollow section (RHS)
steel bars. The bars were of varying length and had a fixed-end condition. Equations developed to
form analytical hysteresis curves were found to generally agree with experimental results.
Comparing the different hysteresis plots for each specimen, it was shown that at zero load the
percentage residual elongation relative to the original specimen length was greater for shorter

specimens than for longer ones.

Jain et al. (1977) examined the hysteresis behaviour of axially loaded members with gusset plate
end restraints. Twenty-four 25.4mm square hollow sections (SHS) with various sizes gusset plate
connections were tested under a series of static and dynamic axial load tests. Shorter members with
lower slenderness ratios exhibited greater energy dissipation than longer, more slender members.
Further to these experimental conclusions, a comparative study showed that the theoretical
predictions of Prathuangsit (1976) did not adequately represent the hysteretic behaviour for
members with slenderness, 4 < 50. The progressive reduction in maximum compressive strength
and elongation with number of cycles were the most noticeable shortcomings of the hysteresis
model. The discrepancies can be attributed to not considering the effects of strain-hardening and
the Bauschinger effect. Similar discrepancies in the maximum compressive and tensile ranges can
be seen in theoretical solutions developed by Higginbotham and Hanson (1976). In fact,
Higginbotham and Hanson (1976) suggest including initial member curvature imperfections to
improve accuracy in the maximum compressive force regions and a formulation that permits zones

of plastic behaviour.

In later work, Jain et al. (1978) further developed their studies on brace members by conducting an
experimental programme that considered the influence of the rotational end restraint provided by
connections. The influences of connection stiffness and change in member length on hysteretic
behaviour were also analysed. It was found that the effective slenderness ratio had a more

significant influence on the shape of the hysteresis curves than connection strength or stiffness.

Popov et al. (1979) carried out cyclic loading tests on six @100 mm tubular members with pin-
ended and fix-ended constraints. The one-sixth scale members had similar diameter-to-thickness

ratios D/t and were annealed to eliminate the large amount of work-hardening produced at such a
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scale. A reduction in buckling load capacity with each subsequent cycle was noted. In the tensile
loading range, rapid deterioration of the axial member stiffness resulted in larger displacement
amplitudes. After the development of plastic hinges at mid-length, local buckling occurred during
compressive cycles, however the cross-sectional shape was restored upon reloading in tension.
When the members re-entered the compression range, the cross-sections became distorted once
more and during subsequent cycles tearing of the steel was observed in the local buckling regions.
Thereafter, significant deterioration of both stiffness and strength was seen in the load-
displacement plots. Overall, specimens with smaller D/t ratios exhibited less rapid strength
deterioration due to local buckling and therefore higher tensile and compressive capacities. An
analytical model implemented by Roeder and Popov (1977) achieved good representation of the
experimental hysteretic loops. The model included the deterioration of buckling strength for
consecutive cycles, however it only accounted for idealised pinned and fixed end conditions. It was
concluded that further analytical investigations were needed to clarify models for the intermediate

boundary conditions between the classical pin and fixed connections.

To improve the deficiencies of the hysteresis models used by Higginbotham and Hanson and
Roeder and Popov, Jain et al. (1980) proposed a model that exhibited good agreement with a series
of experimental tests on seventeen tube and eight angle specimens. It is interesting to note that this
experimental program featured realistic gusset plate connections which were representative of
those utilised in CBFs of the time. To develop the model two important parameters were
quantified: maximum compressive loads and residual elongation. The reduction in maximum
compressive loads in successive cycles can be expressed as a function of the effective slenderness

ratio:

Fmax KL 2.9

for the second cycle and:

25F,
S RK] 2.10
i

Fmax

for the third and subsequent cycles. These expressions were considered adequate for slenderness
ratios in the range 50 < A < 150. Residual elongation was determined to be directly proportional to
maximum compressive displacement and inversely proportional to the effective slenderness ratio

KL /7 as expressed in the empirical relationship:

0.558, ]
&= T + 0'00028!4 201
[
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where, ¢ is residual strain, K is the effective length factor, L is the member length and i is the radius
of gyration. Similar to the maximum compressive load prediction, this equation is not valid for
members with an effective slenderness ratio of less than 60. The shape of the cross section had a
noticeable influence on the hysteretic behaviour. This was attributed to the differing effects of heat
treatment, strain hardening, residual stress in corner regions, the Bauschinger effect and local

buckling for different cross section shapes.

To improve upon previous phenomenological models in which plastic hinges were modelled as an
elasto-perfectly plastic material, Ikeda and Mahin (1986) undertook research to formulate a refined
physical theory brace model based on a simplified geometric representation consisting of simply-
supported bracing member with a plastic hinge at mid-span. Physical theory models do not require
empirical information on cyclic behaviour as per phenomenological models. Physical theory input
parameters are based on measurable material or geometrical properties derived from engineering
principles. The model was compared to data from quasi-static testing of a single brace member and
dynamic analyses of a three-storey diagonally braced frame. Overall, the model achieved very
good representation of the hysteretic loops and featured degradation in energy dissipation and
buckling load. However, when compared with a phenomenological model by Ikeda et al. (1984) ,
the phenomenological model demonstrated superior results provided that sufficient experimental
data was available prior to the analyses. This research further developed the concept of limiting
user input to information on brace geometry and material properties, as is commonly employed in
current computer modelling software (Uriz and Mahin, 2008). More recently, a physical theory
model development by Jin and El-Tawil (2003) included a distributed inelasticity element model
without limitations on boundary conditions. However, it was acknowledged that the model is

calibrated for the specific brace sections used in their experimental study.

As CBFs dissipate seismic energy input through cyclic inelastic buckling of braces, ductility can be
considered as an additional design parameter that represents the ability of a structure to undergo
large plastic deformations without losing strength (Gioncu, 2000a). Therefore, ductility is mainly
concerned with post-yield and pre-failure structural performance regions, and can be used as an
indicator of seismic energy dissipation capacity. It is related to the concept of yielding mechanisms
within a structure (see Chapter 3). In the seismic response of CBFs, ductility is determined by the
fracture life of braces under a tensile load (often initiated by brace tearing due to local buckling
under compression). Hence, fracture resistance is a key parameter for ductility design. Several
ductility definitions are outlined by Gioncu (2000a), however the pertinent definition for this study

is as follows:

22



| |
I A
¥t ||I|H|I"'!'x g
Ay

Hp = E 2.12

where A, refers to the ultimate deformation at fracture and A, refers to the deformation at first

yield.

Shaking table tests carried out by Uang and Bertero (1986) on a 0.3-scale six-storey steel structure
displayed significant local buckling in the diagonal braces which led to brace rupture. The test
results also indicated that once brace rupture occurred, a soft storey developed resulting in
reduced lateral stiffness and consequently little shear resistance in that storey. Furthermore,
studies by Lee and Goel (1987) and Liu and Goel (1987) showed that local buckling initiation was
very sensitive to the width-to-thickness ratio (and to a lesser extent brace slenderness and steel
material properties). Lower width-to-thickness ratios delayed local buckling and consequently

increased the fracture life.

In order to predict the fracture life of bracing members, a method of converting general
deformation cycles into an equivalent number of standard cycles was developed by Tang and Goel
(1987). This normalisation of cyclic deformation history provided a mechanism to compare
experimental data to theoretical predictions of fracture life. A typical cyclic loading history was
classified in three distinct groups: small cycle, simple cycle and incremental cycle. The number of
standard cycles in each group allowed any cyclic deformation history to be converted into a simple

standardised history. Based on these results empirical formulae for fracture life were proposed:

e (b/d) (KL/D)

Nl‘ = Sm—_z—tW 2.13
for KL/r > 60 and:
v = ¢, QIDE) 2

~ (b - 28)/tP

for KL/r < 60, where Ny is the number of cycles to fracture, C; = 262, a numerical constant for the
test results, d is the gross depth of the section, b is the gross width of the section and t is the wall
thickness. Local buckling is considered based on the theory of elasticity in which the local buckling
strength of a plate is inversely proportional to the square of the width-to-thickness ratio. Hence, the
width-to-thickness ratio of the compression flange is represented in Equations 2.13 and 2.14 by the
term (b — 2t)/t. Higher brace slenderness values KL/r were found to reduce local buckling,
however in short members with KL/r < 60 slenderness did not appear to influence fracture life.
Formulations based on Equations 2.13 and 2.14 by Archambault et al. (1995) were further refined
by Shaback and Brown (2003) with additional data sets.
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A survey of nine experimental studies by Tremblay (2002) examined the inelastic ductile response
of diagonal bracing systems with various displacement histories. During seismic loading, a critical
condition occurs in CBF when the tension brace yields just after the compression brace has buckled
(Figure 2.5), with tension yielding at T;, = AjF, (where A, is the gross cross sectional area, F, is the

yield strength) and compressive resistance C,,.

\"
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*

Figure 2.5 - Inelastic response of tension-compression CBF (Tremblay, 2002)

It was found that in symmetrical CBFs with slenderness values 1 < 1.0, braces could maintain a
compressive resistance C, at a deformation level sufficient to develop tensile yielding, T, in the
corresponding brace. For slenderness values A > 1.0 buckling occurs at a smaller deformation level,
and the force in the compression brace should be assumed to equal 0.8C,, when tension yielding
occurs in the other brace. However, it was observed that for specimens loaded in tension prior to
buckling, this effect was minimised due to the Bauschinger effect. The maximum tension force
F,, max achieved in each test depended upon the loading history, with higher deformation demands

in earlier stages of a test leading to larger F, ;. values.

Minimum compressive strength formulations were presented for various levels of ductility (uy = 2,
3 and 5). From a design perspective compressive strength at a specific ductility level can represent
a critical loading condition. Under symmetrical loading conditions, it was observed that the
compression resistance of the brace at any plastic hinge rotation depends on prior cyclic loading
history due to the cumulative elongation of the brace during tension loading. It was anticipated
that brace load data for this formulation would be selected from the range of tests. The load was
selected where the compression ductility was reached for the first time having reached the
corresponding tension ductility level. However, the variability between all of the tests led to a
tension ductility level of 0.5 units the target ductility level being used instead. Thus, the non-linear

regression formula is as follows:
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C., = AF,(a+bl™c) <C, 2.15
where C;, is the post-buckling compressive capacity, C, is the buckling capacity, and a, b and c are

constants defined for ductility values of 2, 3 and 5.

It was found that slender braces possess higher ductility capacities as strain demand in plastic
hinges reduces with slenderness, limiting the extent of local buckling. Cross-section width-to-
thickness ratio was also found to have a limited influence on ductility capacity, which agrees with
the findings of Tang and Goel (1987). A model to predict displacement ductility capacity was

proposed using the linear physical theory model for cold-formed members:

pp =831+2.4 2.16
in which g, is the ductility reached at fracture. It was acknowledged in a subsequent paper by
Tremblay et al. (2003) that while Equation 2.16 is suitable for single bracing members it is
unconservative for diagonal frames. It was suggested that further refinement was required to
include effects such as width-to-thickness ratio, steel types and different section shapes such as
RHS and tubular sections. These parameters were specifically explored by Goggins et al. (2006) in
an assessment of the cyclic performance of cold-formed square and rectangular hollow section
brace members. Having considered the effects of material yield strength, the influence of non-
dimensional slenderness and width-to-thickness ratio was implemented in two distinct equations

for displacement ductility capacity:

Up = 2624 — 0.7 2.17

Hp = 29.1—1.07(d/t) 2.18
These equations were derived from a limited limited set of cyclic tests on members with
normalised slenderness in the range 0.4 to 0.9, as longer length specimens were not tested to
fracture. Experimental work carried out by Nip et al. (2010) considered a wider range of
slenderness values (0.34 to 1.40) for hot-rolled carbon steel, cold-formed stainless and carbon steel.

Displacement ductility predictions for the three materials were set out as follows:
Hot-rolled carbon steel:

Up = 3.69 + 6.971 — 0.05(d/te) — 0.19(2)(d/te) 2.19

Cold-formed carbon steel:

Up = 6.45 + 2.281 — 0.11(d/te) — 0.06(A)(d/te) 2.20

Cold-formed stainless steel:

Up = —3.42 + 19.861 + 0.21(d /te) — 0.64(A)(d/te) 2.21
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where & = /235/f,. When compared with the results of their experimental study, the proposed
equations showed an improvement on ductility capacity predictions given by Equations 2.16 to
2.18. This result emphasised the need to consider the full range of slenderness values and
constituent material types that may be encountered in a given application. Equations 2.17 and 2.18

were found to overestimate the experimental ductility capacity results observed by Nip et al.

2.3.3 Lateral Deformations of Brace Members

A set of simple equations for lateral deformation were proposed by (Tremblay et al., 2003) to assess
brace damage to non-structural elements. They were formulated for pin and fixed end conditions
and later developed for single and diagonal frame members at peak compression ductility u.

following a peak ductility in tension y, (Tremblay et al., 2003). For a single brace member:

A=07 J("c + e — 1)8, Ly 2.22

with &, representing the tension yield displacement and Ly representing the distance between the
rotational hinges that form near the ends of the brace (Figure 2.6). When Equation 2.22 is applied to

case of a diagonal frame:

i
A= |6yl 2.23

where Ly is the distance between the brace mid-length and the plastic hinge near the brace end.
These equations demonstrated good agreement with the results of tests carried out by Tremblay et
al. (2003). Equation 2.22 was also assessed by Goggins et al. (2006) using results from a separate
series of cyclic tests, with good agreement generally observed, except for large axial displacements

where experimental values were under-predicted.

Ly LHE

ll_g
.

Figure 2.6 — Simplified deformed shapes for a single brace member (Tremblay et al., 2003)

Nine experimental tests on hollow structural steel (HSS) specimens were carried out by Shaback
and Brown (2003). A formulation to predict the out-of-plane deformation of a single brace with

gusset plate connections was calibrated using this series of tests. It was found that out-of-plane
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deformation was heavily influenced by plastic hinge rotation near the gusset plate connections and
brace mid-length. A simple geometrical formulation was found to be heavily dependent on
ductility level, however the calibrated form showed acceptable correlation with experimental

results:

it
A=LQ2u- 6;11'9) 2.24

24 Measuring Damping in CBFs

All oscillatory systems undergo a resistance to motion known as damping. This damping arises
from energy dissipation through elastic springs and friction forces caused by structural joints,
bearing supports, fluid resistance and so forth. Combinations of such mechanisms lead to energy
losses in free vibration systems which result in decay of response amplitude. The simple linear
model for mathematical analysis assumes that the damping force remains proportional to velocity

as is seen in the formulation of the SDOF equation of motion:

mi(t) + cu(t) + ku(t) = —m i(t) 2

where m is the mass, ii(t) is the relative acceleration, c is the system damping coefficient, u(t) is
the relative velocity , k is the system stiffness u(t) is the relative displacement and i(t) is the

ground acceleration. The restoring force, Q(t) is composed of:

Q(t) = F.(t) + F,.(t) 2.26

with
F.(t) = ku(t) 227

and
2.28

Fac(t) = cu(t)

where F,(t) is a conservative force and F,.(t) is a non-conservative force. The stiffness is based on
structural geometry and material properties; but the damping coefficient cannot be calculated from
such measurable parameters. Free vibration decay can be used to evaluate the damping coefficient.
However this only applies under low amplitude input acceleration within elastic limits. Under
these conditions, Equations 2.27 and 2.28 remain as valid linear relationships. For elastic shake
table testing this can be accomplished using the half-power bandwidth method outlined in sub-

section 2.4.1 below.
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Conversely, under larger amplitude seismic input with inelastic deformation, these equations no
longer hold true as the damping coefficient is amplitude dependent implying that early high-
amplitude cycles yield higher damping ratios than subsequent low-amplitude cycles. This

amplitude dependency is caused by changes in stiffness and damping mechanisms of the system.

Frequency-independent damping (or ‘hysteretic’ damping) is associated with static hysteresis due
to plastic strain, localised plastic deformation, crystal plasticity and plastic flow. The analytical
solution for the free vibration of nonlinear hysteretic damping has been derived by Chen et al.
(1994) and was further refined by Chen and You (1997). The governing equation of an SDOF

system for the hysteretic damping model is formulated as:

h = 229
mii + —u + ku = p(@)e'®*
||
Although Equation 2.29 remains valid for harmonic vibration, it is invalid for free vibration as the
presence of |@| is ambiguous when the forcing term p(@)e’®" is set to zero. Therefore only the

stead state solution can be obtained:

-m@*% + k(1 + sgn(@)in)x = p 2.30

where 7 is the loss factor, k7 is equal to h, and sgn(@) is +1 when @ > 0 and is —1 when @ < 0 and

sgn is sign function. To solve for the time domain using the Fast Fourier Transform for p = 1

o

i) 1 e'®t i 2.31
™ —o (k — m@w? + sgn(@)ikn) #

By taking the inverse Fourier transform of Equation 2.30 the governing equation in the time

domain is as follows:

. kn (® x(w) E 2:32
mi(t) —?f_m e du + kx(t) = p(t)
with conditions at t = —co being
2.38

x(®)|t = —0 =0, x(t)|t = —0 =0,

To construct the hysteresis loop in the time domain, the forcing function p(t), in Equation 2.32
must be harmonic excitation. In order to solve the integral-differential equation for Equation 2.32

by using the iteration technique, Equation 2.32 can be reduced to the following form:

¥ns1(t) + 28Wkneq(t) + 022044 (t) 2.34

a [ w'n [ X (W) p(t)
= 2§wx, (t) + TJ’_ e

m(t—u)du
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where x,,(t) denotes the n*" iteration state for x(t) and w = \/k/m. Using the Duhamel integral and
considering the terms in the right hand side of Equation 2.34 as external forces, Equation 2.34 can

be reduced to the following iteration form:

1 LT 2.35
Xt ()= e~$9(= sin(w4/1 — &2(t -
+1(0) mr—l—fzf_m ( §%(

2 (o]
- 1)) {w nl Mdu + 2¢wx,(7) + p(T)} dt

e Ji T —u) m
By iterating x,(t) in Equation 2.35, a hysteresis loop can be constructed after setting harmonic

loading for p(t) and a convergent solution can be obtained as follows:

f () (O g it m 2.36

where € is the error tolerance and N is the number of iterations. In summary, Equation 2.29 is the
governing equation of hysteretic damping in the time domain for an SDOF system. A solution has
been formed in Equation 2.36 where a hysteresis loop can be constructed. This is relevant for the
series of shake table tests described in Chapter 8 where the plastic behaviour of bracing members is

investigated within an SDOF system.

2.41 Damping for Elastic Tests (Half-Power Bandwidth Method)

To obtain the natural (fundamental) frequency, w,, of a CBF system, the system can be subjected to
white noise or sweep excitation within its elastic limits. The resulting response is typically recorded
in the time-domain. Using the Fast Fourier Transform the frame response can be converted to the
frequency-domain and w, and frequencies from other modes can be extracted from the response
peaks. Goggins (2004) carried out elastic shake table tests and found the natural frequency w, to be
proportional to the brace size A; and inversely proportional to the brace slenderness . However,
these results were largely influenced by initial brace loading in tension or compression after brace

installation. Initial brace camber was usually indicative of the presence of these axial brace forces.

To determine system damping, the half-power bandwidth (HPB) method is commonly used for its
simplicity, and accurate results can be expected for SDOF systems with small values of damping
(Chopra, 2006). The method is based on measuring the maximum amplitude observed on a
frequency response curve (displacements, velocities or accelerations) due to applied harmonic
loads of different frequencies. The two frequencies at which the response equals 1/V2 the
maximum amplitude are then obtained, as shown in Figure 2.7. The damping ratio is then defined

as

_ Wp — Wg
§= &7 2.37

where w, and w,, are the frequencies either side of the natural frequency w,.
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Figure 2.7 — Definition of half-power bandwidth method.
In fact, in an investigation by Olmos and Roesset (2009) of the accuracy of this method when used

with MDOF systems, continuous systems and systems with nonlinear viscous damping showed
accurate predictions of damping estimates. For systems with mass proportional damping the
results were accurate in several modes with constant modal damping. Systems with stiffness

proportional damping showed valid results in the first few modes.

A similar study by Papagiannopoulos and Hatzigeorgiou (2011) focussed on examining the
accuracy of the half-power method with single- and multi-degree-of-freedom systems with linear
viscous damping. They assumed several values of ¢ for three different systems: a linear SDOF
structure with a fundamental frequency 1.674 Hz, a seven-storey, two-bay moment resisting steel
frame structure with the first four natural frequencies ranging from 0.946 to 8.084 Hz and a three-
storey, two-bay frame with a non-uniform distribution of damping over the structure height. The
assumed values for { were then compared with the damping values obtained after constructing the
acceleration frequency response transfer functions and examining their moduli at the peak
amplitude for each structural configuration. The standard expression for the half-power
bandwidth method shown in Equation 2.37 was used to estimate ¢ for displacement frequency
transfer functions. However accuracy issues arise when acceleration frequency transfer functions
are used with this definition. To account for this, a third order correction applied by Wang (2011)

produces acceptable results:

Wp — Wq
2E B =
LB —

n

2.38

For the first SDOF structure it was observed that Equation 2.37 produced good upper bound
results for £ < 0.15 and Equation 2.38 produced good lower bound results for ¢ < 0.20. The first
four frequencies of the MDOF moment-resisting frame were well separated and damping was
uniformly distributed throughout the frame. Both Equations 2.37 and 2.38 produced very accurate
predictions for the first two modes with ¢ < 0.10, and the third mode with § < 0.05. At higher

modes both equations become inaccurate.
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Therefore, for concentrically braced frames subjected to low amplitude loading, as in the case of
elastic shake table tests, the half-power bandwidth method is suitable for estimating the damping
properties. In the case of stronger amplitude time histories, plastic regions are expected to develop
in the structure, thus changing the damping properties making the assumption of linear viscous

damping invalid.

24.2 Rayleigh Damping
Rayleigh damping is a technique often used in evaluating damping properties of nonlinear

systems. It assumes that the damping matrix is proportional to the mass and stiffness matrices:

[C] = a[M] + B[K] 2.39
where [C] is the system damping matrix, [M] is the mass matrix, [K] is the stiffness matrix of the
system and a and f are the constants of proportionality. The damping ratio for the Rayleigh
damping equation is:

a Pw
Toat 7

When g is discounted (8 = 0), the a value is calculated from a known value of damping ¢ (i.e.

2.40

a = 2w¢). This is known as alpha damping and damps out the lower modes of vibration.
Conversely, beta damping (a = 0) damps out the higher modes of vibration. In cases of even
distribution of natural system frequencies, Rayleigh damping formulation is suited for accurate
damping representation (Papagiannopoulos and Hatzigeorgiou, 2011). This damping technique is
typically used in nonlinear computer simulations where an explicit damping matrix definition is
needed. In this body of work it is employed in the OpenSees (McKenna, 1997) finite element

models as described in Chapter 4.
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3 Background: Design of CBFs with Gusset

Plate Connections

3.1 Introduction

As mentioned in Chapter 2, the performance of CBFs under strong ground motions is primarily
determined by its bracing members and connections. To provide sufficient lateral frame resistance,
the diagonal bracing members are designed to resist large axial forces which are transferred to the
other frame members via gusset plate connections. In the seismic design of diagonal CBFs to
Eurocode 8 (CEN, 2004a) normally only the resistance of the tension braces is included in the
analysis of seismic action effects. For V-frames both compression and tension diagonals are
considered. Because brace compression resistance need not be taken into account for diagonal
frames, European design practice tends to employ bracing members that are more slender than
those encountered in other regions where brace compression strength contributes to the design

lateral resistance of the CBF.

In accordance with capacity design procedures, the diagonal brace members are identified as the
dissipative elements of the CBF, and the structural design must ensure that yielding occurs in these
elements before failure occurs in the connections, and before yielding or buckling occurs in the
beams and columns. To obtain the required design resistance of these non-dissipative structural
components, the design resistance of the brace member is increased by an ‘overstrength’ factor,
and the force equilibrium used to determine a consistent set of forces in beams, columns and
connections. Thus, these elements are provided with sufficient resistance to avoid failure. In
addition, the detailed design of the CBF must ensure that the expected yielding mechanism occurs,
and remains stable within the anticipated range of seismic drift. Conventional seismic design
achieves this objective by specifying allowable ranges for global and local brace slenderness (as
described in Chapter 2), and detailing rules for gusset plate brace connections that incorporate the

Standard Linear Clearance model (described in Section 3.2).

In Section 3.3., the inelastic behaviour of brace-gusset plate assemblies undergoing cyclic response
due to earthquake loading is examined and alternative gusset designs are proposed for use in the

experimental programmes in Chapter 5 and Chapter 8.

3.2 Gusset Plate Design — Standard Linear Clearance

When subjected to strong ground motions, diagonal bracing members in CBFs are expected to

undergo large inelastic deformations in the post-buckling range leading to the formation of plastic
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hinge regions. As bracing members are susceptible to local buckling, the large flexural stains at the
mid-length plastic hinge locations can lead to brittle failure due to fracture (see Chapter 2). This
behaviour, which may occur at low storey drifts, results in reduced system ductility and can
induce excessive ductility demands on beams and columns. . If brittle fracture of the brace member

can be delayed, energy may still be dissipated after local buckling has occurred.

The gusset plate connections commonly used at either end of the brace members can be designed
as rotationally restrained or unrestrained. Generally, for out-of-plane rotation the gusset plate is
unrestrained (unless crossed gusset plates are used) to accommodate brace end rotation. This is the
premise of the design rules specified for gusset plate connections in ‘Special Concentrically Braced
Frames” (SCBF), as set out by the AISC Seismic Design Provisions (AISC, 2005a) and the AISC
Uniform Force Method (UFM) (AISC, 2005c).

Gusset plates are the predominant method used to connect brace members to the rest of the
structural frame. Typically, the gusset plate is aligned in-plane with the frame in a vertical
direction. The direction in which compression braces buckle is dependent on the orientation of the
section shape and the brace end restraints provided by the gusset plate. For out-of-plane brace

buckling, member end rotations induce weak axis bending in the gusset plate.

At larger storey drifts, the end rotation in the post-buckled brace is accommodated by the
formation of plastic hinges in the gusset plates (Cochran, 2003). To permit this, a free length is
incorporated in the gusset plate perpendicular to the end of the brace and the assumed line of
restraint (Figure 3.1). This gusset design method is known as the Standard Linear Clearance (SLC)
model. The recommended size of the free length is between 2t,, - 4t, where t, represents gusset
plate thickness. For all SLC specimens used in this study, a free length of 3t, was used as
recommended by Astaneh-Asl et al. (1981) and Cochran (2003).
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Figure 3.1 - Standard Linear Clearance design method with clearance length of 3tp.
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Gusset connections are typically designed with initial overall dimensions I, and [, (Figure 3.2a)
governed by the alignment of the brace centreline with the intersection of the beam and column
centrelines known as the work point, in Figure 3.1. Typically, gusset plates are welded to beam and
column flanges. However for ease of brace installation and removal during experimentation in this
work, bolted connections were used. This is reflected in Figure 3.1 and Figure 3.2. Once the
maximum forces to be transferred from the brace have been established, the welds or bolts used to
connect the brace to the gusset plate can be specified. If welds are used, their lengths will be

determined by the initial sizing of the gusset plate dimensions [, and [, and the specified clearance

length.

J\[

Average
. Length, Lo~

(@ (b)

Figure 3.2 — Schematic of (a) Whitmore width b,,,, and (b) Thornton method for establishing
average length L,,, of gusset plate section under compression. Unsupported edge length L, also
shown.

The gusset plate yield and buckling strengths may then be calculated. This part of the design
procedure is developed on the concept of the Whitmore section (Whitmore, 1950) which proposes
that the axial force of the brace member is transferred through a section with a predefined width,
b,. This axial force can be distributed as a uniform stress over the section, which is sized to
remain elastic. The Whitmore width is defined with projection lines extending at 30° from the
intersections of the brace with edge of the gusset plate to a line through the end of the brace (Figure
3.2a). The design tension resistance is then given by the product of the gusset plate yield stress and

the area of the Whitmore section.
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The Thornton model (Thornton, 1984; Thornton, 1991) allows the design plate buckling resistance
to be determined by treating the gusset plate as a slender strut element with an assumed effective
length and uniform cross-section equal to the area of the Whitmore section. The effective strut
length is taken as the average of three lengths (La,4) projected from the Whitmore width to the
beam and column flanges (Figure 3.2b). Given the restrained boundary conditions on two sides of
the plate, an effective length coefficient of K = 0.65 can be justified, consistent with the assumption
that the gusset plate is nearly fully restrained against rotation at each end and sidesway buckling is
prevented (Roeder et al., 2004). Other methods suggested by Yam and Cheng (1994) include the
Modified Thornton Method which recommends a 45° projection angle, introduced to take into
account the effects of thin plate behaviour, and employs the single length along the centroid of the
brace (known as the ‘centroidal length’) as the effective gusset length. However, when the column
buckling formula is used, the load redistribution due to yielding is neglected as the formula

considers a rectangular column directly beneath the Whitmore section.

Brown (1988) addressed the edge buckling strength of the gusset plate by recommending a
maximum value for the unsupported edge length (Ls,) between the beam or column flange and the
point at which the brace intercepts the plate edge (Figure 3.2(b)). This study used an Euler-type
equation for the average longitudinal buckling stress in a flat strip plate simply supported at both

ends. The recommendation can be expressed as:

L E
Ji'c 083 |— 3.1
& F,

where Ly, is the length of the gusset free length, ¢, is the plate thickness and F, is the steel yield
stress. As before, this model of buckling is based on test results that suggest that the gusset plate
edges buckle in a manner analogous to column buckling. This criterion is suitable for elastic
buckling of free edge lengths of thin gusset plates but does not hold true under large cyclic loads
(Astaneh-Asl, 1998). A series of cyclic load tests on gusset plate specimens representing V-braced
connections were carried out by Astaneh-Asl et al. (1989) who proposed an alternative criterion to

account for cyclic buckling of the free edge before the gusset plate reaches its compression

L E
8 < 075 | 32
e F,

Roeder et al. (2005) compared several sets of experimental data from previous gusset plate tests

capacity.

with the above edge buckling models by examining the ratio of the ultimate load reached during
testing to the design load predicted by each model. The Brown and Astaneh-Asl models displayed
conservative predictions of gusset strength with significant variation. Although the Thornton
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model also exhibited some variation and conservatism, these were less than with the other two
models. In order to adjust for the conservative predictions Roeder suggests solutions including;
increasing the projection angle of the Whitmore width (thereby increasing the effective section

area); and reducing the effective length of the gusset plate.

As previously discussed, the Modified Thornton Method utilises a larger projection angle offering
a possible solution to the over-conservative predictions. Roeder’s results showed that this leads to
a marked reduction in the conservation of the prediction, with some unconservative results arising.
Roeder proposed using a variation on the Modified Modified Thornton Method which employs the
45° projection, but an average effective gusset length (as in the standard Thornton method) instead
of the centroidal length. The analysis showed slight improvements in the mean ratio and standard

deviation but results in greater underestimates of buckling resistance in more slender plates.

In an parametric study by Sheng et al. (2002) using splice members to connect the brace member to
gusset plate, it was recommended to use stiffeners on the splices and the gusset free edges to
increase the ultimate load of the gusset plate. However, compared to an analytical study, loads
calculated were overpredicted using the Whitmore width. Using the Thornton and the Modified
Thornton method produced conservative results. An alternative method was proposed based on an
inelastic plate buckling formulation where bounded edge conditions are considered. The proposed

method was based on rectangular shape gusset plates only with 45° splice-brace connections.

Implications for current study

This study incorporates two series of tests on earthquake resistant bracing members in CBFs: cyclic
quasi-static tests on single brace planar test models and shaking table tests on single-storey models
with a pair or brace members. In the design of test specimens for both the cyclic tests (Chapter 4.4)
and shaking table tests (Chapter 8) the Whitmore section and standard Thornton methods were
used to ensure equivalence with previous experimental studies (Roeder et al., 2011a) and common
engineering practice (AISC, 2005a). In particular, the use of these methods was important to
facilitate comparison with the extensive studies carried out by Roeder and Lehman (2008). At this
stage it is important to note that the sets of experimental results examined by Roeder were largely
obtained from tests with idealised or simplified experimental conditions in which the brace
members did not buckle or undergo any large inelastic deformation. In real structural connections,
large tensile and compressive force and deformation demands arise in the brace and additional
rotational restraints exist in the connections. The test set-ups described in Chapters 5 and 8 are
designed to capture these important factors that can influence gusset plate performance. Roeder
noted that three preliminary results from tests on a full-scale, three-storey braced frame were

significantly underestimated using the Modified Modified Thornton Method, with ultimate load to
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design load ratios of approximately 0.5. In the current study, plate thicknesses as small as 4 mm are
used in the experimental programmes. This indicates that neither form of the Modified Thornton
Method should be employed as these have been observed to perform poorly with thin gusset
plates. The edge buckling Equations 3.1 and 3.2 are relevant to the tests performed in the current
study, and they are employed as initial checks when selecting the overall gusset plate geometry of

the individual test specimens.

3.3 Gusset Plate Design — Elliptical Clearance

The methods described in the previous section are typically used in engineering practice for the
seismic design of gusset plate brace connections. However, these methods are premised on the
concept that satisfactory CBF response depends largely on the dissipative behaviour of the brace
member alone. Consequently, capacity design requires the tension and compression resistances of
the connection to be much larger than those of the brace member, and the connection itself is not
considered as a potential dissipative zone. However, the need to facilitate global brace buckling in
compression means that it is not possible to ensure that the gusset plate remains elastic at all times.
Hence, the formation of adequate plastic hinges in the gusset plates is ensured by the SLC design
method, meaning that gusset plate yielding due to plate bending is accommodated during brace
compression, while gusset plate yielding over the effective Whitmore width must be prevented
during brace tension. Moreover, gusset plate buckling must be prevented during brace
compression, even in the presence of the gusset plate plastic hinges. The twin requirements that the
gusset plate should remain elastic in tension and stable but ductile in compression can lead to large
gusset plates that are often sub-optimal. At large inelastic deformation demands, local damage can
occur in beam, column and brace members adjacent to stiff gusset plates. In testing of beam-
column connections with attached gusset plates, Uriz and Mahin (2004a) demonstrated the fracture
susceptibility of stiff gusset plates through brittle fracture during plastic hinge formation. The
efficient application of conventional gusset plate design methods is also affected by the

inaccuracies discussed in the previous section.

The potential therefore exists to achieve improved and more reliable overall CBF behaviour by
allowing some limited tensile yielding in carefully sized and detailed gusset plates. This has led to
the development of the balanced design approach by Roeder (2002). In seismic design provisions
following the capacity design approach, a yielding hierarchy is established in which the strengths
of energy-dissipating elements are evaluated and other structural elements are provided with
adequate reserve strength capacities through the use of appropriate overstrength factors. In the
case of CBFs, the overstrength tensile resistance of the brace member is used to identify the

required connection resistances to ensure that the brace members yield before connection yielding
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occurs. This modular view of CBF design does not adequately consider the potentially brittle
behaviour of proportionally stronger and stiffer connections under low cycle fatigue conditions.
Furthermore, the conventional approach does not differentiate between different connection failure

modes which are all required to have the same overstrength resistance.

Roeder’s balanced design approach develops the capacity design approach through the balancing
of yield mechanisms in both the brace and the connection. The methodology distinguishes between
yielding of an element which implies significant changes in stiffness and inelastic deformation
while maintaining reasonably stable resistance, and failure modes leading to fracture initiation
which imply reduced resistance and inelastic deformation capacity. In Figure 3.3 below, the
yielding mechanisms and failure modes in CBFs are identified. Roeder summarises the desirable

yield mechanism balance equation as follows:

Brace Buckling < Brace Yielding < Connection Yielding < Brace Tearing 3.3

Equation 3.3 ensures that undesirable failure modes are restricted and yield mechanisms are
balanced to allow optimal frame ductility. From a design perspective this can be expressed as

follows:

3.4
RyF,A; < PRy,

where f is a balance factor, R, is the resistance of a yield mechanism or failure mode in the
connection, R,, is a ratio of the expected yield strength to the minimum specified yield strength of
steel F, (as in the AISC Seismic Provisions for Structural Steel Buildings (AISC, 2010)) and Ay is the
gross section area of the brace. Expanding this out in a series for many yield mechanisms where the

brace resistance is the primary controlling yield mechanism:

RyFyAg = RyRyield = ﬁleyRyield,l = ByZRyRyield,Z =St 3D
< ByiRyRyicia,
If this is combined with failure mode resistances to ensure that failure modes occur after the

primary and first secondary yield resistance, the expression is as follows:

RyF,Ag = RyRyicia < ByiRyRyictar < BraitiRrai1 < Brair2Rrait2 3.6
< - < Brau,iRraii
The introduction of the f ratio establishes the idea of controlling yielding modes in the frame
system. The magnitude of S is adjusted so that there is a greater range difference between
undesirable or difficult to predict failure modes (i.e. low B ratios). For more favourable yield
mechanisms to occur, B ratios can approach a value of 1.0. This is manifested in the gusset

connection through permitting tensile yielding of the gusset plate.

38



¥ ;lr'. i'ulllflltl."I‘v"}“f“
When the balanced design method is applied to gusset plates in CBF design, gusset plate yielding
is permitted, requiring smaller, thinner gusset plates. In an extensive experimental study featuring
thirty-four full-scale 1-, 2- and 3-storey SCBFs Roeder et al. (2011b) and Roeder et al. (2011a) found
that the balanced design method greatly increases the deformation capacity of SCBF systems.
When the balanced design method was implemented with rectangular gusset plates, a 46%
increase in drift capacity was demonstrated. A smaller increase in drift capacity was also observed
for tapered gusset plates because tapered plates sustain greater damage due to their reduced

reserve capacity.

While smaller, thinner gusset plates offer potentially a more ductile global CBF response, they are
more susceptible to plate buckling - an unacceptable failure mode. This is addressed by an
alternative detailing proposal by Roeder et al. (2006) which theorises an elliptical yield line shape
occurring in the gusset plate, rather than the conventional SLC detail. This leads to smaller overall
gusset plate dimensions, shorter effective lengths and increased plate buckling resistance. This
elliptical clearance offset from the beam and column edges is shown in Figure 3.4 as N times the
plate thickness t,. Lehman et al. (2008) and Roeder et al. (2011b), observed that specimens with a
free length of 8t, performed well achieving large drift capacities without weld fracture and

consequently this free length is used in all experimentation design in this study.

The balanced design method incorporating the elliptical clearance model is implemented in both
the Complementary Cyclic Test (Chapter 5) and BRACED Shake Table Test (Chapter 8) series
where direct comparison is made with the conventional design approach incorporating the SLC
method. To quantify the balance of the primary yield mechanism (brace tensile yielding) with the
secondary yield mechanism (gusset plate yielding) the balance factor for each specimen was

calculated as follows:

R y,brace F, y,braceAnet,brace 3.7

Bww =

Ry,gusset F, y,gusset bw tp
The R,, values are obtained from Table A3.1 in the AISC Seismic Provisions (AISC, 2010). The R,,

value is the ratio of the expected yield stress to the specified minimum yield stress of the steel
material. In specimens used by Lehman et al. (2008), the materials used were ASTM A500 for HSS
sections and ASTM A572 for gusset plates with Ry prqce = 1.4 and Ry, gy55ec = 1.1 respectively. To
maintain fidelity with these experimental results the R, values from Table A3.1 are used in

calculating f,,, ratios for the test specimens in the Complementary Cyclic Tests (Chapter 5) and

BRACED Shake Table Tests (Chapter 8).

An alternative solution for establishing an accurate effective area for gusset plate yield capacity is
suggested by English and Goggins (2012). In their study a series of experimental tests were carried
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out on gusset plate specimens to examine different gusset failure modes. The specimens were then
modelled using ABAQUS (2009) to validate numerical models. From the force-strain plots post-
processed from the analyses, the corresponding yield force was calculated for each specimen. Thus,
the effective area of each gusset plate was calculated using the yield force divided by the expected

yield stress of the material. The effective area was then defined as follows:

A, = t,xb, 38

where

b= Bixb 8.9
where b is the total width of the elliptical curve and b, is the effective width based on the S,
modification factor established from equations below. The modification factor takes into account
that not all of the plate is utilised in resisting the demand from the brace. The g, value is the ratio
of the width obtained from the numerical analysis to the actual measured experimental width.

Several f; values exist for different gusset plate shape factors:

B =067, B,=p +2tana(1—p)<1.0; p3=10 3.10
where f3; is for rectangular plates, f3, is for tapered plates connected to beam and column and f; is

for plates connected to beams only. The a value represents the angle of inclination of the taper.
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Figure 3.3 - (a) Yielding mechanisms and (b) failure modes for CBFs (Roeder et al., 2004).

Figure 3.4 - Elliptical clearance geometrical layout where
the plastic hinge length is N times the plate thickness ¢,.
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34 Connection Type

In the previous sections, design options were explored for detailed gusset plate design that allows
plastic hinge development under frame rotation induced by earthquake ground motions. The
behaviour of the brace-gusset element is not only dependent on its out-of-plane and axial stiffness,
but also on the manner in which this element is connected to other parts of the CBF. In Figure 3.5
two common connection configurations are illustrated. In cases where the gusset is connected to
both beam and column flanges (the “CA’ type), for a tensile brace load, the plate experiences tensile
strains in the direction of the brace and compressive strains induced by the lateral deformation of
the frame (which causes the beam-column connection angle to reduce). For a compression brace
load, the connection angle opens and these strains are reversed, while the connection to both beam
and column restrains out-of-plane plate rotation. In the case where the gusset is connected to the
beam flange only (the ‘CB’ type), secondary strains are not induced due to changes in the beam-

column connection angle and free plate rotation is permitted in the out-of-plane direction.

|
|
|

Figure 3.5 - Common connection types showing (a) gusset joint with beam and column (CA) and
(b) gusset joint with beam only (CB).

The frame beam-to-column connection stiffness is also affected by the characteristics of the gusset
plate connection. While in general design practice, the connections in CBFs are considered to be
pinned connections, CA type connections can effectively increase the depth of the beam-column
connection, leading to substantial rotation stiffness and resistance. Thus, both gusset
configurations were investigated within the experimental programmes in this study. The
additional restraint provided by the CA connection (high stiffness) increases the overall stiffness of
the frame with the CB type connection (low stiffness) only transferring axial and bending forces to
the beam. In Chapter 5 and Chapter 8, the test setup for these connections is outlined for the cyclic

loading and shake-table testing programmes respectively.
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3.5 Chapter Overview

In this chapter, the principles behind the design of gusset plate connections for earthquake
resistant bracing members were described and codified design procedures were explained. Some
design codes (e.g. AISC Seismic Provisions) permit plastic hinge development in the gusset plate
along a linear free length that is a function of plate thickness, while preventing plate yielding in
tension. These codified procedures can lead to early fracture development in the brace tube. This
behaviour is a product of capacity design methods in which the connection is required to be much
stronger than the brace and the connection itself is not considered as a potential dissipative zone.
This can have the effect of increasing the occurrence of brittle fracture, thereby reducing system

ductility.

To improve system ductility, alternative gusset design principles were explored. One of the
primary proposals by Lehman et al. (2008) permits controlled tensile yielding in the gusset plate by
balancing brace tensile yielding with gusset yielding. A yielding hierarchy is established with S,
values introduced to indicate the ratio of yielding strengths of brace tube and gusset plates.
Thinner gusset plates can be utilised to permit tensile axial yielding in this plate. However, to
prevent plate buckling, an elliptical-shaped plastic hinge model (as an alternative to the standard
linear model) can be used to produce smaller overall plate dimensions and therefore reduced

buckling lengths and increased plate buckling capacities for thin plates.

The fundamental behaviour and seismic design concepts for brace members and their connections
as outlined in this chapter merit further investigation, especially under realistic earthquake
loading. The experimental programmes outlined in Chapters 5 and 8 compare the seismic
performance of brace members and CBFs with a different connection designs in both cyclic and

shaking table tests.
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4 Numerical Modelling of Concentrically

Braced Frames with OpenSees

41 Introduction

The relatively larger stiffness of CBFs compared to that of moment-resisting frames helps reduce
interstorey drifts. However, the seismic performance of these frames is sensitive to the pinched
hysteretic behaviour of the braces (Khatib et al., 1988). This behaviour combined with several other
CBF design methods are explored through two sets of experimental tests that are discussed in

Chapters 4.4 to 10.

As part of this research, numerical models of CBFs were developed alongside the experimental
studies. Using OpenSees (McKenna, 1997), an object-orientated framework for finite element
analysis, numerical models of braced frames were developed to examine their reliability in relation
to specific performance parameters. Prior to developing complete numerical simulation models of
full CBFs, a tiered hierarchical approach was used in employing OpenSees for this research with
fundamental modelling aspects investigated first, progressing to model optimisation using
advanced models with greater detail. Firstly, different aspects of the available OpenSees modelling
techniques were examined in a parametric study where simplified tube members were used. The
optimum parameter properties were established and used in developing full-scale brace member
models. Using the brace member models, a correlation study was carried out to demonstrate the
capabilities and limitations of the OpenSees physical theory model for hollow section shapes as
investigated by Goggins (2004). The cyclic response of the brace members was examined for
acceptable agreement with the results obtained by Goggins. This formed the finer level of model
development where full finite element models of both the Complementary Cyclic Test specimens
and BRACED project specimens were used to predict their respective responses (using the

previously established optimum parameters).

Two types of distributed plasticity models are available in OpenSees: force-based elements (FBE)
and displacement-based elements (DBE) utilising the flexibility and stiffness methods accordingly.
In contrast to concentrated plasticity models, they permit yielding to occur at any location along
the element. However, when using such element types, different modelling techniques are
required to achieve comparable accuracy. In order to demonstrate the modelling options and select
a method most suited to this study, a brief derivation by Neuenhofer and Filippou (1997) for both

displacement and stiffness methods is applied to a simplified 2D beam-column element below.
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Displacement-Based Element (Stiffness Method)

The DBE interpolates section deformations from an approximate displacement field. Using the
principle of virtual displacements, an equilibrium relationship is established between section forces
and element forces. Considering a 2D beam-column element based on the Euler-Bernoulli beam
theory (Figure 4.1), it is necessary to assume constant axial deformation and a linear curvature
distribution along the element length. Thus, the displacement fields of the element are discretised

and interpolated in terms of n,r element end displacement degrees of freedom q such that:

u(x) =N(x)q 41
where N(x) is the interpolation matrix containing the shape functions based on the theory of

Hermition polynomials. Implementing for the 3DOF, 2D beam-column element:

[ua(x)] i [Nl(x) W 0 ] L 4.2
uy(x) 0 Nz (x) N3(x) qs
where u,(x) and u,(x) represent axial displacement and transfer displacement respectfully. Based

on kinematic strain-displacement relationships an expression for the deformation fields can be

developed:

4.3

sa(x)] i [“&(") = B(x)q

K (x) ug' (x)

where axial strain deformation &,(x) and curvature k(x) along element length are contained by the

de) = [

matrix B(x). Internal or sectional force fields

ey [ ("i;] 4.4

M(x;
are axial force N(x) and bending moment M (x) leading to a summation for every discrete section

fibre i. For an incremental section relation:

AD = ks Ad 4.5
where kg, is the section stiffness matrix established from the user-defined stress-strain material
relationship:

D 4.6
od
Developing Equation 4.5 into a constitutive relationship according to Equation 4.3 yielding the

ksec =

force field increment:

AD(x) = ksec(x)Ad(x) = ksec(X)B(x)Aq 4.7
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Given that the principle of virtual displacements requires that internal virtual displacements are in
equilibrium with external virtual displacements an approximate equilibrium solution between

sectional forces and basic forces, Q, can be formulated:

o Wi 4.8
0= [ B@peodx ~ ) " B @DCx)

where L represents element length. However, this equilibrium approximation causes error in force

boundary conditions leading to discrepancy between sectional and basic forces.

A system tangent stiffness matrix, Ky, can be assembled to represent the complete element:

L
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The equilibrium approximation deviates from the exact solution requiring a finer mesh

discretisation (increase in number of elements) and consequently a significant computational effort.
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Figure 4.1 - 2D displacement-based element of length L between nodes I and J.

Force-Based Element (Flexibility Method)

Using the FBE requires the availability of an exact equilibrium solution between element and
section forces. In contrast to the stiffness method, section forces are determined from the basic
forces by interpolation within the basic system. Following this, the principle of virtual forces is

used to formulate compatibility between section and element displacements.

In the flexibility method, force fields are described as:

D(x) = b(x)Q 4.10
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with the shape function matrix represented by b(x), relating the generalised nodal forces Q to the

sectional forces D(x). Implementing this for the 2D element:

0 411
L ] B AR |
M(x) 0 by(x) b3(x) 0
3
Pre-multiplying Equation 4.5 by the inverse section stiffness matrix yields the form:

Ad = f,,.AD 4.12

in which the section flexibility matrix fs. = ksac. Applying the relation from Equation 4.10:

Ad(x) = fsec(X)b(x)Q 4.13
Similar to the stiffness method, the principle of virtual forces established compatibility between

element end displacements and sectional displacements:

bTJ.’dJTdX_E bT (x,)d(x;
q L ( ) ( ) el ( l) ( l)

Finally, a system flexibility matrix can be established for the complete element:

L
fsys = ‘Z‘%fo bT(x)fsec(x)b(x) dx 4.15
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Figure 4.2 - 2D force-based element of length L between nodes I and J.

The favourable behaviour of the flexibility approach is based on the fact that the force interpolation

functions satisfy force equilibrium exactly in contrast to the stiffness method where displacement
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interpolation functions produce large deviations from exact results. The accuracy of the FBE can be
improved by increasing the number of integration points or the number of elements. Error can only
be improved for the DBE by increasing the number of elements with larger computational effort

required to achieve comparable accuracy to the FBE.

Furthermore, the capabilities of the FBE have been found to accurately represent the response of
hollow and filled steel section braces under cyclic loading in a validation study conducted by Hunt
and Broderick (2010). Such errors accumulate during the iteration of each time step during non-
linear analysis in OpenSees and can lead to inaccurate response prediction. Based on the
advantages of FBEs compared to DBEs, FBEs have been utilised in all OpenSees modelling for this
study.

To capture steel material behaviour for the axial and bending moment sectional forces, the Giuffré-
Menegotto-Pinto uniaxial material model (‘Steel02” in OpenSees) (Menegotto and Pinto, 1973) was
specified (Figure 4.3). This material offers more input parameters than other available steel
materials (including defining the transition curve between elastic and plastic branches, not
available in ‘Steel01’) and has been used extensively in previous work modelling CBFs (AISC,
2005¢; Hsiao et al., 2012; McCrum and Broderick, 2010; Salawdeh, 2012; Santagati et al., 2012; Uriz
et al., 2008). However some limitations exist for plasticity based models, in particular their basis in
small deformation theory (Uriz et al., 2008). Small deformation theory is based on the assumption
that plane sections remain plane and shear distortion has no contribution after deformation so that
section shape is retained. In physical terms, this implies that local buckling of braces is not
modelled which imposes limitations on the ability of the beam-column element to model fracture

initiation. However, a proposed solution to address this is discussed in greater detail in Section 4.3.

4.2 Parametric Study

The response of the physical theory fibre model is sensitive to the influence of several modelling
parameters. This section investigates the degree of influence of each of these parameters on the
ability of the fibre model to replicate a realistic response of brace members under monotonic and
cyclic loading regimes. As the results of this parametric study are used in the correlation study
with experimental data in section 4.3.2, identical brace lengths and sections are employed here for
consistency in modelling. Two section types are modelled in OpenSees for each parameter being
investigated; 40x40x2.5 SHS and 50x25x2.5 RHS. To consider the influence of different end
conditions, these members are modelled under both pin-pin (PP), fix-pin (FP) and fix-fix (FF)
boundary conditions. The specimens have a complete length of 1100 mm and are modelled with

stiffener plates at both ends to simulate the connection setup used in real experimentation.
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When a brace undergoes compression there is an interaction between axial force and bending
moment. The combination of a force-based, nonlinear beam-column element with a uniaxial
material element accounts for this interaction by integrating the material model over the cross
section of the brace. Several effects are considered including kinematic and isotropic hardening
and the Bauschinger effect. However as discussed above, some effects are not considered including

local effects.

4.2.1 In- and Out-of-Plane Camber

For realistic buckling to occur in OpenSees, an initial camber must be specified along at the brace
mid-length. A similar suggestion by Higginbotham and Hanson (1976), recommended augmenting
their analytical brace hysteresis solution with the inclusion of initial curvature imperfection to
remove the discrepancy in predicting maximum compressive force regions. In OpenSees, this
imperfection is usually set as a proportion of the length of the brace. However, using nodal
geometry, it can be set as an in-plane imperfection, out-of-plane imperfection or a combination of
both. This is illustrated in Figure 4.3(e). The effects of this are examined for a 40x40x2.5 SHS of
length 1100 mm, with four nonlinear beam-column elements and five integration points per
element. The stiffener plates at both ends of the specimen determine the weak axis of bending for
the square section. When an initial camber is prescribed as in-plane, brace buckling will occur
about the weak axis. For an out-of-plane initial camber, bending is induced about the stronger axis,

hence increasing the buckling capacity of the brace. The stiffener plates have a thickness of 8 mm

and a length of 125 mm.
(a) BLAN
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Figure 4.3 — Operation of nonlinear beam column element in OpenSees showing (a) brace finite
element mesh with elements and nodes, (b) force-based beam column element with integration
point sections, (c) predefined section discretized into smaller fibres, (d) material stress-strain
response specified to give resultant behaviour and (e) overall brace diagram with geometrical
camber overlay.
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Figure 4.4(a — b) shows the monotonic compression response of the brace specimen for both in-
plane and out-of-plane camber. In the FF end condition, the in-plane camber restricts the tube to
rotation about the strong axis only. Therefore, the increased end stiffness associated with the
stiffener plates reduces the effective length and demonstrates a larger in-plane buckling capacity
compared to the out-of-plane model. In the FP boundary condition models, the limited rotational

restraint at one end produces a minimal increase in buckling capacity.

Figure 4.5(a) demonstrates a similar outcome with larger compressive resistance in the post-
buckling region demonstrated by the in-plane specimen. This pattern is repeated until final
excursions into the compression range where both in- and out-of-plane resistances match. In the
fix-pin case (Figure 4.5(b)), the difference between the two specimens is minimised because the

bending stiffness of only one gusset plate is effective.
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Figure 4.4 — Monotonic compression response of (a) fix-pin and (b) pin-pin end conditions for
in-plane and out-of-plane initial prescribed camber.
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Figure 4.5 — Hysteretic response of (a) fix-pin and (b) pin-pin end conditions for in-plane and
out-of-plane initial camber.
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The curvature distribution along the length of each brace model with fix-fix conditions is shown in
Figure 4.6(a) below. The differences in response are much more apparent compared to the
hysteresis responses discussed above. In-plane, the section up to 125 mm shows minimal section
curvature. However, in the out-of-plane direction the lower section stiffness exhibits larger
curvature compared to other sections in the model. The discrete changes in curvature that occur at
125 mm are caused by the immediate change in section definition from SHS tube with plate section
to just SHS tube. Overall, the curvature in-plane has a larger order of magnitude compared to the
curvature out-of-plane. This is explained by the rigid in-plane sections at the fixed ends where

buckling is induced over a shorter brace length focussing large curvature at mid-span.

Similar outcomes are derived from the fix-pin conditions (Figure 4.6(b)). The discrete curvature
changes are observable at 125 mm and to a lesser extent 975 mm. As mentioned earlier, the
curvature order of magnitude is increased for in-plane measurements due to the larger bending

moment introduced at the brace ends.

Under ideal conditions (perfectly pinned connections), the orientation of the buckling shape of a
square hollow steel strut is influenced by imperfections in the steel material and residual stresses
due to the uneven cooling of steel sections after hot rolling (Ding, 2000). Therefore, buckling
deformation can occur in any orientation. However, as described above, the stiffener plates have a
strong influence on the orientation of brace deformation. As such, it is prudent to prescribe an
initial camber in both planes for a realistic response where the direction of buckling can be
controlled. This is particularly useful for inducing out-of-plane buckling CBF systems with plastic

hinge zones in gusset plate connections.
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Figure 4.6 — Curvature recorded at each integration point for the four nonlinear beam column
elements along the length of the brace model.
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4.2.2 Initial Camber Magnitude

The degree of initial camber assigned influences the maximum buckling load achieved by the brace
model. As in the previous section, this is carried out using a geometric imperfection in OpenSees.
Several degrees of initial camber were tested: 0.01%; 0.1%; 1.0% and 3.0% of brace length. Although
an initial camber of 3% is unlikely to occur in real-life, it is used in this study solely to examine the
extremities of each case. In section 6.2, measured initial camber values from complementary tests
are presented and discussed. The plots shown in Figure 4.7 (a — b) illustrate that, as expected, a
prescribed initial camber helps initiate buckling of a strut in a realistic manner. As the magnitude
of the initial camber is increased the compressive capacity is decreased. In a Pacific Earthquake
Engineering Research Centre (PEER) report compiled by Uriz and Mahin (2008) similar cambers
were considered for a parametric study and a range of 0.05%-0.1% was deemed acceptable for
accurate buckling representation. The design buckling resistances for both end conditions of the
member being examined were calculated according to Eurocode 3 (CEN, 2005a), Nj g4, and for
LRFD design provisions according to AISC Specification for Structural Steel Buildings (AISC,
2005b), ¢.F,, are shown in Table 4.1.

Table 4.1 - Design Buckling Resistances (AISC, 2005b; CEN, 2005a) and OpenSees Buckling

Resistances
Np,ra (kN) ¢ Py (kN) Np0.19% (KN)
Fix-Pin 74.55 72.37 82.86
Pin-Pin 70.10 67.09 76 42

In both cases using an initial camber of 0.1% provides a buckling resistance (N, 10,) that matches
closely with the design predictions from Eurocode 3 with some over estimation. The buckling
strength in Eurocode 3 is established from buckling curves which are related to the shape of
sections, axis of buckling and thickness of material. These curves are based on experimental studies
on real columns by the European Convention for Constructional Steelwork (ECCS, 1976). As these
nondimensional curves account for the geometrical imperfections and material inhomogeneities
that are inherent with industrially manufactured columns they provide a realistic prediction of the

associated buckling strength.

An examination of the hysteresis plots in Figure 4.8 (a — b) shows results typical of a fix-pin and
pin-pin connection. In Figure 4.8(a) a larger residual compressive resistance is observable for all
initial cambers compared to Figure 4.8(b). However, large initial cambers reduce the initial

buckling load and buckling loads at subsequent cycles. A similar characteristic occurs with the
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larger non-zero tangent stiffness for each cycle in the fix-pin setup compared to the pin-pin setup.

A large initial camber of 3.0% affects the strain hardening significantly for both cases.
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Figure 4.7 - Monotonic compression response of (a) fix-pin and (b) pin-pin end conditions for
four magnitudes of initial camber.

Global displacements of the central midspan node of each model for the ideal pinned case are
shown in the hysteresis plots in Figure 4.9 (a — b). It is interesting to note the significant influence
higher degrees of initial camber have on the lateral deformations. When the brace enters the
compressive loading half-cycle with a large initial camber most of the buckling occurs in the in-
plane direction. If the initial camber is reduced to the lower range of camber values, the brace
buckles more evenly between the two planes. Hence, at the peak lateral displacements at the end of
the compressive half-cycles in Figure 4.9, an initial camber of 0.01% exhibits reduced lateral
displacements to those of an initial camber of 3% due to the more balanced distribution of

displacements.

Axial Force (kN)

Axial Force (kN)

—2‘0 0 le) -20 0 2I0
Longitudinal Displacement (mm) Longitudinal Displacement (mm)

(a) fix-pin end conditions (b) pin-pin end conditions
Figure 4.8 — Hysteretic response of (a) fix-pin and (b) pin-pin end conditions for four

magnitudes of initial camber.
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Figure 4.9 — Hysteretic response of brace midspan the ideal pin boundary conditions.

4.2.3 Number of Elements per Brace

Similar to the influence a prescribed geometrical camber can have on brace characteristics, the
effects of the number of nonlinear beam-column elements defined along the brace length were
investigated. All other variables were kept constant: five integration points are specified for each
element; the initial camber is maintained at 0.1% as recommended above and the same material

properties are used.

Examining the monotonic compression plots in Figure 4.10 it is clear that the effect of increasing
the number of elements is negligible. The buckling capacity is practically identical for the fix-pin
case (Figure 4.10(a)), and there exists a 4.5% difference in capacity between maximum and minimal
mesh definition for the pin-pin case (Figure 4.10(b)). The difference in the rate of strength loss in
the post-buckling range is more noticeable in the fix-pin case with a larger number of elements
showing a greater degradation of strength. It was anticipated that this would have stronger

implications for the hysteretic performance of the brace.
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Figure 4.10 — Monotonic compression response of (a) fix-pin and (b) pin-pin end conditions for
different degrees of finite element mesh resolution.

Upon carrying out the cyclic analyses, as expected, a more significant influence was observed in
the hysteretic characteristics of the brace model as displayed in Figure 4.11. The influence on the
rate of strength loss derived from the monotonic analyses was observed in the brace cyclic
performance. For the fix-pin instance (Figure 4.11(a)), the initial tensile and compressive peaks
were identical but for all target displacements thereafter reduced capacities were present for mesh
definitions greater than four elements. In the latter tensile half-cycles, a marginal decrease in
tangent stiffness is exhibited for these mesh definitions also. This is manifested through slightly
less concave curves for the two-element case. Overall, the performance of the pin-pin case remains

unaffected for all mesh scenarios (Figure 4.11(b)).
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Figure 4.11 - Hysteretic response of (a) fix-pin and (b) pin-pin end conditions for different
degrees of finite element mesh resolution.
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As encountered in Section 4.2.1, the effects on the recorded curvature are more evident as
illustrated by the plots of in-plane curvature in Figure 4.12. For the fix-pin case (Figure 4.12(a)), a
plastic hinge forms just after the fixed end stiffener approximately between 125 mm and 220 mm.
A second plastic hinge formed at the right end just before the adjacent stiffener. This hinge forms at
approximately 750 mm when more refined meshes were used. However, as less information is
supplied with the two-element analysis, this can lead to an incorrect interpretation of the plastic
hinge developing at approximately 600 mm. For this case it is recommended that at least four
elements are used for the brace span. In the case of pin-pin conditions (Figure 4.12(b)) the
information loss has a minimal influence on hinge location interpretation. This can be attributed to

the near-symmetrical boundary conditions.
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Figure 4.12 - In-plane curvature recorded at each integration point for each case of mesh
refinement.

4.2.4 Number of Integration Points per Eilement

As discussed previously in the chapter, the nonlinear beam-column element is based on the force
(flexibility) method that considers the spread of plasticity throughout the element. Numerical
integration is carried out along the element length however an approximation of the integral is
reached using a weighted sum of the force function values at specified points. A larger number of
integration points will yield an integral approximation that approaches the definite integral. The
nonlinear beam-column element requires the specification of the number of integration points
along the element length. This type of element employs the Lobatto quadrature rule where
integration points are included at both element ends by default (Abramowitz and Stegun, 1965).
Increasing the number of integration points leads to a more numerically accurate analysis at the
expense of computation time. This section determines an optimum balance of these considerations

that leads to a reasonably accurate and practical analysis.
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The first set of analyses comprises the monotonic compression responses depicted in Figure 4.13
below. The difference in response is negligible for the fix-pin case in Figure 4.13(a), but the pin-pin
case Figure 4.13(b) demonstrates a marginally slower decrease in compressive resistance for an
increased number of integration points. The same effects are noticed in the hysteretic responses
shown in Figure 4.14. The responses of five integration points or greater are nearly identical.
Therefore, to capture a realistic post-buckling response with practical computational expense, a

minimum of five integration points per element is recommended.
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Figure 4.13 - Monotonic compression response of (a) fix-pin and (b) pin-pin end conditions for
different quantities of integration points along each element.
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Figure 4.14 - Hysteretic response of (a) fix-pin and (b) pin-pin end conditions for different
quantities of integration points along each element.
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4.2.5 Summary of Observations
The parametric study examined the influence of important parameters that are involved in the
fundamental decision-making process when initially developing an OpenSees model. Idealised
conditions were employed to eliminate case-specific factors from influencing the recorded
responses. The parameter cases considered to produce the most desirable results are utilised in the
more advanced finite element models developed throughout this thesis. An overview of the

recommendations is as follows:

e Due to the uncertainty associated with SHS buckling direction, prescribing an initial
camber curvature in both buckling planes produces the most realistic result.

e The order of magnitude of initial camber strongly influences the initial buckling capacity
producing larger buckling loads with decreased camber magnitude. Conversely, reduced
loads are observed with cambers approaching unrealistically large values. A value of 0.1%
camber at brace mid-length is recommended to achieve buckling loads approaching those
predicted by design standards.

e  The effect of varying the number of elements was minimal when examining the monotonic
compression and hysteretic performance of the test models. However, the optimum
curvature response was observed when using at least four elements for the brace span.

e To reduce computation time whilst maintaining an accurate analysis, a minimum of five

integration points per element was recommended.

4.3 Brace Member Model

In this section, the capability of the inelastic beam-column element for modelling the monotonic
and hysteretic response is demonstrated for use in CBF models. As mentioned in the introduction
of this chapter, the beam-column element is not capable of modelling local buckling modes which
can lead to fracture. This would suggest that the numerical response of sections susceptible to local
buckling would be affected. It was therefore necessary to investigate the significance of this
numerical modelling drawback. It was anticipated however, that for sections with larger global

slenderness values that the OpenSees models would demonstrate more reasonable fidelity.

Firstly, it was necessary to describe how fracture is considered in the OpenSees simulations.
Following this, in light of the parametric study previously described, the OpenSees modelling
method is validated through a correlation study with hollow steel braces of square and rectangular
cross-sections tested by Goggins (2004) using a series of monotonic and cyclic tests. These
experiments form a benchmark for the correlation studies which assess the optimum parameters

that have been derived from the parametric study.
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4.3.1 Fracture due to Low Cycle Fatigue (LCF)

As described in Chapter 2, braces that undergo uniaxial loading buckle out of plane, and at large
deformations develop plastic hinges at one or more locations along their length. Typically, large
strains will accumulate at these regions especially at the onset of local buckling, eventually leading
to fracture initiation (Jain et al., 1977; Lee and Goel, 1987; Tremblay et al.,, 2003). It has been
observed by Gugerli and Goel (1980) and Ikeda and Mahin (1986) that once fracture has initiated,
significant deterioration in brace hysteretic performance is exhibited, with associated loss in
member strength and stiffness. Therefore it is essential to consider fracture initiation when

modelling CBFs under seismic excitation.

Different methodologies exist to predict ductile crack initiation using numerical simulations.
Generally, a micromechanics-based approach is employed where, under cyclic loading, member
ductility capacity will decay according to a damage rule (Fell et al., 2006). This can be expressed
through a damage index (DI):
_ Demand 4.16

Capacity
Such a rule allows a limit state to be calculated at a specific point based on material parameters
(Kanvinde and Deierlein, 2004). A high damage index indicates imminent ductile fracture for a
material. The study carried out by Fell et al. (2006) utilised the finite element program ABAQUS to
predict fracture for 7 HSS brace specimens. It was found that fracture in steel HSS braces was
governed by local buckling in corner regions rather than cold working strains at opposite corners.
Unlike OpenSees, ABAQUS is capable of modelling local buckling through the use of continuum
shell finite elements. However, this is a computationally expensive procedure and as discussed

below, local buckling simulation is not necessary to predict fracture.

A method proposed by Uriz and Mahin (2004b) describes a material model that accounts for the
effects of low cycle fatigue. Experimentally, it is typical for fracture life to be determined by
constant amplitude tests for a specific material. Due to the variability in amplitude associated with
earthquake excitations, a load cycle-counting method can be employed and the average strain
amplitude from the hysteretic response of a fibre section obtained. Member failure is initiated

when this average strain reaches the pre-defined limit state in Equation 4.16.

In OpenSees, strain histories can be recorded for each fibre across a member section. As a result, a
rainflow counting algorithm is used to reduce the varying strains to a histogram of simple strain
reversals. The rainflow counting concept was first proposed by Matsuishi and Endo (1968) but has
been defined using explicit analytical formulae by Rychlik (1987). More recently, ASTM (2011)
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recommends a rainflow counting algorithm for simplifying complex strain history data for

material testing.

The rainflow cycle algorithm is used in combination with a linear strain accumulation model
(Miner’s Rule) based on the log-log relationship for low cycle fatigue proposed by Coffin (1954)
and Manson (1965) as shown in Figure 4.15:

bep 4.17
7"1 = &';(2Nf)
where:
Ae : . - :
T” is the plastic strain amplitude;
Ely is the empirical fatigue ductility coefficient (failure strain for single reversal);
2Ns is the number of reversals to failure (N; cycles to failure);
C Is an empirical fatigue ductility coefficient.
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Figure 4.15 — Linear Coffin-Manson relationship.

Equation 4.17 represents a linear relationship that the log of the number of constant amplitude
cycles to failure Ny and the log of the strain amplitude Ae¢,, expressed in each cycle. When the strain
of a monitored fibre fails, the fibre is removed from the element model. This allows fibres to be
progressively removed, thus replicating the deterioration of the brace hysteretic properties. This

procedure is implemented in OpenSees through a uniaxial fatigue material wrapped around the
59



«Ir‘;'Llf"ll~i.“"v"4)“'
parent material (e.g. Giuffré-Menegotto-Pinto material) and has no influence on the stress-strain
behaviour of the parent material. A thorough discussion of this process is provided by Uriz and
Mahin (2008). The accumulation of damage in the fatigue material is represented by a damage
index that varies between 0 and 1. When the damage index reaches 1.0, the force of the parent
material becomes zero and failure is triggered. The two primary input parameters for this material
model are strain that causes failure after one cycle ¢, (fatigue ductility coefficient), and the slope of
the log-log Coffin-Manson relationship m. The default values are 0.191 and -0.458 respectively.
These parameters were calibrated by Uriz and Mahin (2008) using data from a series of tests on
HSS (Hollow Structural Section) struts carried out by Yang and Mahin (2005) for sections with and
without net section area reinforcement. For each of the 6 full-scale uniaxial brace specimens, an
OpenSees analytical model was developed and the strain history was examined at the location of
fracture. An average strain amplitude was established for the outer compression fibre at the brace
mid-length section. The plastic strain range values were then plotted against the number of cycles
to failure for each specimen on a log-log scale to form specific Coffin-Manson plots as described
above. The slope of the Coffin-Manson plot was evaluated for each specimen. The process was
repeated to evaluate suitable parameters for other common sections. Low-cycle fatigue tests
conducted by Ballio and Castiglioni (1995) were used for obtaining calibrated parameters for wide
flange beam sections. The recommended values for the different section configurations are listed in
Table 4.2 below. These values were determined on the ability of the OpenSees models to predict

low-cycle fatigue failure within one cycle of the observed experimental result.

Table 4.2 - Recommended values for the fatigue model input parameters (Uriz and Mahin,
2008).

m &

HSS braces with reinforced net area -0.5 0.095

HSS braces without reinforced net reduced area -0.458 0.091
Wide flange beam sections -0.458 0.191

Santagati et al. (2012) considered the experimental investigations of several single brace and one-
storey frame testing programmes (Archambault et al., 1995; Roeder et al., 2004; Shaback and
Brown, 2003). Data was collated for 32 SHS and RHS brace types where failure was achieved at the
brace mid-length to further calibrate the fatigue model input parameters for HSS braces. Each test
was simulated numerically in OpenSees and the ductility coefficient correlated with the
corresponding experimental behaviour assuming a constant slope of m = —0.458. The study
showed a large scatter in the range of &, values required for each specimen with maximum,

minimum and mean values reported as 0.17, 0.07 and 0.12 respectively. These values are employed
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for use as starting values for similar iterative procedure use in the correlation study in sub-section

43.2.

A similar study conducted by Lignos et al. (2012) calibrated the fatigue model based on a database
of 20 major steel brace experimental programmes that gathered various properties of steel braces
with a range of section shapes. Most significantly, the database includes digital load-deformation
hysteretic data, brace geometry and relevant material properties. An optimisation procedure was
used to calibrate the & and m parameters for the OpenSees model of each brace within the

database:

N
HGeom) = | D [Foxp (80 = Faom (0]

i=1
where H is the objective function of the constrained optimisation problem and F,,, and F;, are
the axial force of the brace for each axial displacement §; given N number of points. It was found
that the m parameter is constant and independent of the shape of steel section calibrated (i.e.
effective slenderness ratio KL/r and section slenderness b/t). However, the KL/r and b/t ratios
were shown to affect the &, strain parameter (Figure 4.16). At the time of writing, this investigation
was still underway and Figure 4.16 only represents preliminary results. Therefore the conclusions

drawn by Lignos et al. (2012) are not considered for use in these models until further results are

published.
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Figure 4.16 - Influence of effective slenderness ratio and width-to-thickness ratio on £, and m
parameters (Lignos et al., 2012).

4.3.2 Correlation Study

Although hollow cold-formed members are effective at resisting compressive axial loads, the onset

of local buckling can prevent the steel from developing its full yield strength in compression,
61



il
reduce ductility and may lead to brittle failure (Uy, 1998). Thin-walled sections are most
susceptible to local buckling as the occurrence of local buckling in struts is influenced by section
properties such as width-to-thickness ratio. Studies have been performed on the hysteretic
response of steel braces that examined the effect of brace slenderness, cross-sectional shape and
end conditions on buckling capacity (Black et al., 1980; Tremblay et al., 2003). Their main findings
showed that the slenderness of a brace appears to be the most important factor in determining the
hysteretic behaviour and their ductility is reduced significantly due to local buckling in the
sections. Therefore, to assess the capabilities of OpenSees, numerical models were compared with
experimental results conducted by Goggins (2004) which considered specimens with a range of

global and local slendenesses.

The three section shapes tested by Goggins (2004) were 40x40x2.5 SHS, 20x20x2.0 SHS and
50x25x2.5 RHS and are all classified as or Class 1 cross-sections according to Eurocode 3 (CEN,
2005a). The specimen details used in the correlation study are scheduled in Table 4.3. Boundary
conditions for the specimens were fully fixed in all directions for all of the cyclic displacement
tests. The non-dimensional slenderness ratio 1 was calculated about the weak axis providing a
normalised ratio of the slenderness of each specimen. Eurocode 3 [12] defines 1 as (NI,,M/N,,r)O'S
where N, pq is the plastic section resistance and N, is the theoretical (Euler) elastic critical
buckling force based on the gross section properties and effective length. Stiffener plates with 8
mm thickness and 125 mm height run through the centre of the faces of the hollow steel sections
along the y-axis in order to influence the direction of buckling. The length of the specimens (Lr)
was 1100 mm but the stiffener plates provided an unstiffened length (Ly) of 850 mm for all

specimens (see Figure 4.17).

Table 4.3 - Correlation study specimen details (Goggins, 2004).

Lo (mm) Ly (mm) y b/t
40x40x2.5 SHS 850 1100 0.4 16
20x20x%2.0 SHS 850 1100 0.9 10
50x25x2.5 RHS 850 1100 0.6 20
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Figure 4.17 — Test specimen dimensions from Goggins (2004).

The OpenSees model implements the recommendations concluded from the parametric study in
Section 4.2: a geometrical brace camber of 0.1% is prescribed; four elements are defined for the
brace span Lg; five integrations points are used for each nonlinear element. Furthermore eight fibre
sections are used across the section thickness with two fibres around the section perimeter. As
before, the Giuffré-Menegotto-Pinto material model is used to represent the uniaxial stress-strain
relationship of the steel. The steel model uses fibre sections with a combined linear kinematic and
isotropic hardening material model. Values for yield strength and the Young’s modulus were

determined from the material strength coupon tests carried out by Goggins.

Two specimen pairs of each specimen type were tested by Goggins (2004) to assess their buckling
capacity, hysteretic performance and overall ductility. The results of three tests are compared in
Figure 4.18 to Figure 4.20 which show the force-axial displacement hysteresis for the 40x40x2.5
SHS, 20x20x2.0 SHS and the 50x25x2.5 RHS specimens respectively.

The 40x40x2.55HS specimens experienced uniaxial buckling and failed by a combination of both
overall lateral buckling and local buckling at plastic hinge mechanisms located at mid-length and
close to the end stiffeners. Comparison of the hysteretic response of the 40x40x2.5SHS specimens in
Figure 4.18 shows very reasonable fidelity to the experimental results. In the tensile half-cycle
range the numerical analysis agrees very well with peak tensile loads nearly identical to those of
the experiment. The only loss of information occurs in the later cycles of increased displacement
demand, with minimally lower peak tensile load predictions. In the compressive loading range, the
initial buckling load matches closely to the test result. This continues for peak compression loads
up to a target displacement of approximately -9.4 mm. Thereafter, there is an over-estimation in the
prediction of compressive capacity. This can be accounted for by the model’s inability to represent
local buckling. In these cycles, the strength of the cross section at the plastic hinge has been

significantly affected by the presence of local buckling. It was anticipated that this phenomenon
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would be mitigated using the 20x20x2.0 SHS section due to its lower b/t ratio. Using the default
value for &, the fatigue material predicted fracture one displacement target cycle ahead of
experimental fracture initiation. The mean value (0.12) established by Santagati et al. (2012) led to
fracture prediction 5 cycles earlier than the actual fatigue life of the brace. Through an iterative
procedure, an &, strain parameter value of 0.167 was found to match the numerical prediction of
fracture with the experimentally-observed fracture cycle. Rapid strength loss is triggered at the

same displacement amplitude cycle at approximately +15 mm.
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Figure 4.18 — Hysteretic response correlation of 40x40x2.5 SHS specimens.

The non-dimensional slenderness value of the 20x20x2.0SHS specimens is the highest, and the
sectional slenderness ratio, b/t, the lowest of the three sections tested, leading to the specimen
failing without experiencing local buckling. This is reflected in the numerical model results in
Figure 4.19 where both the tensile and compressive resistances agree closely with the experimental
results. Strength degradation is also represented very accurately during successive loading cycles
with the inclusion of the Bauschinger effect in the steel material, where the yield strength of the
material decreases following a prestrain in the reverse direction. This effect is particularly refined
in the tensile loading cycles. The only exception to this can be seen in the compressive loading
range where the compressive resistance over-estimation was still present but had been significantly
minimised as discussed above. The specimen maintains a concave stiffness curve which is also
reasonably represented in the numerical model. Although necking resulted in a reduction in cross
section in these specimens, this had negligible effects on the numerical model results. Experimental
failure occurred on the first tensile displacement cycle approaching +23 mm. Similar to the
40x40x2.5 specimen, the default values for the fatigue model predicts fracture ahead of the
experimental value, in this case 4 cycles after experimental fracture. The mean value for the fatigue
ductility coefficient (¢, = 0.12) simulated failure 4 cycles before experimental failure, however the

value &, = 0.165 showed greatest fidelity to the brace hysteretic performance.
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Figure 4.19 — Hysteretic response correlation of 20x20x2.0 SHS specimens.

The experimental response of the 50x25x2.5RHS was similar to that of the 40x40x2.5SHS specimen.
Due to a larger slenderness value, the combination of both overall lateral buckling and local
buckling at plastic hinges did not prove difficult to replicate in the numerical model. In this
analysis, the over-prediction of the residual compressive strength was not as great (Figure 4.20). As
before, the reduction in compressive resistance in the specimen is explained by the accumulated
longitudinal strains at plastic hinge locations. Similar to the 40x40x2.5SHS specimen, peak tensile
loads corresponded very well with the tensile strength evolution of the experimental specimen.
The use of the default value of the fatigue material model predicts fracture one cycle ahead of
experimental fracture and overestimates residual tensile section strength. A recommended value of

& = 0.163 produced a very accurate fatigue life prediction, only one half cycle ahead of actual

brace failure.
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Figure 4.20 — Hysteretic response correlation of 50x25x2.5 RHS specimens.
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Overall, the results in Figure 4.18 to Figure 4.20 display excellent agreement between the
experimental and numerical responses, validating the prediction capabilities of OpenSees for single

hollow section steel brace members under cyclic loading.

44 Chapter Overview

This chapter introduced the OpenSees finite element software that is used for modelling brace-
gusset plate test specimens and CBF test frames in this research project. First, the stiffness and
flexibility methods were reviewed followed by a parameter study on brace member modelling.
Important modelling parameters highlighted in previous research were examined for application
to this study. Using the recommended parameters, a general brace model is presented which
includes the modelling of fracture due to fatigue. This general brace model is correlated with
quasi-static cyclic loading tests. In Chapter 7, the methods employed to implement the single brace
member model within a full CBF system are described with a correlation study of the
Complementary Cyclic Tests. In Chapterl0 the OpenSees models are used in dynamic analyses

that are carried out for comparison with experimental shake table tests.
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5 Complementary Cyclic Tests —
Experimental Program and Setup

5.1 Introduction

This chapter presents the experimental setup and programme for a series of quasi-static cyclic
loading tests on a model CBF with different combinations of connection types and brace sizes. The
behaviour of selected hollow section brace sizes with two different connection types designed
using two gusset plate design methods investigated. These experiments were undertaken in the
Structures Laboratory at Trinity College Dublin (TCD), to act as complementary tests for the shake
table tests carried out at CEA Saclay as part of the BRACED project (Chapter 8), and to support the

development of OpenSees finite element models for this form of structure (Chapter 4).

5.2 Preliminary Experimental Considerations

The experimental programme was designed to match as closely as possible the test conditions
planned for the BRACED project at CEA Saclay. Thus, different types of full-scale gusset plate
connections were tested, in each case using a single diagonal brace member. The test parameters
examined the following variables: brace size, gusset plate and geometry (G1 and G2); and gusset

plate connection conditions (CA and CB).

Brace slenderness values were similar to those subsequently examined in the BRACED specimens.
This was achieved by using similar and slightly smaller brace cross-section sizes, limiting brace
length and inclination angle. In line with actuator capacity, section sizes were limited to a
maximum of 60x60x2.5 SHS. Although 60x60x3.0 section size was used in the BRACED project, it

was not readily available from suppliers at the time of carrying out the complementary tests.

The gusset plates connections were fixed to the beam and column members of the test frame using
a bolted connection to allow for straightforward installation and removal of specimens and an
efficient turnaround between tests (Figure 5.1). The same arrangement was envisaged for the
BRACED shake table experiments, and the Complementary Tests provided an essential prior
validation of this approach. In contrast to the shaking table tests, however, the brace members
were welded to the gusset plates in situ, i.e. after the gusset plates flanges had been bolted to the
test frame. This was done to accommodate larger fabrication and erection tolerances. The brace
member tubes were slotted to ensure that this was performed without preloading the brace

specimens prior to testing.
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Figure 5.1 - Modified beam-column connection for cyclic tests.

The test frame that was used to test the specimens had previously been used to test an X-braced
CBF system. Therefore modifications were carried out to accommodate suitable connections for the
cyclic tests. The original frame setup is shown in Figure 5.2 before augmentations took place. The
original frame featured short lengths of UC ‘column stubs’ at the column-ground connections and
at the beam-column connections creating pinned connections at these locations. The connections of
the BRACED frame required more realistic beam-column connections with the column end plates
bolted directly to the beam flange. As a result the short column lengths at the top of the support

columns were removed and the beam was bolted directly to the column (Figure 5.1).

To compensate for the loss in frame height due to the removal of the top column lengths, the frame
was raised using similar short column lengths that were reinforced with 12 mm thick stiffener
plates, ensuring a rigid base connection to the reaction frames. This arrangement was selected to
maintain a similar inclination of the brace member and overall frame height to that of the BRACED
frame. Also, by eliminating the need to move the actuator, time required to calibrate

instrumentation was minimised.
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Figure 5.2 — Original X-braced frame configuration prior to complementary tests.

5.3 Experimental Specimens and Parameters

Six tests were carried out each featuring a different combination of gusset plate sizes (G1 and G2
influencing drift and f,,,,), gusset plate constraints (CA and CB influencing frame stiffness Ky, ) and
brace sizes (S40 and S60 influencing non-dimensional slenderness ). The gusset plate and brace

specimens were fitted to a single storey plane frame forming a CBF structure (Figure 5.3).

The testing facility at TCD consists of a MTS actuator system (MTS Systems Corporation) and
parallel reaction frames. The MTS hardware comprises of a Series 111 MTS Accumulator and a
high speed linear hydraulic actuator with a 150 kN capacity, 250 mm (+ 125 mm) stroke and pinned
bearings at both ends. The actuator was fixed to in-plane dual reaction frames and then fitted to the
top left corner of the test frame to apply a horizontal cyclic force. The specimens were tested in the
single-storey plane frame through a cyclic inelastic deformation history based on the ECCS (1986)
testing protocol. The response during the initial cycles in the elastic range were used to determine
the elastic stiffness and yield displacement of the structure, while repeated inelastic deformation
cycles at increasing ductility levels determined compressive and tensile strengths and strength

degradation.

The tests were designed to explore the key design considerations for CBF braces and connections,
specifically with both high and low ranges of B,,,occurring from the gusset design methods. The
specific influential parameters are outlined in Table 5.1 and a drawing of Specimen S40-CA-G1
showing typical dimensions is shown in Figure 5.6. Time and cost limitations permitted six tests to
be carried out. As a result the S60-CB combination was not included, as large frame rotations were

expected (and hence frame deformation) and it was to be tested in the BRACED project.
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Table 5.1 - Programme for cyclic testing of brace members with gusset plates connections.

Brace Conn- Brace

Specimen  Section ection Clearanc: tr bt s by Length, f
P . Model (mm) (mm) (mm) (mm) B R

Size Type Lb (mm)
S$40-CA-G1 40%x40%2.5 CA Standard (3tp) 8 155 285 240 2368 0.38
S540-CA-G2 40%x40%2.5 CA Elliptical (8tp) 4 155 270 230 2503 0.75
S$40-CB-G1 40%40%2.5 CB Standard (3tp) 8 155 265 240 2368 0.38
$40-CB-G2 40x40%2.5 CB Elliptical (8tp) 4 155 250 230 2503 0.75
S60-CA-G1 60%60%2.5 CA Standard (3tp) 8 175 285 240 2368 0.52
S60-CA-G2 60%60%2.5 CA Elliptical (8tp) 4 175 270 230 2467 1.03

One of the key requirements for the cyclic test programme was to replicate, as closely as possible,

the design of the BRACED shake table test frame. In this respect, the two main connection types to

be examined in the shaking table tests were also investigated in the complementary cyclic test

programme, as shown in Figure 5.4. In connection type A (CA), the gusset plate flanges are bolted
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to both the column flange and beam flange, effectively restraining the gusset plate on two sides
(see Section 3.4). In connection type B (CB) the gusset is connected to the beam flange only which
allows free plate rotation in the out-of- plane direction, and less restraint against beam-to-column

joint rotation.
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Figure 5.4 — Schematic of (a) connection type CA (b) and connection type CB.

The 150 kN capacity of the MTS actuator (Figure 5.5) constrained the maximum axial load that
could be imposed on the brace member and its gusset plates. Therefore, to allow investigation of
ultimate response, the maximum brace section sizes for the complementary tests were limited to
the smallest section size planned to be used the shake table tests (60x60x2.5 SHS). The square
hollow sections and gusset plates were manufactured from cold formed S235JRH steel, with a
nominal yield strength of 235 MPa and an ultimate strength between 360 and 510 MPa (CEN,
2006a).
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Figure 5.5 — Complementary cyclic test frame; primary forces.

2290 mm
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Given an actuator capacity F,, = 150kN, and an inclination angle of € = 50° the resultant

maximum theoretical applied force is as follows:

B, = —act__ Je) 230 kN
b cos(@) ~ cos(50) 5.1

Therefore, based on the Eurocode 3 (CEN, 2005a) section resistances calculated in Table 5.2 (design
plastic capacity Ny, rq and design buckling capacity Ny, gq), 40x40x2.5 and 60x60x2.5 SHS brace sizes
were selected for testing. These capacities are based on the nominal yield strengths stated above. 4
values are based on assumed theoretical effective length factors K = 0.7 for CA and K = 1.0 for CB

connections.

Table 5.2 - Complementary cyclic test section resistances based on nominal yield strengths.

Specimen b/te A Npira (kN) Nb,ra (kN)
540-CA-G1 16 1.16 86.5 48.0
S40-CA-G2 16 1.23 86.5 444
5$40-CB-G1 16 1.66 86.5 27.0
S$40-CB-G2 16 1.75 86.5 24.5
S60-CA-G1 24 0.75 1335 101.3
S60-CA-G2 24 0.80 183.5 97.9

5.3.1 Gusset Plate Designs

Standard gusset plate design principles are dealt with primarily in a conceptual manner in
Eurocode 8 (CEN, 2004a) leaving designers to adopt details available from current literature
(Elghazouli, 2009). For both of the connection types (CA and CB), considered in the experimental
programme, two gusset plate design methods were investigated: the conventional design method
and the balanced design method. Specimens designed using the conventional method are
designated as ‘G1’, and the Standard Linear Clearance (SLC) model (AISC, 2005a) is used detail the
gusset plate to ensure that a stable plastic hinge forms in the gusset plate during brace buckling, as
illustrated in Figure 5.6. Specimens designed using the balanced method are designated as ‘G2’,
and the Elliptical Clearance (EC) model (Lehman et al., 2008) is used to detail the gusset plate. The
EC model leads to more compact gusset plates than the SLC method, providing the shorter plate
buckling lengths required to avoid buckling in the thinner gusset plates that a feature of balanced

design.
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Figure 5.6 — Specimen S40-CA-G1 details.

During the design and detailing of all gusset plates, the length of the weld joining the brace tube to
gusset plate was kept constant at 100 mm to reduce variability (Figure 5.6). The calculated
Whitmore width, b, is a function of this weld length and width of the brace section. For G1
designs, gusset plate thickness, t,, is selected to ensure that the factored design resistances, for each
connection failure mode, are greater than the axial force capacity of the brace member (Ny; ra srace)

with the overstrength factor (y,,,-) applied. At gusset plate tensile yielding:

Npi,ra,Gusset = Yovr (NpLra,Brace) = Your (Afy) 5.2

where 4 is the section area (determined by b, and t,) and f; is the specified yield stress (i.e. the
yield resistance of the connection is designed to be stronger than that of the brace member).
Consideration of the tensile resistances of the brace members in Table 5.3 leads to a selected ¢,
value of 8 mm. This value for t, leads to low f,,, values that are associated with the large, stiff
connections associated with the conventional design approach. The f,,,, ratios presented in Table
5.3 were calculated in accordance with Equation 3.7. As discussed in Section 3.3, the pertinent R,
values are obtained from the AISC Seismic Provisions for the equivalent materials used in this

programme. In this case the R, values were 1.4 and 1.1 for the brace tubes and gusset plates

respectively.

The design procedure for G2 plates used the geometrical design recommendation as set out by
(Lehman et al., 2008) to establish plate dimensions [, and [,. An 8t,, offset was used for the shape of
the elliptical yield line. The Whitmore width was calculated as before for use in the section
resistance calculations. To achieve f,,, ratios that approach 1.0, a plate thickness of 4 mm was
specified. As the strength balancing method concerns tensile yielding only, all the gusset plate
buckling resistances were checked to ensure they were greater than the buckling capacity of the

brace tubes.
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Table 5.3 - SLC and EC Design Parameters (with design capacities).

Clearance Brace

Section Gusset
Design . Npird bww (mm)  t, (mm) Buw
H
Method Size (SHS) (kN) Np1ra (kN)
40x40%2.5 86.5 155 8 292.3 0.38
Gl1 (SLC)
60x60%2.5 133.5 175 8 329.9 0.52
40x40x2.5 86.5 155 4 146.1 0.75
G2 (EC)
60x60%2.5 1335 175 4 164.9 1.03

54 Experimental Preparation Procedures

5.41 Material Coupon Tests
The design strength, f,, of the brace-gusset plate specimens was 235 N/mm? except for the flange

plates welded to the gusset plates for which a yield strength of 275 N/mm? was specified to prevent
yielding. Thus, the steel ordered for the brace tube was cold formed 5235 JRH; the gusset plates
comprised hot rolled sheet S235]JR plates; and the gusset connection plate cleats were hot rolled

sheet S275]R plates.

Mill test reports (CEN, 2004c) quoted upper yield strengths, R,y tensile strengths, R,,, and
elongation ratios, A, for each of the steel types used. These values are reported in Table 5.4.
Material coupon tests were carried out to determine the actual tensile yield and ultimate strengths
of the steel brace tubes and gusset plates. Coupon shapes were machined from the 40x40x2.5 and
60x60x2.5 SHS tube lengths and from the 4 mm and 8 mm gusset plates. The longitudinal tensile
coupons were tested as specified by the European Standard BS EN ISO 6892-1 (CEN, 2009) for
tensile testing of metallic materials. The cross section of all the test pieces was maintained as a
rectangular cross sectional area, S, (Figure 5.7). In the ISO 6892-1 standard, preferred test pieces
have an original gauge length, L,, that is proportional to S,. In this series of tests, non-proportional

test pieces were used due to limited length of available material.

Table 5.4 — Material Properties from mill certificates.

Component Grade R.y (MPa) R,, (MPa) R,./Rey A (%)
40x40x2.5 SHS Tube S235]RH 328 400 1293 43
60x60x2.5 SHS Tube S235JRH 353 422 1L 26
Gusset Plates S235JR 260 422 1.61 33
Flange Plates S275JR 284 419 1.47 35
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The coupon shape prescribes a transition radius between the gripped ends and the parallel length
L¢, to restrict the material strain to the original gauge length. The original gauge length, L,, was
marked using finely scribed lines to an accuracy of + 1 %. The original cross sectional area S, is
calculated as the average of three cross section measurements for each test piece. Three test pieces
were machined from the faces of the brace tube sections with the exception of the face containing
the seam weld and tested to establish the steel characteristic properties (Faces A, B and C in Table
5.7 and Table 5.8). This was carried out for both section sizes resulting in six test samples for the
brace tubes. Two test pieces were cut from the pair of gusset plates that were used at the top and
bottom connections of each specimen (Plates A and B respectively, as in Table 5.9 to Table 5.14).
Using these properties, plastic and buckling capacities were calculated for the brace sections and
are presented in Table 5.6 for reference. As the gusset plate dimensions varied between specimens,
the test pieces were cut along the longest side. This resulted in twelve test pieces in total for the
gusset plates. The dimensions for each test piece type are summarised in Table 5.5 below as per the

relevant appendix of BS EN ISO 6892-1:2009.

Table 5.5 - Coupon test piece dimensions.

Component Specimen L, L. Lo b, B (mm) r(mm) a, S,
Type (mm) (mm) (mm) (mm) (mm) (mm?)
40x40x2.5 298.3 75 55 12.5 20 20 25 31.25
Brace Tube
60x60x2.5 298.3 75 55 125 20 20 25 31.25
Varies 90 80 20 30 12 8 160
Gusset Plate
Varies 90 80 20 30 12 4 80

The test samples were tested to failure in a 250 kN Denison Universal Testing Machine (Model No.
T42B4). The test pieces were held in place using jaw grips to ensure that the tensile force is applied
along the longitudinal axis so that bending is minimised. An extensometer of 50 mm gauge length
was clamped to the specimen and used to control the longitudinal strain rate, é,,. In the ranges
where yielding has finished a second estimated strain rate, é,., measured over the parallel length,
Lc, is used. The parallel length strain rate ¢;_is achieved by controlling the crosshead separation

rate, v,, at a velocity that is equal to the desired strain rate multiplied by L..

In the range up to the determination of the upper yield strength, R.y, the 0.2 % plastic proof
strength (plastic extension only), R,,,, and the 0.5 % total proof strength (elastic and plastic
extension) R, s the strain rate ¢,, was set to 0.00025 s''. For the ranges following this (lower yield
strength, R,,, and tensile strength, Ry, ), the strain rate ¢,  was set to 0.002 s''. In reference to BS EN

ISO 6892-1, the test control modes can be abbreviated as ISO 6892-1:2009 A233. The values for R,y,
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Rer, Rpo2, Reos and R, were all determined from the force extension curves of each test with the
proof strengths based on the specified percentages of the initial extensometer gauge length L,
(where 0.5L, < L, < 09L.). The percentage elongation after fracture, A, expressed as a percentage
P g & p P g

of L, was determined as follows:

b1
A== x100 53

o

where L, is the final gauge length between the scribe marks measured after rupture. This is
measured ensuring the pieces fit back together in order that their axes lie in a straight line. In

addition, the percentage reduction in cross section area was defined as:

So — Su 5.4

Z= X 100

o

where S, is the minimum cross sectional area after fracture.

Lt

+ Fe

er 1 J l =
e [ R T = ' —

Original Length S

m Scribe Marks Q@

PLAN

So
: = _*Q{ 5

ELEVATION o

Figure 5.7 - Machined test piece dimensions for rectangular cross sections.

Table 5.6 - Complementary test section capacities based on yield strengths from coupon tests.

Specimen Nptcoup (KN) Nb,coup (kN)
S$40-CA-G1 129.4 52.8
S40-CA-G2 129.4 48.1
S$40-CB-G1 129.4 28.1
S$40-CB-G2 129.4 253
S60-CA-G1 191.3 140.0
S60-CA-G2 191.3 133.4
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54.2 Cold-Formed Section Strengths

The use of cold-formed sections for the brace tube material introduces several considerations that
are not generally encountered with hot rolled steel. The most significant aspect is the non-uniform
distribution of material properties that originates from cold-working. Increased yield strength is
prominent in the cold-worked corner regions, and as the coupons are cut from the flat faces for
material testing, it is important to consider the overall section yield strength. Part 1-3 of Eurocode 3
(CEN, 2006b) allows for the increased yield strength and reduced ductility of cold-formed sections
by defining an average cross section yield strength, f,,, that is used in subsequent design
calculations for the basic yield strength, f,,,. The average yield strength f,, may be determined

from the results of full size tests or alternatively from the formulation:

fra= foo+ (fu= fy.,)%z but 5 < St Lo0) i
where:
Ag is the gross cross-sectional area;
k is a numerical coefficient that depends on the type of forming as follows:
- k = 7 for roll forming;
- k = 5 for other methods of forming;
n is the number of 90° bends in the cross section with an internal radius r < 5t
(fractions of 90° bends are counted as fractions of n);
t is the design core thickness of steel material before cold-forming, exclusive of
metal and organic coatings
fyb is the basic yield strength of the hot rolled sheet for 5235 from BS EN 10025-
2:2004 (CEN, 2004b) according to Table 3.1a of BS EN 1993-1-3 (235 N/mm?);
fu Is the tensile (ultimate) strength of the hot rolled sheet according to Table 3.1a

of BS EN 1993-1-3 (360 N/mm?2).
A similar consideration is provided in North American Specification for the Design of Cold-
Formed Steel Structural Members (AISI, 2007) where an average yield stress for a section F,, is
substituted for the typical yield stress used for design F,. For axially loaded tension and
compression members, this can be determined from full section tensile tests, column stub tests or

from the following definition:

Fyo = CEyc+ (1— C)Fyp <F,, 5.6
in which:
B.F,
Bi= (_;/;T‘;n when F,,/F,, > 1.2, R/t <7 -
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B, = 3.69(Fy,/Fy,) — 0.819(Fyy/Fy,)" — 1.79 5.8
m = 0.192(F,,/F,,) — 0.068 59
where:
Fya is the average yield stress of full unreduced section of compression members
or full flange sections of flexural members;

(6 is; for compression members, a ratio of the total corner cross-sectional area to
total cross-sectional area of full section; and for flexural members, a ratio of
total corner cross-sectional area of controlling flange to full cross-sectional
area of controlling flange:

B is the tensile yield stress of virgin steel;
R is the inside bend radius;
t is the thickness of section;
e is the tensile strength of virgin steel;
Fyr is the weighted average tensile yield stress of flat portions or virgin steel yield
stress.

To compare the two methods from both standards (Equations 5.5 - 5.6) the yield strength of both
sections was calculated using; the nominal specified strengths; the quoted mill certificate strengths
and the strengths established from the coupon tests, in Table 5.15 below. The nominal strengths

were obtained from Table 3.1a in Eurocode 3 Part 1-3 as described above.

Table 5.15 - Calculated cold formed yield strengths

Section I (mm) T, A, foit B e’ F.* foa" B
Size (mm  (mm?) (N/mm?) (N/mm?) (N/mm?) (N/mm?) (N/mm? (N/mm?
)
40x40x25 25 5 359 2959 27158 360.5 3299 383.7 358.1
60x60x2.5 2.5 ) 559 274.1 258.3 374.6 357.1 345.8 339.0

a) Calculated using nominal specified yield strengths.
b) Calculated using yield strengths reported in mill certificates.
c) Calculated using yield strengths obtained from coupon tests.

5.4.3 Specimen Manufacture and Installation

Specimen materials were delivered from the steel provider to the TCD Structures Laboratory in the
form of 7 m tube lengths and gusset plates welded to cleats as specified. The specification also
required the steel fabricator to construct the gusset plates in a jig assembly to avoid distortion of

thin plates due to heat effects during welding. The weld widths were 4 mm fillet welds.

82



f.lh Y.llw““:ll ,«',F',I',,,.
For each test, the bolts connecting the beam and column members of the test frame were first
tightened and then each gusset pair was fitted to the test frame and the associated bolts were
tightened to a torque of 400 Nm. This procedure avoided preloading of the specimens prior to
testing. After subsequent testing, when the test frame was brought back to its zero position, the
angle between the beam and columns varied outside of 90° due to plastic deformation in the stub
connections. In such cases, this created alignment problems when connecting the gusset plates for
the subsequent test. To counteract this problem the edges of the cleat plates were ground helping

in the alignment of the bolt holes.

The brace tube lengths were cut according to the measured diagonal length between the in-situ
gusset plates. This measured length was always within a tolerance of + 5 mm compared to the
design drawings. Slots of length 100 mm (equal to the gusset-to-tube weld length) were then cut at
each end of the tube length to accommodate the gusset plate thicknesses. The tube ends were then
welded to the gusset plates using 4 No. 8 mm fillet welds at each end. Once the welds had cooled

the instrumentation was installed on the test frame and specimen as described in Section 5.6 below.

5.5 Testing Methods

The specimens were tested using cyclic inelastic deformation histories based on the ECCS (1986)
testing protocol. The protocol is designed as a reference to provide a unified method of testing for
characterising the behaviour of structural steel components under cyclic loading. This form of
testing accounts for the cuamulative damage experienced by a structural element during successive

seismic actions (Krawinkler, 2009).

There are two testing procedures defined in the ECCS protocol: the complete testing procedure and
the short testing procedure. The complete testing procedure is comprised of preliminary
monotonic displacement increase tests for tension and compression ranges and a cyclic test with
displacement increases. The short testing procedure consists of the cyclic test only. For this set of
experimental tests, an augmented form of the short testing procedure was employed which is

described below

5.5.1 Simulating Monotonic Tests

Horizontal cyclic displacements of increasing amplitude are applied to the test frame via the MTS
actuator system. The displacement histories were applied at increasing ductility levels based on
initial yielding of the brace cross sections. Such initial yield displacements are obtained from the
monotonic tests for the complete testing procedure or from initial small displacement steps for the

short testing procedure.
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As outlined in Chapter 4, numerical models were developed in OpenSees and these were used to
simulate the static tensile and compressive monotonic displacement controlled tests. This was
carried out instead of applying initial small displacements as part of the short testing procedure. In
this way, estimates for the yield displacements of each specimen were obtained from the pushover

analyses.

The influence of strain rate during monotonic and cyclic tests is important to consider, however the
procedure of the ECCS protocol limits these effects. Early research performed by Manjoine (1944)
through a series of tensile tests at different temperatures indicated a significant increase in yield
strength associated with an increase in the rate of strain. While there is an effect on the ultimate
tensile strength, it is less important in relation to the yield strength. Additionally, the influence of
strain rate on the elastic and strain-hardening moduli is negligible (Tremblay and Filiatrault, 1996).
The effects are particularly noticeable at strain rates equal to and greater than 10 sec’'. The effect of
ground motion velocities can induce high strain rate demand during the dynamic loading of
structures (Gioncu, 2000b). For recent earthquakes such as the 1994 Northridge and 1995
Hanshin/Awaji (Kobe) earthquakes, the peak velocities recorded lie within the range of 10 to 10!
sec!. Overall, from a structural perspective, this has the effect of narrowing the range between
yield and ultimate strengths, thereby transforming a ductile plastic deformation to a more brittle
fracture. This is an important consideration prior to carrying out experimental monotonic tests, but
the material model used in the analyses is not rate-dependent by default. This is because the
current time during an analysis is not passed to an element, which in turn cannot communicate the
strain rate to the embedded material. Therefore the influence of strain rates is not experienced by
the finite element models. During the shake table tests, data presented in Chapter 9 shows that

significant peak strain rates of 50! sec! were reached.

The simulated monotonic tests aim to deduce the load limit of the elastic range F, and the
corresponding yield displacement e,, for use in defining the waveform displacement history in the
cyclic tests. Figure 5.8 illustrates these parameters for an excursion into the tension range (F, ey)
but this can also be applied to the compression range (F;, e;) These parameters are evaluated from

the output F-e curves using the following process:

e Establish the tangent at the origin of the F-e curve to produce a tangent modulus E, =
tgay;

e Locate the tangent that has a slope of E;/10;

e At the intersection of the two tangents the corresponding ordinate on the vertical axis

defines the F, value;
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e At the same intersection the ordinate on the horizontal axis defines the yield displacement

value e,,.

Et

€y e

Figure 5.8 — Force-displacement curve.

5.5.2 Cyclic Test Displacement History
The cyclic tests were displacement-controlled using a displacement history waveform generated
from the estimated yield displacements with increasing amplitude. The waveform has the

following characteristics:
On le in th e; / ey / 3
. e cycle in the 4 /4 range;
: 2egv " 2e;
e  One cyclein the / & / 4 Tange;
+ -
e One cycle in the ey / 4 38y / 4 Tange;
e One cycle in the e;,L , €y range;
e Three cycles in the Ze; , 2e;, range;

o Three cyclesin the (2 + 2n)ey, (2 + 2n)e; range forn = 1,2, ..,;
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More cycle ranges may be added if necessary, and the test is continued until specimen failure. The
generalised waveform shape generated is shown in Figure 5.9. As was expected the compression
yield values, e; were of a smaller magnitude compared to the tension yield values, ey . Therefore,
to maintain a symmetric response, the compression yield values were used instead of the tension
yield values to generate the waveform and were used as the starting target yield values during the
cyclic testing. The period between cycles was maintained at 50 seconds to reduce risk of

overheating associated with the hydraulic pumps providing pressure to the actuator system.

1o, A

1.0
0:;5 1

‘\\ /A /\ -
// t
T R Y v
10 1

20, ‘

o ¥

Figure 5.9 — Displacement time-history waveform.

5.6 TestControl System and Instrumentation

5.6.1 Test Control System

The testing hardware used during this series of tests featured a MTS real-time hybrid test system,
however the cyclic tests only required specific actuator control functionality. A detailed description
of the real-time hybrid test system can be found in the work of McCrum and Broderick (2010). The
MTS actuator system consists of a Series 111 MTS Accumulator and a high speed linear hydraulic
actuator with a 150 kN capacity and 250 mm (+ 125 mm) stroke. The computer hardware consists of
a HP Compaq Pentium IV Test PC (Test PC), a two-channel MTS 493 Real-Time Controller (Servo-
Controller) and a Dell Optiplex with a Vishay Measurements Group System 5000 data acquisition

system (twin Model 5100 Scanners) as shown in Figure 5.10.
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Figure 5.10 — Control system computer hardware.

An overview of the control system layout is shown in Figure 5.11. The servo-hydraulic actuator is
controlled using a method known as Proportional Integral Derivative (PID) control. PID control
operates through a feedback loop that measures the error in a process and minimises it by
adjusting the process control inputs. The Structural Test System (STS) provides a graphical user
interface (GUI) for the Servo-Controller and calibration of the actuator. The Servo-Controller
allows control of the actuator through closed loop PID control (McCrum, 2012). The displacement
history waveform is input for each specimen and transformed for use as the target displacements
in the STS Software. The target command displacements are sent from the Servo-Controller to the
MTS actuator. An internal load cell and Linear Variable Differential Transformer (LVDT)
Displacement Transducer record the measured force and displacement at the actuator. The force

and displacement data are sent back to the Servo-Controller and recorded on the Test PC.
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Hydraulic Pump

Internal Load Cell &
LVDT Feedback

Coolant Reservoir

TEST PC SERVO-CONTROLLER

MTS
ACTUATOR
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4 STS Digital Controller

STS Software
% A A

A
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DISPLACEMENT HISTORY Software
WAVEFORM INPUT

Figure 5.11 — Schematic of test hardware and rig setup.
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v Data
SYSTEM 5000 DATA
ACQUISITION

5.6.2 Instrumentation

Measurements of the hysteretic behaviour in both the overall frame response and the local brace
response were required in each test. Internal instrumentation of the actuator featured a 150 kN
load cell and LVDT depicted as D1(INT) and LC1(INT) in Figure 5.12. External instrumentation to
measure displacement consisted of a LVDT fixed to the top left corner of the test frame measuring
horizontal frame movement; a LVDT measuring vertical deformation of the channel section
connection; and a string potentiometer attached to the lower brace connection measuring
longitudinal deformation of the brace member. As above, these are shown as D2, D3 and SP1
respectively in Figure 5.12. The external LVDT, D2 was used as a reference to calibrate the internal
LVDT, D1. D2 and D3 were calibrated using a vernier caliper. The external displacement

measurements were made using an RDP Electronics Ltd. ACT2000 LVDTs with a + 50 mm range.

Strain gauges were assigned to specific locations on the test rig and the brace specimen as shown in
Figure 5.13 (designated S1 to S21). The strain gauges were used for; carrying out an experimental

stress analysis; to measure the degree of local deformation in the brace specimen and monitor the
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test rig for undesired plastic behaviour. To ensure optimum performance of the strain gauges, the
application surface was cleaned, abraded and neutralised using an aerosol cleaning solvent prior to
bonding. An epoxy adhesive was used to form a bond and allowed to cure as specified by the
manufacturer. For unidirectional normal strain measurement (S4 to S21), Radionics 632-168 mild
steel foil gauges (Part No. N11IMA512011) were used. The 632-168 strain gauges had a gauge length
of 5 mm, an operational temperature range of -30° C to +180° C and a nominal resistance of 120 .
Strain gauges at the column mid-heights (517 to S20) were used to calculate the axial load of the
columns and S21 fixed at the beam mid-span ensured that negligible bending occurred in the
beam. The design of the test frame lower connections ensured that hinge rotation was limited to
the column ‘stub’ sections. Strain gauges S13 to S16 were positioned to monitor the strain levels in

the stub sections and ensure that plastic behaviour was never approached during testing.

On the gusset plates Strain Gauge Rosettes were used for the directions S1 to S3 and unidirectional
gauges for 54 to S6. The rosette gauges were FRA-5-11 three-element gauges with manufactured by
TML Tokyo Sokki Kenkyujo Co.,Ltd with a gauge length of 5 mm and a nominal resistance of 120
Q. The strain gauge rosettes have an arrangement of three closely positioned gauge grids
orientated to measure three independent normal strains along different directions. This enables the
principal stresses and strains to be determined. In this series of tests, the strain rosette gauges have
a delta gird arrangement with the second and third grids orientated at 60° and 120°, respectively,
from the first grid. Strain gauges S7 to S11 were attached to the faces of the tube element for each
specimen to monitor plastic deformation due to bending and buckling at key locations. Figure 5.12
and Figure 5.13 provide a general overview of strain gauge locations. Complete detail drawings

with dimensioned instrumentation locations are provided in Appendix A.
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Figure 5.12 - LVDT and Load Cell instrumentation used for cyclic tests (INT. signifying
internal instrumentation). Channel section is shown with dashed line type.
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Figure 5.13 — Strain gauge locations for (a) test rig and gusset plates and (b) tube specimens.

5.7 Chapter Overview

This chapter outlined the experimental preparation and set-up for a series complementary cyclic
tests carried out at TCD. The process used in the G1 and G2 gusset designs was outlined and used
as a platform to describe the test specimen design and parameters selected for investigation in this
series of tests, taking into account the capacity of the available laboratory equipment. Material
strength tests using coupon test pieces were also described. Finally, the relevant parts of the
employed cyclic testing method were summarised and the setup for the test control hardware and
measurement instrumentation was also provided. The following chapter (Chapter 6) presents and

analyses the results obtained in these complementary cyclic tests.
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6 Complementary Cyclic Tests —
Experimental Results and Analysis

6.1 Introduction

The previous chapter presented the test setup, material properties and specimen details for a series
of complementary cyclic tests carried out at Trinity College Dublin in support of the BRACED
project shake table tests. In this chapter the results and analysis of these complementary cyclic tests
are presented and discussed in detail. This is followed by an examination of the test results

analysing different performance parameters.

6.2 Specimen Profile Shapes

Prior to each test, the initial deformation of each brace member was measured in both the in-plane
and out-of-plane directions (Table 6.1). These measurements were made by attaching a datum line
to both ends of the brace and measuring the offset distance using a vernier caliper and a set square.
Although efforts were made to reduce any preloading of the brace (Section 5.4.3), the heat effects of
welding the tube to the gusset plate introduced a small camber in the brace tube. The initial
deformation measurements were important for determining the initial direction of buckling. This
facilitated the correct placement of the string potentiometer so that it was not influenced by the
out-of-plane movement of the specimen. As discussed in section 4.2.2, the degree of initial camber
has a significant influence on the initial buckling load and buckling loads in subsequent cycles. .
The maximum pre-test camber for a given direction is shown in brackets in Table 6.1. These values

agree with the initial camber recommended for modelling in section 4.2.2.

Measurements of initial deformation were taken using the local axes of the brace member as the
frame of reference (Figure 6.1). To minimise error in carrying out these small measurements, error
correction methods were employed. Firstly, the datum line could not always be placed exactly
parallel to the brace ends. The associated error was calculated and removed from every
measurement along the length of the brace tube (X-axis). Error originating from measurements
recorded using the vernier calliper was minimised by establishing the average of several

measurements.

Three different profile shapes were observed, and these can be approximated with shapes of the
letters ‘m’, ‘Q)" and ‘S’ (Figure 6.2(a)). The ‘Q)" and ‘S’ shapes are similar to the first and second

buckling mode profiles of a fixed-ended strut.
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Figure 6.1 — Test frame and specimen drawing showing local brace member axes
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Figure 6.2 — Photographs of test rig and specimen with (a) front elevation showing observed
profile shapes and (b) end elevation showing out-of-plane buckling.
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Table 6.1 - Measured deformation of brace specimens. Values in brackets indicate maximum
camber expressed as a percentage of brace length.

Specimen Pre-Test Post-Test
ID X (mm) y (mm) z (mm) X (mm) y (mm) z (mm)
0 0 0 0 0 0
N 592 -1.06 (0.04%) 2.42 592 0.92 54.73
::? 1184 -0.70 2.71(0.11%) | 1184 4.09 123.60
¢ 1776 0.71 1.89 1776 144 58.47
& 2368 0 0 2368 0 0
Profile S Q Profile Q Q
0 0 0 0 0 0
2 625 1 (0.04%) 041 575 -0.25 84.67
;? 1252 0.50 -0.92 (0.04%) | 1150 -2.50 158.23
g 1877 1 -0.45 1725 0.25 69.10
& 2503 0 0 2300 0 0
Profile m Q Profile S (@)
0 0 0 . d ,
2 592 1.04 0.72 - 2 :
% 1184 -0.43 1.04 (0.04%) - ; -
b 1776 141 (0.06%) 076 . . ,
& 2368 0 0 : : .
Profile m Q - - Fe
0 0 0 N - -
o 625 0.17 1.55 : ¢ -
Y 1252 0.04 1.70 (0.07%) 2 2 .
< 1877 111 (0.04%) 0.82 - : !
& 2503 0 0 . : .
Profile m Q - - -
0 0 0 - : -
L 592 -0.09 0.27 - : g
b 1184 027 0.73 (0.03%) s ' h
é 1776 -041 (0.02%) 0.68 L . -
@ 2368 0 0 > : -
Profile Q Q k i T i
0 0 0 : : :
i 625 -0.93 -0.03 L ! .
p 1252 -0.76 -0.18 (0.01%) ) x ;
é 1877 112 (0.04%) -0.14 : - :
2 2503 0 0 : - :
Profile m Q - - -
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6.3 Cyclic Tests

This series of tests examined six brace-gusset plate specimens installed in a test frame that was
tested under a displacement-controlled horizontal cyclic load (Section 5.5). Detailed geometrical
and instrumentation drawings for each specimen are presented in Appendix A and material

properties for the steel used are given in Sections 5.4.1 and 5.4.2.

Key test results are presented in Table 6.2 below. For each design type, the global and section
slenderness is shown together with the experimental brace ultimate tension and buckling
compression loads, brace yield displacement (§,) and maximum brace elongation (8qx). The
displacement &,, was established through: identifying the initial yield point on the elastic range of
the brace hysteresis plot (using the intersection of E; and E,/10 method as described in sub-section

5.5.1); and finding the corresponding ordinate on the displacement axis.

Observations made on the measured performance parameters of each specimen are provided

below with the aid of hysteretic data recorded during the test.

Table 6.2 - Summary of experimental cyclic results.

Specimen  b/te A Bww Brace Buckling Brace Ult. Tensile 0y(mm) Omax
Load (kN) Load (kN) (mm)
S40-CA-G1 16 1.16 0.38 -66.81 178.64 0.72 -
S40-CA-G2 16 1528, 10,75 -48.60 211°32 2.76 21567
S40-CB-Gl1 16 1.66 0.38 -53.46 197.10 4.80 23.76
S40-CB-G2 16 1.75 0.75 -34.75 205.29 5.12 30.46
S60-CA-G1 24 0.75 0.52 -117.95 208.53 2.95 13.00
S60-CA-G2 24 080 1.03 -89.94 202.28 2.80 8.67

@ Maximum displacement ductility demand survived by specimen.

Observations and results from each of the cyclic tests are presented in the sub-sections below. The

data is presented in a consistent format for all tests:

Global Response Data

e Base shear and horizontal roof displacement hysteresis plot;

e Input actuator command displacement and frame response displacement time history plot;

Local Response Data

e Brace axial force and longitudinal deformation hysteresis plot with brace capacities shown

in dashed lines (from coupon yield strengths);
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e Brace axial force time history plot;
e Strain hysteresis of upper gusset plate (SG5) and brace mid-length (SG10) as shown in the
sketch in Figure 6.3.

In comparing the strain results for SG5 it is important to note that the strain readings are reversed
in sign for specimens S40-CA-G2 and S60-CA-G2 due to the alternate directions of out-of-plane

buckling of the brace member in these tests.

Lo/ 2

SG10

ELEVATION

Figure 6.3 — Strain gauge locations for SG5 and SG10

Brace axial force is determined from the resolved component of the force measured by the actuator
load cell. In this regard, the brace and frame members are assumed to behave as a simple truss.
This leads to an error in the brace axial load results as the partially-restrained nature of the test

frame provides a small resistance in addition to that due to the axial deformation of the brace.

6.3.1 Cyclic Test 1: S40-CA-G1
In the first cyclic test, a 40x40x2.5 SHS tube was connected to the test frame using the CA

connection with a gusset plate designed using the SLC layout. The gusset plates were 8 mm thick
forming the stiffest connection types of the test series. During the test, unanticipated plastic
deformation was observed in the lower channel section that connected the lower portion of the
brace to the reaction frames. Visual inspection indicated that yielding had occurred in the channel
section web. This lower channel section was mounted between the two reaction frames to support
(in compression) and anchor (in tension) the lower brace connection (Figure 5.12). The web
deformation was noticed during the latter cycles of the test. The test was suspended and the
channel section was removed and replaced with a strengthened channel section. The modified
channel section included the addition of 20 mm stiffener plates along its length including a 20 mm
plate welded to the web (Figure 6.4). The test was resumed at the same displacement cycle prior to
suspending the test and the brace tube failed at a tensile axial load of 98.91 kN without further

deformation of the channel section.
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Figure 6.4 — Modified channel section including stiffener plates highlighted with solid red

hatching.

As anticipated for a single brace CBF structure, the frame response was asymmetrical. The plot of
frame lateral displacements and actuator reaction load in Figure 6.5(a) demonstrates this
behaviour. The smooth transitions between the tensile and compressive loading half-cycles lack the
characteristic pronounced pinched cyclic behaviour often exhibited by braced frames. This was
incurred due to the aforementioned yielding in the web of the channel section, and this behaviour
was not observed in successive tests. Figure 6.5(b) compares the actuator target displacements and

the measured frame lateral roof displacements (Frame Fbk) and these show good agreement.

As indicated by Figure 6.5(c) initial buckling was observed at an axial load of approximately -66.81
kN and involved brace bending in the +z direction (Figure 6.1). This was followed by substantial
out-of-plane deformation with local buckling observed at the mid-span (photographs in Figure
6.6(a) and (b)). The recorded brace hysteresis was affected by the yielding of the channel section
web and the out-of-plane brace deformation pushing against the string-pot line used to measure
longitudinal displacement. This is particularly noticeable in the compression ranges where the
brace buckled and introduced a large error into the measured brace displacement. The axial load
time-history shown in Figure 6.5(d) is also influenced by this behaviour. The target displacement
triplets are not clearly distinguishable in the time-history due to the intensifying plastic

deformation of the support/anchor channel.
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Figure 6.5(e) shows the normalised strain hysteresis response in the upper gusset plate (SG5) and
at brace mid-length (SG10). The strains are normalised using the yield strains established from the
coupon tests for the plates and tubes. Even with the plasticity of the channel section, inelastic
response and local buckling occurred in the brace leading to large accumulated strains at mid-
length. At the SG5 location the strains remain largely elastic but minor permanent deformation is
observable in the photograph in Figure 6.6(c). Limited plastic strains have developed in the gusset
plate because of the increased bending resistance offered by the 8 mm plate and it is also important

to note that the gauge SG5 located just outside the linear plastic hinge zone.
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(e) Strain hysteresis at brace mid-length (SG10) and in upper gusset plate plastic hinge
zone (SG5)
Figure 6.5 — Recorded responses in Cyclic Test 1; Specimen S40-CA-G1.
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(c)
Figure 6.6 — Cyclic Test 1; Specimen S40-CA-G1 after testing showing (a) overall brace
deformation (b) local buckling mode at brace mid-length and (c) gusset plate deformation.
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6.3.2 Cyclic Test 2: S40-CA-G2

In this specimen, the gusset layout design was changed from the linear (SLC) layout used in
previous specimen to the elliptical (G2) layout. The second specimen had a thinner gusset plate
and a higher strength balancing factor, f,,, than the first specimen The primary results for
specimen S40-CA-G2 are shown in Figure 6.7. These are comparable to the results of specimens
$40-CA-G1 and S40-CB-G2 in sections 6.3.2 and 6.3.4 respectively. With the strengthened channel
section, the frame response displays the characteristic base shear-lateral displacement plot of a CBF
(Figure 6.7(a)). Good agreement is achieved between the command and feedback displacements as
exhibited in Figure 6.7(b). However, as is shown in this plot, an extra displacement cycle was
added due to the pausing and resuming of test operations. This was caused by unexpected
temperature increases on the actuator pump and associated cooling system. This restricted the test
duration which was terminated before complete brace member failure. Limited local buckling
occurred at the brace tube mid-length when the buckling capacity was reached but this was much
less than in all other tests. Bending and yielding of the gusset plates during brace compression
allowed flexural member buckling to occur without local buckling in the brace tube, as seen by the
deformed shape in Figure 6.8. This absence of buckling-induced damage may contribute the larger

tensile capacity observed with this specimen compared to other tests.

In Figure 6.7(c) and (d) the brace response is shown with the predicted tensile yield and buckling
capacity ranges based on the characteristic strength tests (coupon tests). Initial buckling capacity
reached -48.6 kN with out-of-plane brace buckling in the —z direction. As discussed previously, the
calculated quantity ‘Brace Axial Force’ includes the contributions to resistance provided by both
the brace member and the test frame. This is evident in the brace plots as an increase in

compressive resistance owing to the frame action.

The strain hysteresis in Figure 6.7(e) illustrates the significant yielding observed at brace mid-
length and within the elliptical gusset clearance zone. At brace mid-length (SG10), large plastic
deformations occurred during the later cycles. Plastic deformation of the gusset plate (SG5)
occurred over a larger range of displacement cycles. This response is in line with the expected
performance of a brace-gusset plate combination with a strength balancing factor S, close to 1.0.
In contrast to the S40-CA-G1 specimen, this test developed a full plastic hinge zone in the gusset

plate owing to the reduced thickness of the G2 plate design.
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(e) Strain hysteresis at brace mid-length (SG10) and in the upper gusset plate plastic hinge
zone (SG5)
Figure 6.7 — Recorded responses in Cyclic Test 2; Specimen S40-CA-G2.
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Figure 6.8 — Cyclic Test 2; Specimen S40-CA-G2 after testing showing (a) overall brace
deformation (b) brace mid-length and (c) gusset plate deformation.
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6.3.3 Cyclic Test 3: S40-CB-G1
This specimen employed the conventional G1 gusset plate design with a CB type connection. The
frame hysteretic response in Figure 6.9(a) shows that the maximum compression load is attained at
initial buckling of the brace. In contrast to the CA specimens (where the brace connection increased
the rotational stiffness of the beam-to-column joint), no increase in compressive strength is
observed thereafter. Good agreement between the applied actuator displacement history and the
lateral frame response is exhibited in Figure 6.9(b). Due to minor cooling issues a momentary

pause was applied during the last cycle of the 66, amplitude displacement cycles.

The brace axial response in Figure 6.9(c) and (d) indicates that design calculations (based on
characteristic strength tests) provide a conservative estimate of buckling capacity. A plastic hinge
developed at the brace mid-length (Figure 6.10(a)) leading to a gradual reduction in compressive
capacity due to accumulated residual deflection in the brace member combined with the
Bauschinger effect. On reloading in the reverse direction plastic elongation accumulates in the
brace following tensile yielding, and for displacement triplets of the same amplitude, a reduction
in the tensile load required to reach each target displacement is observed in the brace axial load

time-history in Figure 6.9(d).

Comparing the strain response at brace mid-length (5G10) and in the upper gusset plate (SG5) in
Figure 6.9(e) shows that significant yielding was confined to the brace only. The large brace strains
caused plastic hinge rotation and local buckling. High strains in the local buckles lead to eventual
fracture at the brace mid-length, as shown in the photograph Figure 6.10(c). The gusset plate
remained elastic throughout most of the test until the latter cycles (Figure 6.10(b)). This reflects the

lower strength balancing factor B, for this specimen.
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(e) Strain hysteresis at brace mid-length (5G10) and in the upper gusset plate plastic hinge
zone (SGb5)
Figure 6.9 — Recorded responses in Cyclic Test 3; Specimen S40-CB-G1.
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Figure 6.10 — Cyclic Test 3; Specimen S40-CB-G1 after testing showing (a) overall brace
deformation with plastic hinge at mid-length (b) gusset plate bending and (c) complete brace
failure.
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6.3.4 Cyclic Test 4: S40-CB-G2
This specimen was similar to Cyclic Test 3, except the elliptical layout (EC) was employed in the
gusset design. In a similar manner to Test 2, this resulted in a thinner gusset plate and an increase
in the B,,,, factor. The primary results are shown in Figure 6.11 and are comparable to the previous

Cyclic Test 3.

Unlike the previous Test 3, the maximum compression load is not achieved at initial buckling of
the brace. The peak compressive load is achieved at the final compression loading cycle. Prior to
this force being reached, there is an increase in the compressive resistance that is seen in both
frame and actuator hysteresis plots (Figure 6.11(a) and (c)). This can be attributed to the stiffness
contribution of the bolted beam-column connection. It was observed towards the end of the test
due to the frame undergoing large displacement demands that had not been reached during
previous tests. The buckling capacity prediction is shown to be very accurate until the large

displacement demands are reached.

Further cooling issues required a momentary pause and resulted in the third +64,, target not being
fully reached Figure 6.11(b). However, there is good agreement between the actuator and frame

feedback displacements.

A local buckle formed at brace midspan (Figure 6.12(a)) and causes a reduction in the compressive
capacity until the connection stiffness dominates the response. As observed in the previous test, in
the tensile range, there is a reduction in the load required to reach subsequent target displacement

of the same amplitude.

The strain measurements in Figure 6.11(e) show that significant yielding was more prominent in
the brace at the local buckle (SG10) compared to the plastic hinge zone of the upper gusset plate
(SG5). The strains at SG5 just reached the elastic limit, however visual inspection of the plate

indicates that there was greater deformation in the plate compared to Test 3 (Figure 6.12(c)).
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(e) Strain hysteresis at brace mid-length (5G10) and in the upper gusset plate plastic hinge
zone (SG5)
Figure 6.11 — Recorded responses of Cyclic Test 4; Specimen S40-CB-G2.
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Figure 6.12 — Cyclic Test 4; Specimen S40-CB-G2 after testing showing (a) overall brace
deformation with plastic hinge at mid-length (b) brace section failure and (c) gusset plate
bending.
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6.3.5 Cyclic Test 5: S60-CA-G1
This was the first test to employ the S60 section size and is comparable to Cyclic Test 6. This test

had a low B,,, factor due to the conventional G1 gusset plate design.

The plots in Figure 6.13(a) and (b) show a lower number of displacement demand cycles sustained
by this specimen. In Figure 6.13(c) the initial buckling capacity of the brace is the peak compressive
force achieved in the test. Thereafter, small increases in compressive resistance offered by the
brace-gusset specimen are observed. A local buckle formed at the compressive §, peak at brace
midspan (Figure 6.14(a)) followed by cracks in the corners, tearing of the face during the tensile 44,

cycles and eventual failure during the first 65,, cycle (Figure 6.14(b)).

The strain measurements for SG5 and SG10 in Figure 6.13(e) show large plastic strain achieved at
the brace midspan as in previous tests. The SG5 data showed erroneous ‘spikes’ recorded during
plate bending under large brace forces at the tension fibre. After testing was complete,
investigation showed that this was caused by strain gauge debonding from the steel plate surface.
Disregarding the error spikes, it is found that yield strain limits are only just reached at SG5 in the

gusset plate, as in Cyclic Test 4 and 3. Minimal bending was visibly observed in the gusset plate.
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(e) Strain hysteresis at brace mid-length (5G10) and in the upper gusset plate plastic hinge

zone (SG5)
Figure 6.13 — Recorded responses of Cyclic Test 5; Specimen S60-CA-G1.
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Figure 6.14 - Cyclic Test 5; Specimen S60-CA-G1 after testing showing (a) brace local buckle at
midspan (b) brace tearing (c) failed brace section shape and (d) gusset plate bending shape.
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6.3.6 Cyclic Test 6: S60-CA-G2
This test is similar to Cyclic Test 5 but uses the alternative SLC gusset design and therefore has a
higher f,,, factor. The lateral displacement time-history in Figure 6.15(b) shows that excellent
agreement was attained between command and feedback displacements. Also, complete brace

section failure occurs at the same target displacement 63,,.

Buckling capacity is reached at the J,, cycle and the brace undergoes more noticeable compressive
resistance degradation in subsequent cycles, observed as uneven saw tooth shapes in the brace
axial load time-history in Figure 6.15(d). Calculated buckling capacity is not achieved during this
test. In the tensile loading range the Bauschinger effect is observable with a decrease in applied
force for a given displacement demand at 44,,. As in Cyclic Test 2, the brace buckled out-of-plane in

the —z direction.

The strain measurements at SG5 in Figure 6.15(d) show very large strains reached during the 44,

and 66, displacement cycles. This indicates that a plastic hinge formed in the gusset plate.

Similar plastic strain is also recorded at the plastic hinge at SG10, indicating that a plastic hinge
developed at brace mid span during the &, cycle. As the gauge was located on the tension flange,
the development of the local buckle was not represented. This is in agreement with the design
intentions of a larger B, value that approaches 1.0. However, no clear increase in brace elongation

capacity, and consequently, frame drift is discernable.
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6.4 Analysis of Cyclic Test Results

In the previous section, measured data were reported for each test and observations were made on
the execution of the experiments. This section presents an analysis of the data collected in all six
tests to evaluate how frame performance was influenced by the different brace member and gusset
plate configurations. The influence of the CA and CB connection types on initial frame stiffnesses
and overall frame behaviour is examined. The effects on brace buckling and tensile capacities and
gusset plate deformation zones are also investigated. The influence of gusset designs G1 (SLC) and
G2 (EC) is assessed through the number of cycles completed to failure and drift range. Finally,
displacement ductility capacity is evaluated for each specimen and compared with prediction

models, and the influence of the balance design factor on energy dissipation is assessed.

6.4.1 Connection Type (CA and CB)

The influence of connection type on frame response can be evaluated in different ways. Table 6.3
presents the measured initial stiffness, Ky, of the test frame in each test. This value was obtained
by establishing the tangent stiffness between the yield point and the origin on the base shear-lateral
deformation plot. These values are compared with an estimate of the tensile stiffness of a single
brace, K, = cos(0)?> EA/L, where 6 = 50°. The K, /Ky, ratios are larger than unity for all tests,
ranging between 1.6 and 2.69. This indicates that there are other significant sources of flexibility in
the frame. With the exception of 540-CA-G1, larger Ky, values were observed for the CA
connections compared to the CB connections. This is explored in the following paragraphs through

detailed comparisons the responses of specimen pairs.

Table 6.3 — Frame stiffness properties

Specimen  b/te A Brace Measured Kuv/Ks Brace Brace Ult
Stiffness  Frame Buckling Tensile
Kbr Stiffness Load Load (kN)
(N/mm) K (kN)
(N/mm)
S40-CA-Gl1 16 1.16 13486 5013* 2.69 -66.81 178.64
S40-CA-G2 16 1.23. 12774 7992 1.60 -48.60 211:32
S40-CB-G1 16 1.66 13486 7883 1.71 -53.46 197.10
S40-CB-G2 16 1,75+ 12774 6814 1.87 -34.75 205.29
S60-CA-G1 24 0.75 20485 9405 2.18 -117.95 208.53
S60-CA-G2 24 0.80 19403 8752 222 -89.94 202.28

2 Initial stiffness recorded with unanticipated inelastic behaviour.

The recorded global frame hysteretic responses provide evidence of the influence of connection
type on overall frame stiffness. In comparing specimens S40-CA-G2 and S40-CB-G2 (in Figure
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6.17(a) and (b) respectively), the end conditions of the CB connection type exhibits a more
‘pinched’ hysteretic plot characteristic that is archetypal of CBF behaviour. The extra rotational
restraint provided by the CA connection reduces the brace effective length thereby increasing the
brace buckling load by 35.7%. During initial loading, the brace member provides the main source
of lateral resistance, and when buckling is initiated in the brace, frame lateral resistance is
dramatically reduced in this loading direction. However during the post-buckling response of
specimens with CA connections, the post-buckling resistance of the brace is supplemented by the
frame joint rotation resistance provided by the connection of the gusset plate to both beam and
column flanges. This is observable in the post-buckling response of specimen S40-CA-G2, where
the compressive loading half-cycles are distinguished by a gradual increase in tangent stiffness.
The compressive resistance increases by 93.4% above the initial buckling capacity reaching a base
shear of -58.4 kN. Initial elastic tensile cycles display CA frame stiffness 12.7% larger than that

demonstrated by the CB frame.

A similar pattern is observable when comparing the initial elastic cycles of specimens S40-CB-G1
and S60-CA-G1 (Figure 6.17(c) and (d) respectively), with the CA specimen displaying a larger
initial tangent stiffness. For example, in the elastic tensile cycles, the CA frame stiffness is 4.25%
larger than the CB frame. The relative stiffness of CA and CB specimens with G2 (EC) gusset plate
designs can be compared in Table 6.3. The CA specimen (S60-CA-G2) displayed a 30.3% higher
stiffness than the CB specimen (S40-CB-G2). Reducing the gusset plate thickness has the effect of

minimising its contribution to frame stiffness when bending is induced in the gusset.

Strain gauges were located on the test frame and all test specimens to record the development of
localised strains. The positions of strain gauges on the specimen gusset plates are shown in Figure
6.18. The brace force-strain relationships recorded with these gauges are shown in Figure 6.19.
Comparison of Figure 6.19 (a) and (c) demonstrates that in the CB connection much greater
inelastic strains occur at the top plate boundary (SG6) than at the bottom boundary (SG4). The CA
connection shows a more balanced distribution of strain across the plate without reaching the yield
strain limit &,. However in Figure 6.19(b), the effects of using a thinner gusset plate is emphasised
with SG6 reaching strain values almost five times the nominal material yield strain. The
asymmetrical layout of the thin plate in the S60-CA-G2 specimen considered in Figure 6.19(d)
resulted in gauge SG4 lying within the elliptical plastic hinge zone and experiencing larger strains
than SG6. SG6 was positioned on the outer end of the plastic hinge zone and only yielded during

the final loading cycle.
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Figure 6.17 — Frame hysteretic behaviour (global) plots showing variation of base shear with horizontal
roof displacement.

Figure 6.20 demonstrates the reduction in frame stiffness trend with increasing brace slenderness
observed with both CA and CB connection types. These observations agree with the anticipated
contribution of stiffness for each connection type, with CA connections demonstrating Ky, stiffness

values at least 17.3% larger than CB connections of the same brace section size.
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Figure 6.18 - Strain gauge locations on gusset plates.
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6.4.2 Gusset Design (G1 and G2)
One aim of this experimental series was to examine the hypothesis that greater brace ductility
capacity could be achieved using B, ratios near 1.0 (G2 plates) than with lower f,,, ratios (Gl
plates). The performance of specimens with G1 and G2 gusset designs can be assessed by
examining the number of cycles to brace failure Ny in each test (Table 6.4). As an indication of
overall global ductility capacity, the minimum and maximum storey drift values (4,,;; and 4,,4,
respectively) are combined to obtain the drift range 4,4,4. for each specimen. From Table 6.4,
comparison of tests S40-CB-G1 and S40-CB-G2 identifies a larger drift capacity and therefore larger
ductility capacity for the G2 design. For S60-CA-G1 and S60-CA-G2, the high cross-section
slenderness dominated brace fracture behaviour leading to the same Ny and 4,44, values identical

for this specimen pair.

The performance of G1 and G2 gusset designs can be further evaluated from brace hysteresis
response plots shown in Figure 6.21. On comparing tests S40-CB-G1 and S40-CB-G2 (Figure 6.21(a)
and (b) respectively), the G2 design out-performs the standard G1 design, extending seven target
displacement cycles beyond the G2 failure limit. This effect is not manifested in the 60x60x2.5 SHS
specimens (Figure 6.21(c) and (d)). The high cross-section slenderness ratio in these specimens
resulted in significant localised strains at brace mid-length during early compression cycles. Large
local buckling strains developed in the cross-section corners after several cycles of inelastic
buckling leading to fracture initiation. Upon reloading in tension, cracks formed in the corner
regions of both specimens beginning in the +10 mm displacement cycles. Local buckling was the
dominant failure mode for these specimens, thus limiting the ability of the gusset plates to

contribute to energy dissipation through plastic yielding.

Table 6.4 — Brace fracture and frame drift

Specimen  b/te A Bww No. Cycles Frame Drift
to Fracture,

N Bmin (%) Amax (%) Brange (%)
S40-CA-G1 16 1.i16 0.38 16 -2.76 2.67 5.43
S40-CA-G2* 16 1238075 28 -2.19 2.36 4.55
S40-CB-G1 16 1.66 0.38 2 -1.98 2:52 4.50
S40-CB-G2 16 1.75 0.75 28 -2.62 3.16 5.78
S60-CA-Gl1 24 0.75 0.52 10 -1.65 1.68 333
S60-CA-G2 24 0.80 1.03 10 -1.67 1.67 3.33

2 Maximum demand values sustained by specimen.
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Figure 6.21 — Brace hysteretic behaviour (local) plots showing the variation of brace axial force

with brace elongation.

Strain gauges SG5 and SG12 were located just outside the boundary of the free rotation zone in

which plastic hinge rotation occurs during brace buckling (Figure 6.18). High strains at these

locations can arise due to both plastic hinging in compression and gusset plate yielding in tension.

Considering the strains measured at these locations shows that much higher strains were observed

with G2 gusset plates in CA type connections, but not with CB type connections (Figure 6.22). For

the S40-CA-G1 test (Figure 6.22(a)) minor yielding occurred in the gusset compared to specimen

540-CA-G2 (Figure 6.22(b)) where strains at SG5 reached 700% of yield strain. In S40-CB-G1 (Figure

6.22(c)) plastic hinge development was limited implying the concentration of plastic deformation at

brace mid-length, and the complementary test S40-CB-G2 cycles through only a slightly larger

strain range.
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Brace displacement ductility — defined as the ratio of maximum to yield displacement (see Chapter

2) — is a key performance parameter that provides an indication of the energy dissipation

capabilities of each specimen. The measured ductility capacities us of the test presented in Table

6.5 ranged from 2.54 to 8.12.
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Table 6.5 — Displacement ductility and energy dissipation for cyclic tests.

Specimen b/te A Bww  Displacement Ductility Energy Dissipation
&, (mm) Ha Eqor Eqo

(m.kN) (m.kN)
S40-CA-Gl1 16 1.16 0.38 0.72 - 6.20 0.65
S40-CA-G2 16 1.23 0.75 2.76 5.67° 22.42 1:13
S40-CB-G1 16 1.66 0.38 4.80 7.69 16.32 1.23
S$40-CB-G2 16 1.75 0.75 52 8.12 33.45 1.28
S60-CA-Gl 24 0.75 0.52 2.95 3.07 6.55 5.44
S60-CA-G2 24 0.80 1.03 2.80 2.54 7.86 6.12

2 Maximum displacement ductility demand survived by specimen.

In Figure 6.23, predictions of the displacement ductility capacity of each specimen made using the
model proposed by Nip et al. (2010) and set out in Equation 2.20 are compared with the measured
experimental values. The trend shows that for higher non-dimensional slenderness (1) members,
there is an increase in displacement ductility capacity (u,). Assuming uniform curvature, this is
attributable to plastic strains being reached at a lower member rotation in low 1 members
compared to high 2 members for a given drift demand. For specimens with lower cross-section
slenderness (540), the prediction slope underestimates the measured ductility capacities. This may
be attributable to the influence of the gusset plate connections, (including the G2 specimens
designed for greater gusset plate yielding) in the test specimens, which contrast with the fixed-end
stiffened connections employed in the specimens tested by Nip et al. (2010). For specimens with
high cross-section slenderness ratios, the predicted values overestimate the measured ductility
capacity. The prediction methods of Tremblay (2002) and Goggins et al. (2006) overestimated the
measured ductility capacities. The relationships provided by Goggins et al. (2006) were calibrated
against tests using hot rolled steel sections only and for specimens with different member and local

slendernesses.

As discussed in Chapter 2, the energy dissipated in a single response cycle can be evaluated as the

closed integral of the force-displacement curve for that cycle:

du 1 6.1
E; = f ku(t)adt = fFu(t)dt = =—2-Fu(t)

The total energy dissipated E,: was calculated for each test and these results shown are in Table
6.5. Similar to the work of Goggins (2004) energy dissipation values at the end of the tenth cycle E;,
were used to compare the energy dissipated in different tests. The plots in Figure 6.24 display an

increase in energy dissipation (for both section types) for larger f,,, values. While this is more
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obvious in the plot of total dissipated energy in Figure 6.24(a), a more direct comparison is made in
Figure 6.24(b) where the brace size is shown to significantly influence the energy dissipated in a
single displacement cycle. After ten displacement cycles the S60 specimens had nearly attained
their final energy dissipation values shown in Figure 6.24(a). In contrast, at this stage the S40

specimens have only dissipated a fraction of their eventual test totals.
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Figure 6.23 - Displacement ductility plotted against non-dimensional brace slenderness.
Predicted values by Nip et al. (2010) are compared with experimental results.
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6.5 Chapter Overvi

This chapter presented the results and analysis of the cyclic testing phase of the overall
experimental programme. The measured specimen profile shapes were first presented and shown
to influence the direction of out-of-plane brace deformation during buckling. The specimen
response measurements were then presented for each test. These results were then analysed to
identify the influence of the experimental parameters on the overall performance, and to make
comparison between different brace-gusset plate designs. The experimental observations of the
behaviour of the different brace-gusset plate specimens and of the test frame as a whole are of
particular value in preparing for the series of shaking table tests on similar specimens described in
Chapters 8 and 9. The observations and results presented in this chapter are also employed in the

following Chapter 7 for the further development and validation of OpenSees models of CBFs.
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7 Complementary Cyclic Tests — Correlation

with Numerical Models

7.1 Introduction

In Chapter 4, different methods of modelling brace members in OpenSees were identified.
Recommended values were presented for the input model variables, and these recommendations
were validated against experimental tests that examined, in particular, the hysteresis performance
and fracture life of each specimen. This chapter describes how these procedures are implemented
in a full-scale single-storey test CBF structure. The CBF frame considered is the plane frame
structure tested in the Complementary Cyclic Tests at Trinity College Dublin (Chapter 5). The aim
of developing this model is to investigate the capabilities of OpenSees for CBFs. This test frame
incorporates all of the essential features of the BRACED project CBF test structure investigated in
the shake table tests at CEA Saclay (Chapter 8).

7.2 CBF Structure and Connectivity

The model comprises a single-storey plane-frame CBF with lateral resistance provided by a single
brace member. The beam and column members were designed to remain elastic throughout each
test while the brace specimen and connected gusset plates responded inelastically. Further details

of the test frame design are presented in Chapter 5.

An overview of the test frame with constituent nodes and elements is shown in Figure 7.1 below.
The numbering scheme is arranged so that the elements are numbered with the suffix ‘e’ and the
nodes with the suffix ‘n’. The specific UB and UC cross-section geometries were defined for
application to the beam-column elements in the frame. As the frame was expected to perform
elastically, only one main element was defined for each member, with more detailed modelling of

the member connections. These connection details are summarised below.
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Figure 7.1 — OpenSees model for Complementary Cyclic Test frame. Numbers denoted with ‘n’
signify node numbers and ‘e’ signify element numbers.

7.21 Beam-Column-Gusset Connection Configuration

In the beam-column connections in the test frame, the bottom beam flange is bolted to the top of
the columns using flush end plates. The semi-rigid nature of this connection implies that it cannot
be accurately modelled as either a simple pinned or continuous connection. The partially-
restrained bolted connection model employs elastic springs to constrain three translational degrees
of freedom and two rotational degrees of freedom about the in-plane axes. A specific elastic
rotational spring is used to model rotation about the out-of-plane axis. This follows the
methodology used by Hsiao et al. (2012) to model shear tab connections. Hsiao et al. used the
moment-rotation model developed by Liu and Astaneh-Asl (2004) to obtain estimates for initial
rotational stiffness and maximum positive and negative moment capacities. Liu and Astaneh-Asl
provided guidelines for estimating the behaviour of composite and non-composite shear tab
connections based on experimental results from tests on different shear tab connections. The results
of this study showed that both shear tab connection types exhibit non-negligible rotational strength

and stiffness leading to partially restrained connection behaviour.
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Numerical models are developed for both of the gusset connection configurations considered in
the test series in this project. In connection type A (CA), gusset plate flanges are bolted to both the
column flange and beam flange, while in connection type B (CB), the gusset is connected to the
beam flange only, allowing free plate rotation in the out-of-plane direction (see Figure 7.3 and
Section 3.4 for further details). In order to apply a modelling methodology similar to that used by
Hsiao et al., the rotational spring method needs to be adapted for the CB connections and for the
right-hand frame connection (where there is no brace connection). In this configuration the gusset
plate boundary conditions make a negligible contribution to the beam-column connection moment
capacity. In the CA connections, the gusset plate boundary conditions have the effect of effectively
restraining joint rotation, and were treated as fully restrained connections using a simplified fixed
connection model. However, once brace buckling occurs, large frame rotations induce tension
forces within the gusset plate with the effect of stretching and flattening the plate. This is in
opposition of the action of the brace bending the plate out of plane. In essence, the complex

behaviour is difficult to capture with the analysis techniques used in this work.

Therefore, for the CB connections, an initial rotational stiffness for the flush end plate connection
system is required for the elastic spring material model. A study conducted by Thomson (2001)
developed a prediction model for the moment-rotation response of end plate connections. The
prediction model formulates a moment-curvature relationship based on material and geometric
properties of a generic beam-column flush end plate connection. The force-displacement
relationship is then predicted based on different failure mode classifications of equivalent T-stubs
and bolts. The elastic behaviour of T-stub systems has been studied by Yee and Melchers (1986). A

deformation model is provided for stiffened and unstiffened connections. The extensive set of

127



v‘:l‘ial’ '}‘lf “ilsltlf}"r!'l,w‘,.
equations has been simplified for the stiffened case in (Figure 7.4) below with the loads
represented as P for the T-stub web force; B for the bolt force and Q for the prying force. The T-stub
is modelled as a beam under simple bending with the T-stub deflection shown as A. These notional
T-stubs are also used in Eurocode 3 Part 1-8 (CEN, 2005b) to model certain joint typologies for
bending of column flanges, end-plates and flange cleats. Using Thomson’s model, the rotational
stiffness of the beam-column connection in the test CBF structure was calculated. As this model
was adapted for a connection featuring a beam connected to a column end plate rather than the
opposite, it was expected that the calculated provisional stiffness would require further refinement

during the model validation phase in Chapter 7 and Chapter 10.

CA Connection CB Connection
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Figure 7.3 — Modelling methods for CA connection (treated as fully restrained) and CB
connection (treated as partially restrained).
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Figure 74 — T-stub notional component for the beam-column connection in use in the test CBF
structure similar to that described by Thomson (2001).
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7.2.2 Beam-Column-Gusset Rigid Zone Elements

At the beam-column-gusset connection significant rigidity is provided by the gusset plate and by
the additional stiffener plates used to prevent beam and column flange buckling. Furthermore, as
previously described in Chapter 3, the plastic hinge that forms in the gusset plate to permit out-of-
plane brace buckling reduces the rotational demand on the bolts or welds used to connect the
gusset to the beam and column flanges. Two options were explored to account for the associated
increase in stiffness of portions of the beam and column lengths: equal degree of freedom nodal
constraints (EqualDOF) and rigid links. Both options were implemented by creating rigid zones
designated as elements 200e, 202e, 300e and 304e; 303e, 402e and 400e (Figure 7.5) dependent on

the connection type. The details of each option are as follows:

e EqualDOFs impose the exact rotations and translations of a master node to a slave node.
The example in Figure 7.6(a) shows unit translations and rotation 0 of the master node
(MN) and the corresponding displacements of the slave node (SN). The overall effect is
that the constrained nodes always stay parallel.

¢ Rigid links connect node pairs and influence their behaviour as if they were connected by
an ‘infinitely stiff element’. In physical terms, this means that the element assumes small
rotations and includes the arc an element would travel. This can be explained using the
same example as above, shown in Figure 7.6(b). The slave node rotates along the rotation
arc that is centred on the master node with a radius equal to the distance between the

nodes. This results in the changes dX and dY applied to the linear translations.

CA Connection CB Connection
| ol
| .5 !
i /3 00e / € |
o 1 - Ly SIS
2028 N 0% 40261
on ) o NA th rh foms}
o B 2 ) — 1;1 = .:Ei
200e—{ I 400 |
HE
@ e

— = Rigidlink connection
— = Elastic element

Figure 7.5 — High stiffness zone elements for CA and CB connections.
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Figure 7.6 — (a) EqualDOF nodes with master node (MN) imposing unit translations and unit
rotation 6 to slave node (SN). (b) nodes connected using rigid links demonstrating the “infinitely
stiff element’ concept.

7.2.3 Column Base Plate-Reaction Frame Connection

To isolate the experimental response of the brace specimens and their connections, the test frame
employed pinned connections free to rotate in plane. This was implemented using short lengths of
I-shaped UC sections, orientated with the lateral displacement of the frame (Figure 7.7). The web of
these UC sections was designed to undergo plastic deformation forming nominally pinned
connections. The web length could be considered as a cantilever structure with stiffness K
equivalent to 3E1/ L3. Similar to the beam column connections discussed above, these connections
were modelled using a ZeroLength elastic rotational spring element. The initial stiffness calculated
using the cantilever formulation was used as the Young's modulus of the spring. If required, the
structural model can be simplified; actual pinned connections can be used with no in-plane
rotational restraint, eliminating the requirement of ZeroLength springs. It was anticipated that
these connection types would be implemented for later tests where plastic hinges fully developed

in the web component.
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Figure 7.7 — Nominally pinned anchor points with UC 203x203x60 stub sections. By analysing the
web length L the stiffness of the nominal pin can be calculated.

7.3 Brace Tube and Gussets

The parametric and correlation studies conducted in sections 4.2 and 4.3 identified optimum
modelling parameters for brace tube specimens. These were employed for the brace and gusset
specimens used in the test CBF structure including a prescribed initial camber of 0.1% of brace
length. Both the standard and elliptical gusset designs (Chapter 3) were modelled and are
represented as G1 and G2 respectively in Figure 7.8. As detailed in Chapter 3, both gusset types
have specific yielding patterns dependent on the plate profile geometry and thickness. The specific
plastic hinge sizes are modelled using a method proposed by Hsiao et al. (2012) where the out-of-
plane stiffness is computed using rotational spring models similar to those used in the beam-
column connections and the UC column stubs. In Figure 7.8 these are identified as elements 304e
and 600e connecting the coincident node pairs 304n, 305n and 604n and 605n respectively. The
spring model uses the same nonlinear steel material model as the rest of the brace. The initial
stiffness of the gusset plate is a function of the plate profile geometry and thickness, therefore the
stiffness for the spring model was calculated using the average gusset length L (Thornton, 1991)

using:

SUE Bt 7.1
s = T\ 712

131



wl‘ﬂ"l;lfﬂ{lzi;""r'?.'wr'
Equation 7.1 is based on the Whitmore width concept where the axial force of the brace is
transmitted through a beam-column element of width b,, and thickness t,,. Its suitability for finite
element analysis was verified by Hsiao et al. based on the results of Yoo (2006). Minimal in-plane

rotation occurs in the gusset plate. This rigidity is modelled using very high stiffness values to

simulate rigidity.
40x40x2.5 SHS
04n;305n G1
/in /30 5n 7n— // BO4EY5N
304e (ZL) “2n \4n \_6n(
600e (ZL
700e AT
2368 N
40x40x2.5 SHS
3P4n;305n G2 " 604n;605
n
1n A 3n J 7rr\
= — = -
304e (ZL) “2n o %n
700e 600e (ZL
2503 - 701

Figure 7.8 - Node pair locations for 304n, 305n and 604n, 605n. These locations are similar for
both SLC (G1) and EC (G2) gusset designs.

74 Correlation with Numerical Models

In this section, the output from OpenSees models are compared with the cyclic experimental test
results from Chapter 6. The models are constructed using the techniques discussed in Section 7.2
and 7.3. The results of Cyclic Tests 2 to 6 are correlated with their experimental frame hysteresis

results. In this way, both the brace resistance and frame action are included in the correlations.

The comparison results are shown in Figure 7.9. The models employed rigid link elements in the
corner beam-column connections with continuous connectivity for the CA connection
configuration (Figure 7.5(a)). The rotational stiffness from Thomson (2001) was calculated for the
beam-column connection. The rotational stiffness was prescribed for the right-hand beam-column
connection in all tests and both connections in Tests 3 and 4 (CB connection configuration) as
shown in Figure 7.1. To represent the bending stiffness of the gusset plate connection, a rotational
spring with a stiffness value from Equation 7.1 was implemented connecting the brace and gusset
elements and similarly for the UC stubs as in Figure 7.7. The fatigue model was employed for the

brace elements using &, = 0.165 based on the values used in sub-section 4.3.2.
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Figure 7.9 — Frame hysteresis correlation plots for Cyclic Tests 2 to 6. Experimental responses are
denoted with ‘Exp.” and simulated responses with ‘OpenSees’.

Figure 7.9(a) shows the response comparison for Cyclic Test 2 with S40-CA-G2 specimen. In the

compression range, the predicted initial buckling capacity of the frame is accurate with

approximately 2.7% overestimation. Thereafter, the increase in compressive resistance of the frame
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(controlled by the post-buckling strength of the brace and the rotational stiffness of the beam-
column connections) is captured reasonably well at each target displacement with slight
overestimations of up to 16.7%. This difference is more pronounced at larger displacement
demands where the experimental connection has sustained large plastic rotations. In the unloading
half-cycles returning to the tensile range, the OpenSees model displays a close prediction of the
experimental unloading curve. This is continued at large tensile displacement demands. The initial
tangent stiffness of the frame is overestimated for the loading cycles up to §,, displacement. This is
a noticeable trend across all of the subsequent model correlations. In the unloading half-cycles

returning to the compression range, a larger frame stiffness is predicted by the model.

Cyclic Test 3 was the first test with the CB configuration at the left-hand (brace-gusset) connection.
The calculated moment-rotation stiffness was prescribed for this connection. The large drift
demands of the previous tests caused significant yielding in the right-hand beam-column
connection. Consequently, to replicate the reduced stiffness of the right-hand connection, the
elements 400e and 402e were joined using a pinned connection. The correlation of the model and
test is shown in Figure 7.9(b). As before, the initial frame stiffness is overestimated. After the yield
displacement is reached, the tensile capacity of the frame is underestimated but an accurate
representation of the Bauschinger effect is still maintained. The initial brace buckling capacity is
marginally underestimated by 5.8%. The tangent stiffness in the unloading half-cycles is accurately

represented in both the compression and tension ranges.

The correlation of experimental and model results for Cyclic Test 4 is presented in Figure 7.9(c). As
in Test 3, the left-hand connection was modelled with a nominally pinned connection with the
calculated rotational stiffness used in the right-hand connection. A similar simulated response is
observed in Figure 7.9(c) with good representation of compressive resistance and underprediction
of tensile resistance at large target displacements. The initial buckling capacity is overestimated by
23.3%. This indicates that the gusset plate stiffness calculated using Equation 7.1 has reduced

accuracy for thin gusset plates with a single edge restraint.

In the final two tests (Tests 5 and 6) the pinned connection conditions of the right-hand beam-
column connection were maintained as in Tests 3 and 4. As Tests 5 and 6 featured CA connection
specimens, continuous connection conditions were modelled at the left-hand connection (as in Test
2). In Figure 7.9(d), it is seen that the initial buckling capacity observed in Test 5 is underestimated
by 21%. This underestimation decreases at greater displacement amplitudes in the compression
range. In the tensile range, the yield capacity is overestimated by 15.3%. The responses of Test 6 are

presented in Figure 7.9(e) with very accurate simulated initial buckling capacity and subsequent
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compressive resistance degradation. Similar to Test 5, the simulated response demonstrates

overprediction in the vicinity of &, displacement amplitudes.

Overall most test models demonstrated reasonable accuracy when the plastic damage of the beam-
column connections was considered. Assumptions were required to model specific aspects of the
frame (i.e. UC stubs, lower gusset plate boundary conditions). The cyclic test models explored the
capabilities of the modelling techniques for use in a reference model (in Chapter 10) for dynamic
testing of a test frame with more idealised connections and boundary conditions. For all the cyclic
test models, a fatigue parameter of &, = 0.165 was employed, and fracture was not predicted by

the fatigue material in any test. This is investigated in greater detail in Chapter 10.

7.5 Chapter Overview

This chapter implemented the OpenSees brace model (presented in Chapter 4) in a model CBF.
Several modelling considerations were discussed including the interaction between the columns
and beam; the column anchor points and the gusset-brace connection bending stiffness. These
methods were then utilised in the CBF model. A correlation study was performed, where the
experimental responses from the Complementary Cyclic Tests are compared with the output from
the OpenSees CBF model. Important considerations for accurate response, such as a rotational
stiffness value at beam-column connections and correct initial tangent stiffness of the frame, are

noted for use in the development of the dynamic CBF model described in Chapter 10.

135



! f lu L id
g

8 BRACED Project — Experimental

Programme & Setup

8.1 Introduction

This chapter describes the experimental programme and set-up for the BRACED (Brace Response
Assessment — Computation, Experiments and Design) project. This experimental programme
investigated the influence of different brace and gusset connection configurations on the
performance of a CBF under dynamic seismic loading. Section 8.2 provides an overview of the
experimental programme, while detailed descriptions of the test frame and brace member
specimen designs are given in sections 8.3 and 8.4 respectively. The arrangement of experimental
instrumentation on the test frame and specimens is reported in section 8.5. Finally, in section 8.6
the test schedule used in the experimental campaign is described, and the shake table control and

changeover procedures for setting up each test configuration are outlined.

8.2 BRACED Project Overview

The series of shake table tests performed within the BRACED project aimed to investigate the
ultimate behaviour of CBFs through dynamic earthquake testing of a CBF incorporating pairs of
brace specimens with different brace member and gusset plate characteristics. The seismic
performance of such structures is affected by the ductility capacity of brace members under low
cycle fatigue conditions. It has been shown in Chapter 3 that proposed design and detailing
guidance for gusset-plate connections can extend the fatigue life of hollow brace section members.
Thus, current design methods (SLC) are compared with the proposed methods (EC) in the
specimen design. Furthermore it was necessary to investigate recently-developed models for the

ductility capacity of hollow section bracing members.

The BRACED project was initiated as part of the Transnational Access programme offered by the
European Commission’s Seventh Framework Programme (FP7) project SERIES (Seismic
Engineering Research Infrastructures for European Synergies). In total, the BRACED project
involved collaboration between researchers in Trinity College Dublin, National University of
Ireland Galway, University of Ljubljana, Imperial College London, University of Liege and the
Commissariat a 1'Energie Atomique (CEA). The experimental phase of the BRACED project was
carried out at the TAMARIS Laboratory in the Laboratoire d'Etudes de Mécanique Sismique
(EMSI) at CEA Saclay, France, where the tests were carried out on the AZALEE shake table,

illustrated in Figure 8.1.
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The AZALEE table is fixed in a pit within the middle of a 2700 tonne concrete reaction mass, and
uses eight hydraulic actuators (four for horizontal excitations and four for vertical excitations). Its
maximum payload is 100 tonnes and it has a platform area of 6 m?. Each horizontal actuator has a
maximum force of 1000 kN similar to the vertical actuators with a capacity of 1000 kN. Four static
pneumatic supports are placed under the table to support and balance the weight of the table and
the specimen. The maximum displacement amplitude range is +125 mm for the two horizontal axes

and +100 mm for the vertical axis.

TABLE VIBRANTE AZALEE
AZALEE SHAKING TABLE

Mur de réaction (hauteur : 4 m)
Reaction wall (height :13 ft)

Table AZALEE (6 x 6 m)
AZALEE shaking table (20 x 20 ft)

Aire d'essais
Testing floor Vérin hydraulique horizontal

Horizontal hydraulicactuator

Massif de réaction (2700 t)
Reaction mass (2700 t)

Figure 8.1 — Overview of AZALEE shake table (CEA, 2011)

The test frame was designed to accommodate experimental brace member specimens that were
changed between tests. The brace member and connection details were varied between
experiments to investigate the range of global and local member slenderness found in European
design practice. In each experiment, it was intended that three separate tests would be performed
with table excitations scaled to produce elastic response, brace buckling and/or yielding and brace
fracture. The principal outcomes included measurements of the displacement ductility capacity of
the brace specimens; an evaluation of the influence of gusset plate detailing on connection

ductility; observations on the contributions of brace and connection yielding to overall inelastic
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deformation of CBFs; measurements of equivalent viscous damping in CBFs; assessment and

improvement of Eurocode 8 design guidance for CBFs; and validation of numerical models.
The defined objectives of the project were to:

e Obtain essential experimental evidence of the ultimate dynamic response of CBFs to realistic
earthquake loading;

e Validate recent models of ductility capacity during low cycle fatigue failure of hollow
section brace members;

e Investigate the behaviour of practical gusset-plate bracing connections, including the
validation of recently proposed design models and detailing rules (EC);

e Support the development of Eurocode 8 through improved design guidance for CBFs;

e Validate numerical models of the earthquake response of CBFs and the inelastic response
of SHS and RHS brace members and gusset plate connections; and

e Obtain experimental data required for the development of a displacement-based design

methodology for CBFs.

The model CBF test frame was designed to Eurocode 8 and included two nominally identical brace
members. The test frame (or ‘mock-up’) used for the BRACED experiments on the AZALEE shake
table was designed to facilitate the testing of multiple pairs of brace-gusset plate specimens, by
allowing the specimens to be exchanged between experiments. Twelve distinct experiments were
performed using different pairs of brace members. The tests were conducted in EMSI Laboratory

according to the schedule detailed in Table 8.1.

Table 8.1 — Execution of BRACED tests runs.

Test number Test sequence description Run Number Dates (2013)
i, Preliminary testing of two March 25t to
Preliminary L 7 Ito 24 ]
configurations April 4t
Different geometries of referenced April 8t to April
1to8 22 to 119
braces 26t
Different geometries of referenced May 13t to May
9to 12 120 to 160
braces 23m

To meet the objectives listed above, three different test parameters were examined (similar to the

test parameters in the cyclic tests in Chapter 5): brace section size; connection configuration and
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gusset plate design. The range of test parameters and the notation used to identify the twelve

specimen pairs are described below:

e Brace Section Size
- 81 80x80x3.0 SHS
- S2 100x50x3.0 RHS
- S3 80x40x3.0 RHS
- 5S4 60x60x3.0 SHS
e Connection Configuration
- CA Gusset connection to beam and column flange
= (e Gusset connection to beam flange only
* Gusset Plate Design
- G1 Conventional design with Standard Linear Clearance (SLC)
- G2 Balanced design with Elliptical Clearance (EC)

While it was desirable to use similar section sizes to those of the complementary tests, identical
section sizes could not be used because of limitations in sourcing brace lengths of required yield
strength. In total 48 brace specimens were fabricated for 24 tests. However, the number of tests was
limited to 12 due to the time frame for project completion. It was intended that the extra specimens
could be tested in future experimentation. The subsequent tests will expand the parameter ranges
and allow for repeat tests where necessary. The schedule of tests in Table 8.2 below is designed to
address all of the above test parameters within these 12 tests. The sequence of testing was
determined by the availability of the specified materials. Due to undesirable characteristic strength
values of the 52 section, newer S2 brace lengths were ordered and this brace section was first tested
in Test 4. The non-dimensional slenderness, 4, is predicted based on the assumption of nominal
area, pinned-pinned boundary conditions with bending about the minor axis (K = 1.0) and
nominal material yield strength (f, = 235) for pre-test comparison purposes. The predicted scaled
earthquake Peak Ground Acceleration (PGA) to achieve failure (‘Target PGA 2%/50") is also shown
in units of g. The PGA values were selected based on brace size and PGA required for fracture
from preliminary tests (further discussion in section 8.7.2). Two strain gauge configurations are

’

described using ‘D" and ‘S’ to indicate detailed and standard strain gauge layouts respectively
(section 8.5.1). Once testing was completed the post-processed data was used for comparing the
key test parameters (Section 9.4). In Chapter 10 this data is also utilised in a correlation study using

time-history analyses.
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Table 8.2 — Overview of BRACED test schedule and specimen properties.

A Brace : Area Tng ok B Target PGA Stra.in*
Cross Section  (mm?) (2%/50) () ~ Config,
1 S1-CA-G1 80x80x3.0 915 083 2667 033 0.60 D
2 $3-CA-G1 80x40x3.0 674 159 2667 036 0.44 S
3 S4-CA-G1 60x60x3.0 674 111 2000 039 0.41 S
4 $2-CA-Gl 100x50x3.0 854 124 3333 028 0.57 S
5 S1-CA-G2 80x80x3.0 915 086 2667  0.79 0.60 D
6 $2-CA-G2 100%x50%3.0 854 128 3333 0.85 0.57 S
7 $3-CA-G2 80x40x3.0 674 1.64 2667  0.72 0.44 S
8 $1-CB-Gl 80x80x3.0 915 082 2667 033 0.60 S
9 $2-CB-Gl1 100%50%3.0 854 1255930830 10 0K 0.45 S
10  S4-CB-G2 60%60x3.0 674 .12 2000  0.79 0.41 D
11 S2-CB-G2 100%50%3.0 854 125 3333 0.85 0.57 S
12 S3-CB-G2 80x40x3.0 674 158 2667 072 0.44 D

* Maximum Strain gauge configuration: ‘D’ indicating detailed layout and ‘S’ indicating standard layout.

8.3 TestFrame Design

The test frame was designed as a dedicated single-storey model CBF structure capable of
accommodating the full range of brace and gusset-plate connection specimens set out in Table 8.2.
These specimens were designed so that they could be tested to failure within the capacity of the

shaking table. The following requirements drove the primary test frame and specimen design:

e The test frame should have a realistic storey height and natural period;

e The mass supported by the test frame should not exceed 50 tonnes.

e The PGA required to fracture the brace specimens should not exceed 1.0g.

e The displacement ductility demand required for brace fracture (us > 4) should be
accommodated by the test frame (including allowable frame drift limits of = 2° frame
rotation);

e Brace lengths should be realistic; non-dimensional slenderness should be within or close to
Eurocode 8 limits;

e Braces members should possess class 1 cross-sections, but small b/t and d/t ratios should be
avoided to ensure that local buckling and fracture is observed;

e The brace-gusset plate specimens should be easily exchanged between tests;

e Brace connections to beam and column (CA) and beam only (CB) should be
accommodated;
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e Two gusset plate designs should be included: conventional design (G1) with SLC plastic
hinging and balanced design (G2) with EC plastic hinging;

¢ Load cells shall be accommodated to measure the brace axial forces directly;

Figure 8.2 shows the resulting design of the test frame with the direction of excitation shown and
Figure 8.3 provides photographs of the frame assembly. More detailed drawings that illustrate all
aspects of the frame design are included in the attached DVD media. The lateral resistance of the
frame was provided by the pair of brace specimens in Frame B which were positioned in the same
plane to prevent any significant torsional response. Two additional unbraced frames (Frame A and
C) were located on either side of the CBF model to provide lateral stability and to facilitate the
lateral beams which support the added mass. All column members in Frames A and C were
pinned at top and bottom ends. Columns in Frame B were pinned at their bottom end and

connected to the primary beam by a flush end plate bolted connection at their top end.
The principal elements of the test frame are:

e amain beam in Frame B (IPE 400), length 7500 mm,

e two columns in Frame B: (HE 220 B) supporting the IPE 400,

e two columns each on Frames A and C (HE 120 A),

e six beams (IPE 270), forming a square horizontal roof grid, supported by the outer columns
and fixed to the main IPE 400 beam in Frame B,

s four transverse braces (100 x 20 mm solid cross-section) to provide lateral frame stability in
the direction perpendicular to Frames A-C,

e two MTS swivel bearings (described below) with load cells assemblies,

e the two brace members, which are the elements tested, mounted in the main plane
between the swivels and the IPE 400 / HE 220 angle,

e two mechanical devices designed to return the frame to the vertical after each test.
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Figure 8.2 — Schematics of BRACED test frame. CA and CB connections shown for illustration,
identical brace specimen pairs were used in all tests. Dimensions in mm.
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Figure 8.3 - BRACED test frame (a) side elevation with no plate or concrete masses in place and
(b) end elevation with three plate masses secured to frame.

The different steel frame elements were assembled together by bolts (M24 in Frame B and M12 in
Frames A and C). The six columns were supported by hinge bearings bolted to AZALEE shaking
table by M18 bolts (Figure 8.4 (b)). Four similar hinge bearings connected the top of the columns in
Frames A and C to the top IPE 270 beam assembly. These hinge bearings ensure that lateral
resistance was provided by Frame B alone. The transverse beams were linked to the main IPE400

by M12 bolts.

The two beam-column joints in Frame B, where the IPE400 beam was connected to the HE220
columns, were designed to remain elastic during all tests, taking into account the maximum force

transferred from the brace members connected to these joints.

S ———

()

Figure 8.4 — (a) MTS swivel bearings fixed to shaking table and (b) an outer column bearing.
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The total height of the frame was 3167 mm. The overall width (4900 mm) and depth (5000 mm) of
the test frame were limited by the dimensions of the AZALEE platform (6m x 6m). This led to the
composition of the added test mass as four steel plates supporting four concrete masses. These
provided a total added mass of 44 tonnes, which combined with the mass of the beam members
gave a total mass at or above roof level of approximately 46 tonnes. The added masses comprised

of

e four steel plates (3 X 3 m, 4.5 tons) placed on top of the steel frame to form a square roof 6 x
6 m. They were fixed to the IPE beams in Frames A, B and C by 72 M38 bolts,
e four concrete blocks (1.97 x 1.97 x 0.66 m, 6.5 tons each) bolted to each steel plate by 32 M22

bolts.

The mechanics team of EMSI laboratory handled and tightened these masses at the maximum

torque value for these bolts.

The total mass of the frame was approximately five tonnes. The mass of the reaction frames was

four tonnes each. So, the total mass on the AZALEE table was approximately 52 tonnes.

As it was intended that the maximum experimental response would extend beyond fracture of the
brace member specimens in Frame B, two reaction frames (Figure 8.5) were positioned on either
side of the test frame (under the main middle beam IPE 400) to support the structure following
brace fracture. A dedicated steel bumper was installed on both of these reaction frames that was
designed to take the impact from the main column if the frame continued to move horizontally

following brace fracture.

To provide for the significant drift demand required to attain the axial displacement ductility
capacity of some of the brace specimens, a maximum test frame displacement of + 100 mm (equal

to a storey rotation of approximately +2°) was provided between the reaction frames.
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Figure 8.5 — Reaction frames (a) side elevation and (b) end elevation.

8.3.1 Brace Dimensions and Resistance

The columns, beams and connections of the test frame were designed with excess resistance to
ensure that they remained elastic and stable throughout all tests. The dimensions and design
strengths of these components were selected considering the maximum brace size that could be
tested to failure on the AZALEE shake table. Two considerations limited this maximum brace size:
the maximum seismic force that could be imposed on the test frame, and the instrumentation

available to measure brace axial force.

Considering the available seismic force, to ensure that sufficient ductility demand could be
imposed on the brace specimens, the lateral yield resistance of the test frame (design base shear)

was limited to less than 35% of shake table capacity (maximum base shear), estimated as:

e Test mass = 46 tonnes

e Maximum table acceleration =1.0g

e Assumed response acceleration amplification =2.5

e Maximum base shear =46 x 1.0 x 9.81 x 2.5=1128 kN
e Maximum design base shear = 0.35 x 1128 =395 kN

The maximum design base shear led to the largest brace section size being identified as 80 x 80 x
3.0 (‘S1"), with a predicted maximum tensile capacity of 329 kN. This selection took into account
the likely contribution to lateral resistance provided by both tension and compression braces, and
brace angle of inclination. The ultimate tensile capacity of this brace size is also below the capacity
of the two 500 kN load cells which were available for brace axial force measurement (described

below).
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To maintain realistic brace lengths whilst remaining within the geometrical constraints of the shake
table floor, a frame width of 4.9 m was selected. This length and the frame height determine the
brace length, and their combined values needed to ensure that the non-dimensional brace
slenderness values remained within the desired range. This led to the selected storey height of

2.755 m, which also provided a realistic natural period (= 0.3 s) for the CBF.

8.3.2 Brace Boundary Conditions

To accommodate the load cells required to measure brace axial force, MTS swivel bearings
(normally used as actuator bearings) were used to connect the lower end of the brace specimens to
the shake table platform. Each swivel was connected through four M30 bolts to a 40 mm thick
plate, which was itself bolted to the AZALEE shaking table by M36 bolts. These bearings provide a
boundary condition at the lower end of the brace with swivel angle ranges of -30°, +90° (in-plane)

from vertical and tilt angle (out-of-plane) of +7° from vertical.

An existing swivel (Model No: 204.81, .82 — 02) was employed for the right-hand brace and a new
swivel (Model No: 249B.M730) was acquired for the left-hand brace (Figure 8.6). As these models
had slightly different overall dimensions, the details of their connection to the brace specimens
were varied to ensure equal brace lengths. During initial tests the new left-hand swivel offered

unanticipated rotational resistance that was not observed in the older right-hand swivel.

This restraint influenced the effective lengths of the braces in the preliminary and initial tests.
However following these initial tests, and individual adjustment of the clamping force of the
swivel jaws, both braces displayed similar low rotational stiffness from the beginning of Test 2 (see
section 9.3). The MTS swivel bearings have a force rating of 730 kN, which exceeds the predicted

maximum tensile capacity of the largest S1 brace size.

Figure 8.6 — MTS swivels with new model 249B.M730 on left and old model 204.81, .82 — 02
on right.
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The upper boundary condition of the brace was formed by its gusset-plate connection to the test
frame. The diagram in Figure 8.2 shows two different experimental specimens with CA and CB
connection configurations to illustrate the difference in brace inclination angle and length that arise
with the two configurations. However, in all tests, identical brace specimen pairs were utilised. The
brace-gusset plate specimens were bolted to the beam and column (CA) or beam (CB) members of
Frame B to permit easy changeover between tests. For this purpose, the gusset plates were welded
to flange plates, which were bolted to the flanges of the primary beam (IPE 400 O) and columns
(HE 220 B), which were strengthened using stiffener plates. The positions of bolt holes and stiffener

plates accommodated both CA and CB connection types and G1 and G2 gusset plates.

84 Brace Member Specimen Design

The detailed design of the brace-gusset plate specimens comprised two main components: brace
tube design and gusset plate design. Nominal material strengths were used for all calculations.
Material characteristic strength tests were later performed on coupon samples from the brace tube
lengths and gusset plates. The coupon tests were carried out according to the European Standard
BS EN ISO 6892-1 (CEN, 2009). This testing method has previously been described in relation to the
cyclic tests in section 5.4. Consequently, two sets of specimen properties are presented in each
design phase below. These are designated with the subscripts ‘Rd’ and ‘meas’ for calculations

using nominal and characteristic strengths, respectively.

8.4.1 Brace Tube Design

Twenty-four identical brace tube pairs were designed using four different cross-section sizes for
two connection types (CA and CB) and two gusset plate types (G1 and G2). 5235 JRH steel with a
nominal design yield strength, f,, of 235 N/mm? was specified for all tube lengths. This grade was
selected to limit the ultimate tensile resistance of the brace specimens (see Section 8.3.1), while also
keeping the member slenderness within the acceptable range. The two sets of yield and buckling
capacities (based on nominal and measured characteristic steel strengths) are presented in Table 8.3

below. The corresponding non-dimensional slenderness values are also presented.

8.4.2 Gusset Connection Design

The SLC and EC gusset design methods are outlined in Chapter 3. Both of these designs were
employed for the four section sizes and two connection types. The connection types CA and CB are

shown in Figure 3.5.
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First the initial overall dimensions [, and [, (Figure 3.2a) were determined based on the alignment
of the brace centreline with the intersection of the beam and column centrelines and the weld
lengths connecting the end plates to the gusset plate. The maximum force to be transferred through
the brace was established from the ultimate tensile strength of the brace section S1. Following this,
the weld sizes connecting the brace to the gusset plate were specified as 150 mm for all specimens.
Throughout the design process, all welds and bolts were considered critical connection
components. Therefore, the shear, bearing and tensile loads transferred from the S1 brace size were
multiplied by a safety overstrength factor of 2.0. Four sample connection layouts are shown in

Figure 8.7, and complete detail drawings are included in the attached DVD media.

Subsequently, the gusset plate yield and buckling strengths were calculated. Similar to the tube
lengths, material characteristic tests were carried out for the large steel plates from which the

gusset plates were cut. Therefore in

Table 8.4, both nominal and characteristic strengths are listed for each specimen. The area used for
the calculation of these strengths is derived from the Whitmore width and the gusset plate

thickness t,,.

The G1 (SLC) and G2 (EC) gusset design layouts were the primary design considerations
particularly in relation to gusset tensile yield strength. The concept of balancing the brace tensile
yielding and gusset yielding mechanisms has been encapsulated using the balance factor B,
(Equation 3.7). Design of the G1 gusset, resulted in low (~0.2-0.3) B, values (i.e. very high
overstrength of gussets in tension design). This occurred for two reasons: the overstrength
requirement of the gusset to be proportionally stronger than the brace under tension; and as the
linear clearance zone produces large sized gusset plates (I, and l,) and longer effective lengths,
thicker plates are required to prevent plate buckling. Thicker plates increase the size of the
Whitmore section thereby increasing the plate tensile capacity and reducing the f,,,, ratio. A higher
range of Py, values (~0.6-0.75) was expressed for the G2 designs because the elliptical design
results in smaller dimensioned plates with shorter buckling lengths. For all G1 specimens a plastic
hinge length of 3t, was used, while an elliptical clearance zone of 8t, (based on recommendations
of Lehman et al. (2008), see section 3.3) was used for G2 plastic hinge designs. Values for expected
yield stress ratio R, (as recommended in Chapter 3) were used for By zq calculations. In
calculating values of By meas, Characteristic strengths were used and therefore R, ratios were not

required.

Having established the balancing factor, S, for each specimen, the Thornton model was

employed to check for gusset plate buckling. The gusset plate was modelled as a slender strut with
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a length established from the average of three lengths projected from the Whitmore width to the
gusset boundaries, Ly, . Roeder et al. (2004) applied an effective length factor of K = 0.65 to this
length, considering both ends of the gusset plate strut to be the effectively restrained against
rotation and translation. In this project, however, to ensure that plate buckling is avoided in all
tests, a more conservative value for the effective length factor of K = 1.2 was used to calculate the
gusset plate buckling capacity. This value assumes fixed rotation and free translation at the brace
end of the gusset plate (Figure 8.8) to account for large out-of-plane brace deformation that occurs
at high drift demands. A sample of the gusset design worksheets is shown in Figure 8.9 and the

complete design sheets for brace and gusset specimens are stored on the included DVD media.

PRy G T Eyppe 4G {uni@i eI
(B80xB0x3.0 RHS; tp=1Zmm)

(80x80x3.0 RHS; tp=5mm)
ol

End
Plate

(a) (b)

S o Rl N G P e DR R A

(80x80x3.0 RHS; tp=12mm) (60x60x3.0 SHS; tp=4mm)

© o

Figure 8.7 — Drawings illustrating examples of the four primary gusset/connection designs
from (a) CA-G1 (b) CA-G2 (c) CB-G1 and (d) CB-G2.
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Figure 8.8 — Schematic showing section of gusset plate and treatment of boundary
conditions for buckling capacity.
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L Recordthasalengthz from Initit A = 78.54 -:-;'nd usingbucklingcurves est. buckling
A= 56.63
oar = 0.721
- oS
X = 0.838

(b) Calculations for gusset yielding and buckling
Figure 8.9 — Samples of gusset design work sheets.

8.5 Instrumentation

Several sets of instrumentation were used throughout the testing programme. They are described
below categorised according to the type of measurement recorded. Using the data acquisition

system, all data was recorded at a frequency of 512 Hz. It is worth noting that photogrammetry
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measuring technology was employed using tracking targets and stereo correlation. However, at the
time of writing no data had been analysed and as such a description of the photogrammetry

systems is provided in the BRACED project report Broderick et al. (2013).

8.5.1 Strain Gauges

For the purposes of this project the strain gauges were categorised into two sets:

1. Permanent strain gauges fixed to the frame. Throughout the project they are designated a
number prefixed with ‘SGF’.
2. Short-term use gauges fixed to each specimen. They are designated a number prefixed

with ‘SG’.

The primary function of the SGF gauges was to provide strain information to check for undesirable
behaviour in the test frame. Such behaviour could include yielding of the primary beam due to
bending, bending of beam or column flanges, or significant development of inelastic strain at
critical locations. The avoidance of these behaviours ensures that the response is dominated by the
behaviour of the brace-gusset plate specimens, and that the test frame properties do not change

during the experimental programme.

Three SGF gauges were located in each column of Frame B (see Section 8.3) permit column axial
loads to be estimated. The gauges were placed on the outer edges of the column flanges. Two
gauge pairs were positioned on the primary beam in Frame B to check the bending moment in this
member. Eight gauges were placed on the beam and column flanges where the gusset plates are
connected. These facilitated checks for inelasticity in the beam and column flanges. Detailed
structural drawings showing the SGF gauge locations and all data recorded for these gauges can be

found in the attached DVD media.

All SGF strain gauges utilised were Tokyo Sokki Kenkyujo WFLA-6-11-5LT single axis
encapsulated strain gauges. The attachment cables were pre-welded on the gauge pads and the

strain range was +3% with leadwire resistance of 0.44 () per meter.

The SG gauges were positioned in standard layouts on the brace and gusset specimens to
complement the analysis provided by the photogrammetry systems described in Section 8.5. To
allow the photogrammetry system to function effectively, no strain gauges were placed on the left-
hand brace. On some specimens, extra gauges were employed to supplement the standard strain
gauge layout. The corresponding strain gauge layouts are indicated as ‘D’ and ‘S” in Table 8.2. An
example of the two layouts is shown in Figure 8.10. Detailed drawings of SG layouts for all

specimens are included in the attached DVD media. Gauges are located at and near the brace mid
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length (SG1, 2, 8, 9 & 16) to estimate bending in the brace and the degree of plastic hinge
development in the brace. SG4 and SG5 are located within and outside of the plastic hinge zones of
the gusset plate, respectively. SG6 and SG7 are positioned to monitor the compression and tension

induced in the gusset plate during frame rotation.

For all SG gauges, linear pattern Vishay CEA-06-125UW-120 were used. Their strain range was
+5% with a gauge length of 3.18 mm and with a resistance of 120+0.3% Q.

e s e OF 2 R O

(80x40x3.0 RHS; tp=8mm) ¢

50 SG1+2\

_______ B e e T,

)
% \sc;s
SG4

\'SG5

(a) 'STANDARD’ specimen strain gauge layout

| e O e A Sl @ N

(80x80x3.0 RHS; tp=12mm)

sot4 o=45"

o . /8G3+10 o e

__S_G_1f2§{“L ..... ,J;._._g

(b) ‘DETAILED’ specimen strain gauge layout

Figure 8.10 — Example drawings of two SG-type strain gauge layout configurations.

8.5.2 Accelerometers

Two primary triaxial accelerometers (PCB Piezotronics, type pcb3711b1110g, range: +/- 10 g —

frequency range: 0 — 1500 Hz) were utilised for recording acceleration in all three directions. Their
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locations are indicated as “AxTop’ and ‘AxTab’ in Figure 8.11. AxTop and AxTab are the channel
designations for acceleration in the longitudinal x-direction (i.e. the direction of excitation) at the
roof level and ground level (shake table), respectively. Secondary accelerations were also recorded
to monitor and check y and z direction accelerations at these locations, but are not included in the

main analysis of test results in Chapter 9.

In addition, another set of accelerometer instrumentation consisted of a proprietary MTS system
located within the AZALEE shake table. These recorded acceleration in all three directions and
rotations (i.e. rotational acceleration for roll, pitch and yaw). As before these were recorded for
checking for any undesirable table-structure interaction and were not used in the main set of

analyses.
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Figure 8.11 - Schematic diagram showing primary measurement instrumentation
positioning
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8.5.3 Displacement Transducers

Six displacement cable sensors (FGP, type 1850-040 range: +/- 500 mm) were located at the roof
level as indicated in Figure 8.11. Those labelled ‘DXA’, “DXB” and ‘DXC’" measured displacement
response in the x-direction and those labelled ‘DYA’, ‘DYB’ and ‘DYC’ measured displacement in
the lateral y-direction. ‘DLongMTS” measured the shake table displacements in the x-direction. The
displacement cable sensors for these measurements were attached to a fixed reference frame as

shown in Figure 8.12.

Figure 8.12 — Photograph of displacement cable sensor (blue) attached to fixed reference
position. Cable is linked to test frame (orange).

Furthermore, two displacement cable sensors were positioned between the brace end attached to
the bottom flange of the primary beam and the brace end plate connected to the MTS swivel. These
cable sensors were designated ‘DBracedL’ and ‘DBracedR’ and measurement brace elongation

across the total brace length for left and right braces, respectively.

8.5.4 Load Cells

Two MTS load cells with 500 kN capacity (Model No: 661.23B-02) were used to measure the axial
load transferred to the MTS swivels. They were located between the lower brace end and the MTS
swivel mounts and are designated ‘FbracedL’ and ‘FbracedR’ in Figure 8.11 for the left-hand and
right-hand braces, respectively. The load cells and their mounting on the MTS swivel bearings are

illustratec in Figure 8.13.
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(@) MTS Load Cell : &
(b) Load cell attached to swivel

Figure 8.13 — Photographs of MTS load cell.

8.5.5 Video Recording
Two cameras were used to record the response throughout all tests. One camera was dedicated to a
general side view of the frame (Figure 8.14(a)) and the other was fixed to the right-hand reaction

frame to view the out of plane deformations of the braces (Figure 8.14 (b)).

(b)

Figure 8.14 — Video camera views; (a) general view of test frame, (b) zoom view of out-of-plane brace
deformation

8.5.6 Data Acquisition

Two data acquisition systems were employed in the BRACED project. The data channels acquired
with the Pacific Instruments system and the MTS data recorder are listed in Appendix B1. The
acquisition files have the same data structure for all the configurations even if the number of

sensors is not exactly the same. The acquisition duration was 50 seconds in each test.
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The following parameters were used for data acquisition with the Pacific Instruments system:

e Acquisition duration: 50 seconds.

e Acquisition sample rate: 512 Hz.

e Value of the anti-aliasing filter: 150 Hz.

e No computed channels.

e No recording of the pre-test sequences.

e Zeroing offsets: Only measurements by the accelerometer sensors and displacement
sensors were zeroed for each new configuration. In particular, initial measurements of load
cells and gauges were retained to determine if the braces were prestressed in the frame
before the tests sequence. Balance of the load cells and braces gauges (SG) was performed
when the brace bolts were still loose, just before they were tightened. The frame gauges

(SGF) were zeroed only once, before the first test on the first configuration.

The MTS data recorder was used to acquire the displacement, acceleration and forces

measurements from the eight actuators of the table.

8.6 Testing Procedure

All tests were carried out following the same methodology. Once a test sequence on a pair of
braces was completed, the frame had to be returned to its original vertical position and a new pair
of braces installed. Before initiating test runs, the test frame was aligned so that the primary
columns were vertical. All data readings for instrumentation on the frame (displacement
transducers and SGF strain gauges) were zeroed in a way that ensured that any initial loading of

the brace member was recorded.

8.6.1 Test Runs

As a whole, 160 test runs were performed on the frame from March 2013 to May 2013. Summary
details of these runs are presented in Appendix B2. For each brace configuration, test runs were

executed in the following sequence:

e 0.05 g - MTS white noise test from which initial natural frequency (eigen-frequencies) and
damping were identified;

e 0.1 g - ISTAR pretest for initializing shaking table control; this was done in two steps:
identification of the minimum level of solicitation, and then, first ISTAR drive identification
using a white noise at this level ;

e low level (= 0.05 g) - seismic test (for improvement of transfer function),

e low level (= 0.05 g) - seismic test (for improvement of transfer function),
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low level (= 0.1 g) - seismic test (elastic behavior of the braces expected),
0.05 g - MTS white noise test (eigenfrequency identification),
medium level (= 0.2 g) - seismic test (brace buckling and yielding expected),
0.05 g - MTS white noise test: (eigenfrequency identification),

high level (= 0.5 and 1 g) - seismic test (fracture of braces expected).

In some tests, a second high level seismic test was executed to achieve brace fracture. All the MTS

white noises had the following parameters:

8.6.2

random, flat,

frequency between 0.7 and 50 Hz,
acceleration 0.1 g RMS,

span between 20 and 30%,

acquisition 60 s on Pacific Instruments system, 120 sec on MTS data recorder.

Preliminary Testing

Before beginning the testing programme, two preliminary tests were performed. These had several

goals:

to check the table monitoring in experimental conditions, i.e. with the full mass on the
table;

to check the frame behaviour;

to check the operational procedure for exchanging pairs of brace-gusset-plate specimens;

to confirm estimates of the level of seismic excitation required to achieve brace fracture.

The first preliminary test was carried out with a pair of S1-CA-G1 specimens, and the second one

with a pair of S1-CB-G1 specimens.

8.6.3

Operations Between Two Test Sequences

After each test sequence on a pair of brace-gusset plate specimens, the specimens were exchanged

according to a technical procedure written by the frame fabricator.

A new set of gauges cables were welded on the next instrumented brace for the next test sequence.

The cables of the two sensors measuring the overall length of the braces were disconnected and the

damaged braces were removed. If necessary damaged bolts from connections of the IPE400 beam

to the HEB220 columns were also removed. The frame was straightened back using a dedicated

system and the new pair of braces was positioned in the frame.
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To align the frame correctly between tests, ‘Matjack’ high pressure air bags were placed at the
impact panels between the reaction frames and the test frame (Figure 8.15(a)). The air bags were
then inflated until the desired alignment was reached. At this point, the brace members were
‘offered-up’ to the frame and bolted in place. All bolts in the frame and specimen connections were

tightened to the torque reference values in BS EN 1090 (CEN, 2008) for k-class K2 bolts.

(b)
Figure 8.15 — Photographs of (a) high pressure air bag and (b) impact panel.

The balance of the load cells and brace gauges was performed before the tightening of the bolts.
The tightening of the bolts between the swivels and the lower ends of the braces was recorded and

numbered as a dedicated test run.

8.6.4 Shaking Table Control

Shaking table control was performed by a two-stage system:

e SIGNALSTAR software Version 4.4.0.3, developed by Data Physics and loaded on
industrial computer (IS140755), sends the electric drive for each degree of freedom needed
by the MTS controller to achieve a seismic acceleration signal that fits with the required
spectrum. The initial drive is computed through an initial operation called “pretest’ which
is divided into two steps:

i.  The identification of the minimum drive voltage necessary to obtain a significant
response of the system (table with installed test frame). The criterion is that the ratio of
acceleration feedback signal to measurement noise, is higher than a value fixed by the

user (typically 3 dB).
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ii.  The monitoring of the system (table with test frame) with a white noise scaled at the

minimum drive voltage in order to compute the first drive and first transfer function.

The criteria are the acceptable quality of the transfer function and coherence of the
acceleration signal.

The electric drive is then adjusted after each seismic run by comparing the spectrum

obtained in the previous run with the theoretical spectrum. This iterative process permits

to improve the monitoring of the table to fit the spectrum in several steps.

e The drive is sent to the MTS controller monitored by the software 469D, loaded on
computer DELL PRECISION 490 (IS145516), which transforms this drive dedicated to one
degree of freedom, into electric signals sent to each of the eight table actuators. The 469D
software uses the monitoring parameters or ‘settings’ tuned for the system to be monitored
(table with installed test frame).

The feedback acceleration is measured by reference accelerometers fixed within the AZALEE shake
table, in the center of its top surface. Only one accelerometer was used for feedback. For the MTS

controller, the settings file was ‘124_BRACED.set’.

8.6.5 Post-Test Measurements

After the final test on each configuration, the deformations of the test frame and the brace-gusset
plate specimens were measured manually. These measurements included the distances between
test frame and reaction frames, buckling or fracture location along brace length, and the out-of-
plane deformation profile of any unfractured brace specimens remaining as one length after

failure.

Detailed measurements were made of the cross-section dimensions (width, depth and thickness) of
the brace tubes to evaluate variations due to manufacturing and testing. Furthermore, the
geometry of the fracture and local buckle location were measured for an assessment of the local
brace deformation profile. For Tests 1 — 4, both tube lengths were cut into sections at 200 mm
intervals. The remaining tests were cut at both ends near the connection plates, and on both sides
of the fracture or buckle. Dimensional measurement obtained at these cross sections were used to
calculate mean cross-section areas for each specimen. The application of these measurements is

discussed in section 9.2.1.

8.7 Seismic Excitation
As indicated above, twelve specimens were tested under uniaxial seismic excitation using a single
earthquake record scaled to three different levels. The signal is a natural ground record from the

PEER database, recorded in Imperial Valley (California, USA) during the 1940 earthquake. The
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chosen ground motion was determined using hazard spectra for a specific benchmark site, as
described in sub-section 8.7.2. It was originally intended to test twenty-four specimen pairs with
duplicate specimens to be tested under different seismic excitations. However, due to time
constraints, twelve core specimens were tested using a single ground motion record allowing

comparison between main specimen parameters.

8.7.1 Application of Seismic Signal

The spectrum of the input seismic signal was normalised to the lowest seismic level expected in the
test sequence, that is a PGA level at 0.1 g. This level is considered as the 0 dB level, and the signal is

then amplified for different excitation levels.

The original signal was filtered at low frequency to limit the maximum displacement to less than
the + 100 mm limit value for the AZALEE table. A high pass filter eliminates the frequencies under
0.7 Hz. This filtering is also needed to obtain a null value of table displacement at the end of the
test. The signal duration is 40 seconds with five seconds at null value added at the beginning in
order to provide the operators with time to check the correct triggering of the data acquisition
system. The normalised ground motion employed in the shake table tests is shown in Figure 8.16,

including the original signal and filtered signal.

As indicated in sub-section 8.6.1, before the scaled earthquake level tests were applied, a number of
low level earthquake tests were performed to optimise the shake table transfer function so that the

table motion matched the spectrum of the earthquake record.

1940 Imperial Valley Earthquake (El Centro) 0 dB Level

—— PEER (NGA) El Centro L

0'1 PR wiih SV o
—— AZALEE (0.7 Hz) El Centro
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Figure 8.16 — PEER NGA and filtered AZALEE ground motion records normalised to 0 dB.

8.7.2 Selection of Earthquake Ground Motions

The three scaled earthquake ground motion levels correspond to the three levels of design
earthquake typically specified in design codes; serviceability limit state (level 1); damage control
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limit state (level 2) and life-safety limit state (level 3). Two of these design earthquake levels have
been discussed in Chapter 2 in relation to the no-collapse (level 3) and damage limitation (level 2)
requirements in Eurocode 8. The Level 2 requirement has probability of exceedence of 10% in 50
years and is treated as the reference hazard level. For many existing design codes, three
probabilities of exceedance are defined as 50% in 50 years, 10% in 50 years and 2% in 50 years.
Hereafter, these are denoted by 50%/50, 10%/50 and 2%/50 respectively. In design codes, Level 1
and Level 3 hazard levels can be specified as scaled versions of the Level 2 hazard. For example, in

Eurocode 8 (CEN, 2008) the ratio between Level 2 and Level 1 hazard levels is 0.4.

There are some existing drawbacks of using this approach, two of which are briefly discussed.
Firstly, as noted by Priestley et al. (2007), this method of scaling the Level 2 hazard to obtaining
Level 1 and 3 hazard levels is reasonable for areas of high seismicity but becomes less relevant for
areas of infrequent, high intensity shaking. This is especially important in generating displacement
spectra. Secondly, Bommer and Pinho (2006) have highlighted the issue of anchoring spectral
acceleration to the PGA and soil despite the fact that PGA has no geophysical significance and also
that the actual spectral shape is strongly influenced by the earthquake magnitude. An approach
offered by Priestley et al. (2007) establishes a corner period (T, in Eurocode 8) and the
displacement of the displacement spectra given the expected magnitude and distance to the casual
earthquake, which is based on the formulations developed by Faccioli et al. (2004). This forms the
basis of a Probabilistic Seismic Hazard Analysis (PSHA) where site-specific hazard assessment is
used to establish distinct spectra for each hazard level rather than simply applying factors to a
related level (e.g. Level 2). However, similar to Eurocode 8, the resulting spectra are still anchored
to the PGA. Without consideration of the magnitude in the spectral shape, the spectra will not have

uniform hazards at all periods.

In order to achieve a Uniform Hazard Spectrum (UHS), a PSHA of a design site can be carried out
and the spectral acceleration values can be plotted for each period. Consequently, each period
value on the design spectra has the same probability of exceedence (Algermissen and Leyendecker,
1992). A hazard analysis for a particular facility considers nearby faults, source-site distance,
source-site conditions and facility location. This can be performed efficiently using the hazard
maps and an online interactive deaggregation tool developed by the United States Geological
Survery (USGS). The deaggregation process separates the contributions to the seismic hazard from
different magnitudes and site-source distances. In addition, individual seismic sources controlling

the seismic hazard at a given period can be identified.
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In this respect, a PEER benchmark site used by Haselton et al. (2008) was selected for choosing
ground motion input in this experimental campaign. The benchmark site allows for future
comparisons between different studies. It is situated at the LA Bulk Mail Facility located in Bell,
Los Angeles, California and demonstrates good representation of the general characteristics of the
Los Angeles area. A disaggregation plot for the benchmark site with a period of 1.0 s and a 10% in
50 years probability of exceedence is depicted in Figure 8.17. It is shown that a large contribution to
the hazard is caused by magnitude M,, 6.6-7.0 earthquakes from a source with a distance 8-15 km
from the site. At this period, a spectral acceleration of 0.5599g is returned. This procedure was

repeated for a period range with the three hazard levels and a UHS was generated as illustrated in

Figure 8.18.
PSH Deaggregation on NEHRP D soil
8 LA_Bulk_Mail_Fa 118.162 °W, 33.996 N.
SA period 1.00 sec. Accel.>=0.5599 g

Ann. Exceedance Rate .211E-02. Mean Return Time 475 Yrs

Mean (RM, &) 17.8km,6.87, 0.78

Modal (RM, ?) = 6.7 km, 6.59, 0.16 (from peak R,M bin)

Modal (RM, €*) = 6.5 km, 6.60, 0 to 1 sigma (from peak R, M, & bin)
Binning: DeltaR=10. km, deltaM=0.2, Delta e=1.0

75

% Contribution to Hazard
70

W <2 0<g <05 -

B o<1 M os<e<n T %
= =

il -1<g<-05 ] 1<g<2

W 05<¢<0 | 2<g<3 200910 UPDATE

Bing with It 0.05% contrib. omittad

eI 2013 4 28 108220 o0 -
Figure 8.17 — Hazard deaggregation plot produced from USGS (2013) for LA Bulk Mail

Facility site with 10% in 50 years probability of exceedence and at a period of 1.0 s.
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Figure 8.18 — Uniform Hazard Spectra for LA Bulk Mail Facility site with three hazard
levels.
Based on the deagreggation analysis a short list of ground motion records were selected for similar

magnitude, site-source distance and epsilon value. The significance of the epsilon value pertaining
to ground motion record selection is discussed in detail by Baker et al. (2011). Site conditions at
each recording station were also important and records with soil sites considered as NEHRP C or

D (NEHRP, 2009) were selected to be consistent with the LA Bulk Mail Facility soil condition.

Although it was desirable to capture the variation in causal sources for the UHS using more than
one ground motion record, the existing set of experimental parameters resulted in one record being
used for testing purposes. The selected record was from the 1940 Imperial Valley earthquake
recorded at the USGS El Centro Array with NGA #0006 in the PEER NGA Database (PEER, 2010).
The spectra for the El Centro ground motion are shown in Figure 8.19 with the UHS as above. The
reason for selecting this record was twofold: sufficient response acceleration is shown in the
response spectrum near the natural period of the test frame (= 0.2s); and strong motions are
observed in groups towards the beginning and end of the record (Figure 8.16), encouraging yield
development throughout the duration of the time history. It is noted that one cannot represent a
UHS with a single ground motion. However, the record selected for the shake table tests matched
the UHS over the period range that was of interest in the tests (0.15 — 0.3 s), as shown in Figure
8.19.
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Figure 8.19 - El Centro ground motion spectra matched to UHS at 2% in 50 years. The
spectra were scaled to match at lower levels.

The selected signal was filtered as described in sub-section 8.7.1. With the retained signal
frequency range of 0.7 to 50 Hz, the AZALEE table could operate from 0.1g to 1.0g within its
displacement limits. The result of the filtering is shown in Figure 8.20 (a) and (b) with negligible
effects in the period range of interest (0.1 — 1.0 s) for the acceleration and displacement response
spectra.

El Centro GM Acc. Spectra ¢; = 5%) El Centro GM Acc. Spectra ; = 5%)

= Orig. PEER NGA#0006 EI Centro =~ Orig. PEER NGA#0006 EI Centro
~————17.54 dB AZALEE (0.7 Hz) El Centro ~——17.54 dB AZALEE (0.7 Hz) El Centro

L L n ! n L
[ 1 15 25 3 35 4

n s
25 3 35 4

05 1 15

°<3

2 2
Period [s] Period [s]

(a) (b)

Figure 8.20 — Earthquake excitation (a) acceleration and (b) displacement spectra for the
original PEER NGA record and the filtered reference record (scaled up to 17.54 dB) for
application to the AZALEE shake table.

Two preliminary shake table tests were carried out using brace section S1 to establish a realistic

PGA for fracture for the largest section size (0.60g). This was representative of the 2%/50 hazard
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level. The ground motions for the 10%/50 and 50%/50 levels were scaled using the ratios between
the PGAs of the UHS in Figure 8.18. Therefore, the three ground motions scale factors and PGAs
for testing were established for all experiments with S1 sections. The same methodology was
applied to sections S2 — 54 except that the PGA for fracture (2%/50) for each section size was

reduced based on its proportion to the S1 section size. This process is shown in Table 8.5.

Table 8.5 — Overview of ground motion PGA levels based on UHS for three hazard levels and
brace section yield strengths.

Ratio of

Brace . Hazard Ratio from PGA for
Section Rrace el Level UHS testing (g)
Strengths
-~ 2%/50 1.000 0.60"
S1 1.000 4 10%/50 0.580 0.35
| 50%/50 0.250 0.15
r 2%/50 1.000 0.57
S2 0.856 4 10%/50 0.580 0.33
L 50%/50 0.250 0.14
- 2%/50 1.000 0.44
S3 0.735 4 10%/50 0.580 0.25
L 50%/50 0.250 0.11
r 2%/50 1.000 0.41
S4 0.686 4 10%/50 0.580 0.23
50%/50 0.250 0.10

*PGA for fracture based on preliminary experiments.

8.8 Chapter Overview

This chapter presented the BRACED project shake table testing programme, with an overview of
the testing facility, a list of the project objectives and the collaborative effort of the organisations
involved, followed by a description of the test frame design and a detailed description of the
design of the brace-gusset plate specimens. The location of both permanent (for AZALEE shake
table) and temporary (for BRACED structure) instrumentation was illustrated for each category of
data measurement. Testing procedures relating to the test frame, specimens and shaking table
control were described. To support the use of UHS for ground motion selection, a brief background
highlighted the design code approach and the PSHA approach. The UHS for the selected
benchmark site were presented and the procedures before and after specimens were tested have

been described.
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9 BRACED Project — Experimental Results

and Analysis

9.1 Introduction

In this chapter the experimental observations and results from the shake table test programme of
the BRACED project are presented. Results from the application of earthquake and white noise
excitations to the test frame are first reported. These are then analysed to explore the effects of the

key experimental parameters on the observed response.

9.2 Measured Test Conditions

Each pair of brace-gusset plate specimens was tested using scaled site-specific ground motions for
three different probabilities of exceedence of 2%, 10% and 50% in 50 years representing high,
intermediate and low level earthquake events respectively. The actual dimensions of the brace
specimens and the characteristics of the applied seismic excitation were monitored throughout the

experimental programme.

9.2.1 Measured Brace Tube Section Area

The actual yield strengths of the steel in the brace and gusset plates of the individual brace-
gusset plate specimens were measured in tensile coupon tests and presented in Table 8.3 and

Table 8.4. Due to manufacturing tolerances the actual cross-section dimensions of the steel tubes
used in the fabrication of the brace specimens also vary from their nominal values. To obtain an
accurate value of the cross-section area for the calculation of brace yield and buckling resistances,
and for the validation of OpenSees models, the cross-section area of each specimen was measured
after testing. Measurements were obtained at regular intervals along the brace tube length where
the brace was cut using an electric hacksaw. At one end of each of the cut lengths three thickness
measurements were made on each of the four faces of the tube, along with three depth and height
measurements. For the first four tests (Test 1 — 4), the brace was cut into eleven short lengths and
measurements obtained from each, while for the remaining tests (Test 5 — 12) the brace was cut into
four lengths. Dimensional measurements were made using a digital calliper (with a resolution of
0.01mm). Measured cross-section areas were calculated from weighted mean t, B and D values for
each tube length. Table 9.1 presents the nominal and measured cross-section areas of the left-hand
and right-had braces in each test. The presented reduction factors show that nearly all actual cross-
section areas were smaller than their nominal values; the differences are usually less than 5%.

Figure 9.1 demonstrates the method used to measure square and rectangular cross-sections. The
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numbers 1, 2, 3 indicate the location and orientation of each of the thickness measurements; the

three cross-section depth and width measurements were also obtained at these locations.

Table 9.1 — Summary of nominal and measured brace tube areas for left and right braces.

Nominal Measured Area Measured Area
Test Specimen Section Type  Area Reduction Factor (mm?)

(mm?) Left Right Left Right
1 S1-CA-Gl 80x80x3.0 SHS 915 0.962 0.928 880.230 849.120
2 S3-CA-Gl 80x40x3.0 RHS 674 0.927 0.935 624.798 630.190
3 S4-CA-Gl 60x60x3.0 SHS 674 0.967 0.965 651.758 650.410
4 S2-CA-Gl 100x50%3.0 RHS 854 0.972 0.966 830.088 824.964
S S1-CA-G2 80x80x3.0 SHS 915 0.990 1.003 905.850 917.745
6 S2-CA-G2 100%50%3.0 RHS 854 0.993 0.992 848.022 847.168
7 S3-CA-G2 80x40x3.0 RHS 674 0.948 0.980 638.952 660.520
8 S1-CB-Gl1 80x80x3.0 SHS 915 0.967 0.977 884.805 893.955
9 S2-CB-Gl1 100x50%3.0 RHS 854 0.983 0.985 839.482 841.190
10 S4-CB-G2 60%x60x3.0 SHS 674 0.950 0.982 640.300 661.868
11 S2-CB-G2 100x50%3.0 RHS 854 0.994 0.999 848.876 853.146
12 S3-CB-G2 80x40x3.0 RHS 674 0.949 0.979 639.626 659.846

Face D—_ :
i Suie ORFR 0
® @ |6 _Face A
® @
@ @ O
(i 8
Face B ® @ 0) '

e N B
Face C Face C

Figure 9.1 - Measurement locations for both section types showing twelve thickness
measurement locations and three depth and width measurement locations.
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9.2.2 Ground Motion Response Spectra

The El Centro ground motion (used for all earthquake excitation runs) was selected from the PEER
NGA database and filtered for use with the AZALEE shake table as outlined in Chapter 8. Prior to
testing each specimen, a number of low level earthquake tests were performed to optimise the
shake table transfer function (Figure 9.2). This was carried out so that table motions were
controlled to ensure that the original (target) accelerations were reproduced. The method
employed compared the spectrum of the filtered record (input) with the spectrum of the actual
table acceleration measured during the test. This process was also carried out for the hazard level

tests to check the reproduction of the target accelerations at higher PGA levels.

Figure 9.3 presents the normalised response spectra obtained from the recorded table motions in
the different runs in Test 5. Reasonable fidelity to the reference ‘"AZALEE 0.7 Hz’ spectrum is
shown in the 0.18 — 0.22 s period range of the natural frequency of the test frame. At larger
acceleration amplitudes the actual run spectrum can deviate from the reference spectrum in a
manner that varies from run to run. Plots for all of the hazard level tests for each specimen are

compared with the reference spectra in Appendix B4.

Obtain El Centro Filter GM record for
GM from PEER NGA use with AZALEE | White Noise signal A
Database shake table 4l test oy { To fo &n j
e
Yes // A Optimise transfer
-~ Spectra Match? Examine Response | function with low
T o0 resonance issues?.~~ Spectra e level (elastic)
earthquake test

A

Begin specimen testing with
Hazard Level earthquakes

Figure 9.2 — Flow chart of shake table testing process.
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Figure 9.3 — Normalised response spectra from runs in Test 5 compared to reference spectra.

9.3 Earthquake Excitation Tests: Results and Observations

A schedule of the twelve scaled earthquake ground motion shake table tests performed is shown in
Table 9.2, along with peak global acceleration and drift results from the earthquake excitation runs.
In this section, the primary results recorded during these tests are presented along with
observations made during the tests. In most tests, three scaled earthquake ground motion runs
(50%/50, 10%/50 and 2%/50) were employed, however for some tests in which full fracture did not
occur in either braces during the 2%/50 run, extra earthquake tests were carried out to achieve
complete brace failure. For Test 8, the presence of resonance and shake table-structure interaction,
necessitated an intermediate earthquake test to be performed after the 50% level for diagnostics

related to the shake table transfer function.

In the each of the test descriptions below, measured response plots from the final two levels are
presented. In most tests these feature the 10%/50 and 2%/50 runs, while in others the 2%/50 and
Failure Level runs are shown. Results from any preceding low level earthquake tests are presented
in Appendix B3. For brace axial load plots yield and buckling capacities (based on characteristic
strengths and measured brace section area) are indicated with dashed lines. Similarly for strain
measurement plots, yield strain thresholds (based on characteristic strengths) are indicated with

dashed lines.
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Table 9.2 - Overview of earthquake excitation test runs with peak global response results.

Shake Exp. Target Actual
. P Earthquake 5 Max.
Table Specimen  Run . PGA PGA DAF P
Ground Motion Drift (%)
Test No. (g) (g)
Run010  Elastic 0.1 0.157 1.631 0.224
Run011 Elastic 0.2 0.242 2.255 0.360
S1-CA-G1
P1 Run012  Inelastic 0.4 0.466 1.699 0.672
(Pre-test)
Run013 Inelastic 0.5 0.497 1.734 0.879
Run014  Inelastic 0.5 0.620 1.561 0.948
Run017  Elastic 0.1 0.186 1.982 0.358
S1-CB-Gl1
P2 Run019  Inelastic 03 0.319 2.592 0.816
(Pre-test)
Run021 Inelastic 0.5 0.564 1.542 1.068
Run028  50%/50 0.15 0.185 1.915 0.202
1 S1-CA-G1 Run030 10%/50 0.35 0.327 2.091 0.414
Run032  2%/50 0.6 0.624 1.579 1.000
Run037  50%/50 0.11 0.158 1.547 0.180
Run039 10%/50 0.25 0.383 1.285 0.449
2 S3-CA-G1
Run041 2%/50 0.44 0.517 1.631 1:525
Run043 Failure Level 0.6 0.670 3.454 2135
Run048  50%/50 0.1 0.131 1.742 0.154
Run050 10%/50 0.23 0.250 1.924 0.353
3 S4-CA-G1 Run052  2%/50 0.41 0.431 1.519 0.829
Run054  Failure Level 0.55 0.718 1.128 2.546
Run056  Failure Level 0.55 0.577 1.434 2911
Run065  50%/50 0.14 0.207 1.611 0.221
4 S2-CA-G1 Run067 10%/50 0.33 0.401 1.604 0.634
Run069  2%/50 0.57 0.640 1.448 1.536
Run078  50%/50 0.15 0.182 1.958 0.255
5 S1-CA-G2 Run080  10%/50 0.35 0.345 1.988 0.667
Run082  2%/50 0.6 0.768 1.792 1.726
Run088  50%/50 0.14 0.186 1.715 0.177
Run090 10%/50 0.33 0.363 1.902 0.651
6 S2-CA-G2
Run092  2%/50 0.57 0.813 1.375 2.083
Run094  2%/50 0.57 0.720 1.976 2.436
7/ S3-CA-G2 Run099  50%/50 0.11 0.180 15333 0.199
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Runl01  10%/50 0.25 0.386 1.202 0.545
Runl03  2%/50 0.44 0.578 1.438 1.933
Runl05  Failure Level 0.6 0.592 5.734 3.238
Runll13  50%/50 0.15 0.165 3.228 0.345
Runll5  Diagnostics Level 0.2 0.230 2.006 0.413
8 S1-CB-G1
Runl17  10%/50 0.35 0.425 3.886 0.699
Runl19  2%/50 0.6 0.825 4.900 1.693
Runl25  50%/50 0.14 0.187 2.294 0.249
9 S2-CB-G1  Runl27  10%/50 0.33 0.367 2.337 0.891
Runl29  2%/50 0.45 0.416 1.382 1.151
Runi34  50%/50 0.1 0.175 2.332 0.360
Runl36  10%/50 0.23 0.313 2.147 0.446
10 S4-CB-G2
Runl38  2%/50 0.41 0.497 1.450 1.799
Runl40  Failure Level 0.55 0.746 7.434 3.763
Runl46  50%/50 0.14 0.170 2:993 0.219
11 S2-CB-G2  Runl48  10%/50 0.33 0.413 1.595 0.746
Runl50  2%/50 0.57 0.681 1.567 1.857
Runl56  50%/50 0.11 0.148 2.080 0.276
12 S3-CB-G2  Runl58  10%/50 0.25 0.348 1.945 0.947
Runl160  2%/50 0.44 0.466 18577 2.093

After the final earthquake test run with each pair of specimens, the fracture and buckling locations
on each brace member were measured. In most cases, these locations correspond to the positions
when plastic hinges formed during brace compression. This position varied between braced
specimens due to differences in the rotation stiffnesses of the gusset plates and swivel bearings at
the upper and lower ends of the brace member. These data are relevant for assessing the effects of
the boundary conditions imposed by different gusset plate designs and the two MTS swivels.
Knowledge of the plastic hinge position can also help to identify the effective buckling length of

each brace and the locations of local buckling and fracture.

These locations were recorded as a measured distance from the top end of the brace tube attached
to the gusset. The measured locations are listed in Table 9.3. The difference between the

fracture/buckling locations of the left- and right-hand braces is also noted.
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Table 9.3 — Summary of buckling and fracture locations in left and right braces.

Buckling/Fracture Location Ly, [mm]

Test Specimen = Right |8Lp, |[mm]
1 S1-CA-Gl1 - 493 -

2 S3-CA-Gl 1328 1283 45
3 S4-CA-G1 1205 1215 10
4 S2-CA-Gl1 1835 1655 180
5 S1-CA-G2 1560 1670 110
6 S2-CA-G2 1364 1212 152
7 S3-CA-G2 1158 1215 57
8 S1-CB-Gl 1592 1605 13
9 S2-CB-Gl 1692 1695 3
10 S4-CB-G2 1208 1201 7
11 S2-CB-G2 1233 1169 64
12 S3-CB-G2 1264 1354 90

9.3.1 Shake Table Pre-test 1: S1-CA-G1

This was the first pilot test used to assess the behaviour of the test frame and specimens. It
examined the response of two braces with a CA type connection configuration. Unlike the
reference tests (Test 1-12), no coupon tests were carried out to characterise the steel used in the pre-
tests, hence an accurate prediction of the PGA required to cause brace fracture could not be made
in advance. Consequently, low PGA values in initial runs were simply incremented until failure
occurred in one of the brace members. Results from two of these runs are plotted in Figure 9.4.
Initial low level elastic earthquake runs were performed to ensure appropriate matching of the
input and shake table response spectra. For Run010 and Run011, the frame performed elastically

with no signs of global buckling in the brace tubes or bending in the gusset plates.

During Run012 at a realised PGA of 0.466 some resonance due to the uncontrolled interaction of
the test frame and shaking table was experienced towards the latter half of the test. Run014 with a
PGA of 0.620g proved to be the failure event with brace fracture occurring. The maximum drift at
failure of just below 1% of storey height was within the limits of the bumper catching system and

the frame remained stable and upright after failure.
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Figure 9.4 — Recorded responses Shake Table Pretest 1; S1-CA-G1.

9.3.2 Shake Table Pre-test 2: S1-CB-G1

The second pilot test assessed the dynamic characteristics and behaviour of the test frame
associated with a CB connection. Results from two of test runs are plotted in Figure 9.5. The test
frame-table resonance experienced in Pretest 1 also occurred in this test, but at a lower realised
PGA of 0.319 (Run012). Brace fracture occurred after 27 seconds of Run021 which had a PGA of
0.564g. As expected, maximum storey drift demand of just over 1% remained within the
displacement limit allowed in the test frame design, and as in Pretest 1, the test frame remained

upright after failure.
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Figure 9.5 - Recorded responses Shake Table Pretest 2; S1-CB-G1.

9.3.3 Shake Table Test 1: S1-CA-G1

The first four referenced shake table tests (Tests 1-4) all investigated the response of braces
connected to the frame by conventionally designed gusset plates with SLC detailing, and as such
are directly comparable. In Test 1, the largest section size (S1: 80x80x3.0 SHS) was examined.
During the 50%/50 and 10%/50 levels the specimens were observed to perform elastically with no
buckling or yield strains observed. The test frame strain data showed that the beam and column
members in the test frame remained elastic for all the earthquake runs of this test. Also in all runs
of this test, the newer MTS swivel used with the left-hand brace did not rotate freely, providing a
stiff boundary condition and a reduced effective length for this brace. This was visually observable

during all earthquake runs, while the right brace exhibiting free out-of-plane movement.

In the 2%/50 level (Run032), a PGA of 0.624g was realised and brace fracture occurred after 33

seconds with a maximum frame drift of 1.0% (Figure 9.6). Global buckling developed first in the
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right-hand brace after around 7 seconds of the 2%/50 level test. Once global buckling had initiated,
large out-of-plane deformation was present in both braces, leading to local buckling and fracture in
the right brace where a tear originated in the corner regions of the cross-section. Upon post-test
inspection, it was observed that this tear had propagated across half the section area of the right
brace (Figure 9.7). The left brace exhibited residual out-of-plane deformation with no local

buckling or cracking present.

The resolution of the load cell data obtained in this test was reduced due to application of a 50 Hz
AC data acquisition filter, however, comparison of base shear values derived from roof level

acceleration data and from brace axial force data display reasonable agreement (Figure 9.6(c)).

In Figure 9.6(f) yield strains are displayed by gauges SG1 and SG2 (located near brace mid-length)
in the 2%/50 run. This indicated that tensile yield occurred across the whole section. In the gusset
plate, SG4 lies within the 3tp plastic hinge zone and displays large yield strains. SG5 is positioned
close to the plastic hinge zone and does not achieve sustained yield strains, indicating plastic
strains were limited to the plastic hinge clearance zone. This is reflected in the residual
deformation of the gusset plate in Figure 9.7(c). This is in contrast to Test 8 (section 9.3.10) where

the CB connection was used and large strains exceeding yield are observable in SG5.
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(c) Brace axial load time history for left (FbracedL) and right (FbracedR) braces. Dashed lines
indicate yield and buckling capacities (based on characteristic strengths and measured brace
section area).
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(f) Strain gauge measurements located on the right brace and gusset plate specimen. Dashed
lines indicate yield strain thresholds (based on characteristic strengths).
Figure 9.6 — Recorded responses Shake Table Test 1; S1-CA-G1.
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Figure 9.7 — Test 1; S1-CA-G1 after testing: (a) overall brace bending shape with global buckling
in left brace (b) minimal bending deformation of right gusset plate and (c) fracture across the
near face of the right brace.
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9.3.4 Shake Table Test 2: S3-CA-G1 |

Prior to the initial run in this test, adjustments were made to the new MTS swivel used with the
left-hand brace. These adjustments were performed to ensure that both braces possessed a true
unrestrained pinned connection and therefore matching effective lengths. During the 50%/50 run
all components responded elastically. In the 10%/50 run yield thresholds were just reached with
minor yield strains developed in the gusset plate and the theoretical buckling loads attained in
both braces. In the 2%/50 level (Run041) with target PGA of 0.44g, global buckling occurred in both
braces and residual out-of-plane deformations were present in both braces after the test. The
deformed brace profile shapes appeared visually similar indicating that both braces experienced
similar boundary conditions. However, no local buckling was observable in either brace.
Consequently, a higher scale earthquake run was performed (Run043) with target PGA of 0.60g

with the aim of causing fracture in the brace-gusset plate specimens.

As this final run began with residual drift present (Figure 9.8(b)) and both braces had experienced
elongation in the previous run, non-zero initial compression loads existed in both braces, as shown
in Figure 9.8(c). During large amplitude response at approximately 10 seconds, a local buckle was
observed in the right-hand brace. Following this, fracture initiated in the right-hand brace and,
subsequently during large tension force and displacement demands at 16.5 seconds, complete

section failure occurred. Simultaneously, a local buckle developed in the left-hand brace.

Post-test inspection showed that only limited local buckling had developed in the braces. In the
right-hand brace necking typical of tensile rupture was observable, with minimal evidence of
buckling in the compression flange, as shown in Figure 9.9(a). In the left-hand brace a very slight
local buckle was observed with slight bulging of the corner regions and no cracking or fracture
visible. The plastic hinge locations measured along either brace length differed by only 45mm,

suggesting that similar end restraint conditions existed in the two braces.

The SLC layout of the gusset plates was reflected in the form of plastic hinging developed in these
elements, as illustrated by the paint flaking along the hinge length visible in Figure 9.9(c). The
strain gauge measurements from SG4 and SG5 in Figure 9.8(f) indicate that (approaching brace
failure, Run043) yielding was mainly limited to the plastic hinge zone (SG4) with minor
exceedences of the yield strain limit observed in SG5. Permanent deformation of the gusset plate is
observable in the drift of the SG4 readings into the compression range. In Test 7 (section 9.3.9), the
strain measurements of SG4 demonstrated a larger absolute range between maximum and
minimum strain peaks. In that instance, plastic deformation was not limited to the elliptical

clearance zone, as SG5 shows several large excursions beyond elastic strain limits.
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(c) Brace axial load time history for left (FbracedL) and right (FbracedR) braces. Dashed lines
indicate yield and buckling capacities (based on characteristic strengths and measured brace
section area).
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Figure 9.8 — Recorded responses Shake Table Test 2; S3-CA-G1.
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Figure 9.9 — Test 2; S3-CA-G1 after testing: (a) section failure of right brace (b) local buckling in
left brace and (c) plastic hinge patterns in right-hand gusset.
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9.3.5 Shake Table Test 3: S4-CA-G1
During this test, elastic performance was observed in the 50%/50 and 10%/50 levels. In the 2%/50
level (Run052) significant buckling and yielding occurred in the plastic hinge zone only but no
local buckling or fracture occurred. Consequently, as with Test 2, a higher scale earthquake run
was performed twice with a target PGA of 0.55g to achieve failure of the specimens, i.e. two failure
level runs were performed. Test 10 (section 9.3.12) had equally scaled excitations for both 2%/50

and Failure Levels.

In the 2%/50 level test global buckling occurred in both braces. There were no indications of local
buckling in the braces but very large inelastic strains were accumulated in the gusset plate hinge at

SG4 (Figure 9.10(f)).

Initial local buckling was observed in the right-hand brace after 17.4s of the first failure level run
(Run054), as evident in the brace axial load plot in Figure 9.10(c). This was followed by large out-
of-plane deformation of the right-hand brace and further increasing inelastic strain in the gusset
plate hinge at SG4 (Figure 9.10(f)). Only an out-of-plane global buckling response was observed in
the left-hand brace. The brace hysteresis plot in Figure 9.10(d) shows more excursions in the post-
buckling range during the failure level run than in the 2%/50 level run, and the maximum brace
elongation during the failure level run was ~76 mm compared to 21 mm during the 2%/50 level
run. At the end of this run fracture was limited to the corner regions of the right-hand brace local

buckle with two small tears visible at the corners and all four faces intact.

In the second failure level run (Run056), the right-hand brace experienced complete fracture and
local buckling was initiated in the left-hand brace. The left-hand brace sustained two large
compression and tension cycles before experiencing complete failure under tension. The form of
failure featured necking and minimal local buckling of the cross-section shape (Figure 9.11(a)),
similar to Test 2. This contrasts with the distortion of the right brace section shape in Figure 9.11(b).
With both braces completely fractured, the stability offered by the CA connection configuration

preserves the test frame in an upright position with minimal residual drift.
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(c) Brace axial load time history for left (FbracedL) and right (FbracedR) braces. Dashed lines
indicate yield and buckling capacities (based on characteristic strengths and measured brace
section area).
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(f) Strain gauge measurements located on the right brace and gusset plate specimen. Dashed

lines indicate yield strain thresholds (based on characteristic strengths).
Figure 9.10 — Recorded responses Shake Table Test 3; S4-CA-G1.
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Figure 9.11 - Test 3; S4-CA-G1 after testing: (a) fractured cross-section of left-hand brace (b) local
buckling of cross-section in right-hand brace and (c) plastic hinge bending in right-hand gusset.
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9.3.6 Shake Table Test 4: S2-CA-G1
The 50%/50 and 10%/50 runs in this test performed as anticipated with a completely elastic
response during the 50%/50 run and brace buckling loads and yield strains exceeded in the 10%/50
run (Figure 9.12(c) and (f)). Consequently, negligible residual drift existed at the end of Run067.
During Run067 the pretension force in the displacement cable sensor on the right-hand brace was

lost, which resulted in erroneous elongation measurements for that brace.

By the end of the 2%/50 run, complete section failure had occurred in both braces. Local buckling
was first induced in the right-hand brace, followed nearly immediately by a local buckle in the left-
hand brace. This process happened within a short duration (~1.5 s). At 15.44 s the axial load in the
right-hand brace reached +250 kN (very near its yield capacity), followed by a large demand in the
opposite direction with the axial load reaching -105 kN at 15.53 s and the development of the first
local buckle. Following this, further compressive demands were induced in the right-hand brace
but were sustained through tensile loading of the left-hand brace (~+250 kN) and a sudden
compression demand nearing -100 kN. This process left both braces with significant local buckles
near the lower third of their span with tearing initiating in their cross-section corners. Further
lateral loading demands from strong motion cycles resulted in the left-hand brace section failing
completely at 30 s, with the same occurring in the right-hand brace 1 s after. The brace cross section

shapes after failure are shown in Figure 9.13(a) and (b).

Large increments in plastic strain were observed in strain gauges SG1 and SG2 located at mid-
length of right-hand brace. A similar pattern of inelastic strain development is also evident in the
response of SG4 which monitored the expected gusset yield mechanism. The drift of the SG4
readings indicate the permanent residual bending shape of the gusset plate in the direction of the
SG4 gauge. The G2 plate in Test 6 (section 9.3.8) showed large drifts in both compression and
tension ranges for SG4. The strain response at SG5 mostly remained within the elastic limits for the
duration of the test. The gusset plates in this test were the same thickness as those used in Test 1

and similar minimal bending deformation was visible at the end of the test (Figure 9.13(c)).

189



| |
| L if
¥l '&lfl* fi

10%/50 (Run067) 2%/50 (Run069)

accX vs Time (Run087) accX vs Time (Run069)

T v
——— AXTop

08
——— AxXTab

08¢ i i

Time [s] Time [s]
(a) Input (AxTab) and response (AxTop) absolute acceleration time history in x-direction

L ' i L L L L A i L L v
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30

Roof Drift vs Time (Run067) Roof Drift vs Time (Run069)
T T T v T T - v r T T T
L
o 5 10 15 20 25 % % 40 45 & 0 s m I 2 2 2
Time [s] Time [s]

(b) Roof level drift (DXB Drift) time history in x-direction
Brace Axial Force vs Time (Run067) Brace Axial Force vs Time (Run069)

7

Brace Axial Force [kN]

1 s 1
35 40 45

25
Time [s]
(c) Brace axial load time history for left (FbracedL) and right (FbracedR) braces. Dashed lines
indicate yield and buckling capacities (based on characteristic strengths and measured brace
section area).
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(f) Strain gauge measurements located on the right brace and gusset plate specimen. Dashed
lines indicate yield strain thresholds (based on characteristic strengths).

Figure 9.12 — Recorded responses Shake Table Test 4; S2-CA-G1.
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Figure 9.13 - Test 4; S2-CA-G1 after testing showing (a) fractured section shape of left-hand brace
(b) fractured section shape of right-hand brace and (c) minimal deformation of left-hand gusset.
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9.3.7 Shake Table Test 5: S1-CA-G2

This test saw the first investigation of the G2 gusset plate design and is directly comparable to Test
1 (section 9.3.3). The first 50%/50 level (Run078) was an elastic test, while in the 10%/50 level run
(Run080) some yielding was observed and brace compression forces reached their theoretical
buckling values. However no local buckling was observed in either test. In the 10%/50 level run
(Run080) more severe global buckling was observed in the right-hand brace compared than in the
left-hand brace. The brace hysteresis plots shown in Figure 9.14(d) display several loading
excursions into the compression range, with forces reaching ~220 kN in the left brace. However, the
axial load of the right brace only approached this compression load once, with lower compression
resistances displayed in subsequent cycles. This suggests that the braces possessed different
buckling capacities, indicating different effective lengths. The severe global buckling in the right
brace is reflected in the strain reading from SG1 in Figure 9.14(f). The plastic strain limit is reached

and residual strain remains at the end of the test.

At the 2%/50 level (Run082) the prescribed PGA was 0.6g but the realised PGA was higher at
0.768g. A maximum drift of 1.73% was experienced but this remained within the displacement
limits of the experimental set-up. This was larger than the absolute maximum drifts reached in Test
1 (1.00% storey height) where frame rotation was limited due to the CA connection and a lower
realised PGA of 0.624g. During the strong motion cycles at ~17s local buckling occurred in both
braces within 0.5s of each other. This was followed by fracture in the left-hand brace and, after
table motion reversal, fracture in the right-hand brace. The fracture propagated in both braces as a
tear spreading across all three faces leaving one face intact, as shown in the photographs in Figure

9.15(a) and (b).

Inspection of strain gauge plots shows that SG4 which was located within the elliptical plastic
hinge zone of the gusset plate experienced larger plastic strains than SG5 which was located just
outside this zone. After testing, the gusset plates were shown to exhibit a ‘C’ shaped deformation
profile due to the elliptical shape of the plastic hinge. Due to the thin gusset plate design, frame
connection rotation may have also contributed to formation of this deformed shape (Figure 9.15 (c)

and (d)), which is more exaggerated in this test than with the thicker plates used in Tests 1 — 4.
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(c) Brace axial load time history for left (FbracedL) and right (FbracedR) braces. Dashed lines
indicate yield and buckling capacities (based on characteristic strengths and measured brace
section area).
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(f) Strain gauge measurements located on the right brace and gusset plate specimen. Dashed
lines indicate yield strain thresholds (based on characteristic strengths).

Figure 9.14 — Recorded responses Shake Table Test 5; S1-CA-G2.
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Figure 9.15 — Test 5; S1-CA-G2 after testing showing (a) tear in left-hand brace (b) tear in right-
hand brace, and deformation shape of (c) left-hand gusset plate and (d) right-hand gusset plate.
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9.3.8 Shake Table Test 6: S2-CA-G2

For this test the 50%/50 (Run088) and the 10%/50 (Run090) levels performed as expected. However
the 2%/50 level run (Run092) was interrupted, so this level was repeated (Run094), and brace

failure occurred during this run.

Figure 9.16(c) and (d) show that the right-hand brace axial load reached its initial buckling capacity
after approximately 17 s during Run090, with a residual compressive resistance of approximately
60 kN remaining thereafter. Buckling in the left-hand brace did not occur until 25.4 s. The strain
recordings from SG1 and SG2 presented in Figure 9.16(f) show that the strains in the brace
compression flange exceeded the elastic limit, similar to the SG1 and SG2 readings in Test 4
(section 9.3.6). Overall the hysteresis cycles from the base shear plot in Figure 9.16(e) show larger

frame drift limits reached and larger sized hysteresis loops compared to Test 4.

During Run092 local buckling occurred first in the right-hand brace and in the left-hand brace
shortly after. The test was halted at 19 s due to sudden, unexpected snapping noise. Upon
inspection it was found that both braces suffered from out-of-plane deformation and that local
buckling was most severe in the left brace. As in Test 5, large gusset plate distortion was observed
in both plates, but no tearing had occurred in the brace plastic hinge. The test was repeated and
complete section failure occurred in the left-hand brace after only three seconds of excitation
(Figure 9.17(a)). One face of the right-hand brace section sustained a partial tear spreading from the

fracture that had developed in all corners, as illustrated in Figure 9.17(b) and (c).
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198



I | '~;' /
“'l,"lml“”'i'“’

Brace Axial Forces vs Elongation (Run080)

S, g g g (g

Brace Axial Forces vs Elongation (Run092)

Brace Axial Force [kN]
o
2

S
6 8 10

Brsc Exngaton i)
(d) Brace axial load hysteresis for left and right braces. Dashed lines indicate yield and

buckling capacities (based on characteristic strengths and measured brace section area).
Base Shear (Brace) & Base Shear (Acc) (Run090) Base Shear (Brace) & Base Shear (Acc) (Run092)

T T

_m 1 I . i L L L 1 L L 4 Gl b & A —re e e e A}
03 02 -01 0 0.1 02 03 04 05 08 -2 -15 -1 (] 05 1 15 2
DX8 Roof Drift [%] DDXB Roof Drift [%]
(e) Base shear from brace axial forces plotted against roof drift
Brace Strains & Gusset Strains (Run090) x10° Brace Strains & Gusset Strains (Run092)

T T T T T i T T - 7 2 ¥ T v ¥ i T T T =

——8G2

- 864

8G5

LIS O T 40' T4BT 80 o 5 10 15 20 25 30 3% 4 45 &

Toew Time [s]

(f) Strain gauge measurements located on the right brace and gusset plate specimen. Dashed
lines indicate yield strain thresholds (based on characteristic strengths).
Figure 9.16 — Recorded responses Shake Table Test 6; S2-CA-G2.
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Figure 9.17 — Test 6; S2-CA-G2 after testing showing (a) section of left-hand brace (b) right-hand
brace face with fracture in corner regions and tear running from bottom right to top left (c) corner
regions fractured in right-hand brace and deformation shape of (d) left gusset and (e) right gusset.
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9.3.9 Shake Table Test 7: S3-CA-G2

During the 50%/50 run (Run099) all recorded data indicated a fully elastic response in the brace-
gusset plate specimens. The 10%/50 run (Runl01) displayed global brace buckling and plastic
hinging in the right-hand gusset plate. Large out-of-plane buckling displacements were observed
in both braces, attributable to the low flexural stiffnesses of the rectangular brace cross-section and
the thin G2 gusset plate. In Test 2 (section 9.3.4) where G1 gusset designs were employed, out-of-
plane brace deformations were lower and a larger frame stiffness was observable in the frame drift

results.

The 2%/50 run (Runl103) displayed more exaggerated buckling in both braces. The brace tubes
buckled in opposite directions with the left brace deforming away from the front of the frame (-Y
direction) and the right towards the front of the frame (+Y direction). A local buckle developed in
the right brace at approximately 17 s and the left brace remained globally buckled. Drift
measurements approached 2% during this run (Figure 9.18(b)) (frame rotation limit = 3.2%),
however, no signs of brace fracture were observed at the end of the test. Consequently, a final
failure level run (Run105) was performed. Substantial tearing of the compression flange of the right
brace occurred at 9.7 s, and this is reflected in a pulse in the acceleration response time history in
Figure 9.18(a). At 16.7 s complete section failure occurred in the right-hand brace and
simultaneously a local buckle formed in the left brace. Very clear distortions were observable in the
gusset plates (Figure 9.19(c) and (d)) associated with the high frame displacement demands (drift
larger than 3%). After testing, strain gauge readings and visual inspection of the gussets showed
that inelastic strains were significant but not limited to the elliptical plastic hinge zone. It is likely
that the rotation of the test frame and the associated change in the angle of the beam-column
connections caused additional compression and tension forces perpendicular to the gusset plate
edges, exaggerating the distorted shape of both gusset plates (Figure 9.19(d)). In Test 2 such
distortions were not observed in the gusset plates and a smaller range of strains for SG4 and SG5
were recorded for Run043. SG4 and SG5 in Figure 9.18(f) for Run105 show larger maxima strains
reached in the gusset plate for Test 7.
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(f) Strain gauge measurements located on the right brace and gusset plate specimen. Dashed
lines indicate yield strain thresholds (based on characteristic strengths).

Figure 9.18 — Recorded responses Shake Table Test 7; S3-CA-G2.

203



TEEPRAERT VS RRE . RN

(d)
Figure 9.19 — Test 7; S3-CA-G2 after testing showing (a) right brace section failure (b) deformation
of left brace and (c) and (d) distortion of right gusset with red line indicating original shape.
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9.3.10 Shake Table Test 8: S1-CB-G1
Test 8 featured the first investigation of brace-gusset plate specimens with CB type connections.
During the initial 50%/50 run (Run113) uncontrolled resonance due to table-test frame interaction
was experienced in the frame response. Therefore, for further calibration purposes, an extra elastic

run was inserted in the testing schedule before the 10%/50 level record (Run117).

During Run117 several loud snapping noises were heard throughout the test. After the test, all
welded and bolted connections were inspected for damage. It was established that the noises were
a result of bolt slippage; where the shear force transferred to the connection from the tension brace
overcame the bolt friction due to torque in the tightened bolts. The effects of the bolt slippage are
displayed in the acceleration response as large impulse peaks in Figure 9.20(a). The plots shown
here have been carefully filtered to reduce the effect of these peaks. A detailed description of the
filtering process is discussed in sub-section 9.3.15. As with other 10%/50 tests, brace buckling was

limited to global buckling only, with no local buckling observed.

Brace fracture occurred after 16.6 s of the 2%/50 run (Runl19). Further loud snapping noises
resulting from bolt slippage were heard just before 8 s and 10 s. At 8 s, local buckling formed in the
right brace and was exacerbated by the sudden displacement demand at 10 s. The left brace
developed a local buckle at 13.2 s. Complete failure of the right brace at 16.6 s resulted in the frame
impacting on the impact bumper located on the right-hand reaction frame. Upon load reversal, the
left brace failed completely under tension with the frame impacting on the left-hand impact
bumper. Both impact bumpers were damaged by these impacts (Figure 9.21(a)). The large frame
displacement demand caused large rotations in the beam-to-column joint, elongating the bolts
connecting the main beam to the columns. Both sets of bolts failed under tension with the nuts
tearing the threads from the bolts as in Figure 9.21(e). Although this behaviour was foreseen at
frame design stage, it had not occurred in any of the previous tests because the CA type
connections provided more rigid beam-to-column joints. In Figure 9.20(f), the gusset plate strain
recordings show that the plastic strain was concentrated in the plastic hinge zone at SG4, but
significant yielding occurred outside of the zone at SG5. In Test 1 (section 9.3.3) the strains in SG5

remained mostly within elastic strain limits.
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(d) Brace axial load hysteresis for left and right braces. Dashed lines indicate yield and
buckling capacities (based on characteristic strengths and measured brace section area).
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(f) Strain gauge measurements located on the right brace and gusset plate specimen. Dashed
lines indicate yield strain thresholds (based on characteristic strengths).
Figure 9.20 — Recorded responses Shake Table Test 8; S1-CB-G1.
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Figure 9.21 — Test 8; S1-CB-G1 after testing showing (a) damaged impact bumper (b) elongation of
bolt hole on impact bumper (c) deformed cross-section of right-hand brace (d) plastic hinging in
left-hand gusset plate (e) failed nut and bolt from main beam-column connection.
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9.3.11 Shake Table Test 9: $2-CB-G1
Three hazard level earthquake runs were employed in this test, with brace fracture occurring
during the 2%/50 run (Run129). A data logging problem was experienced with the right-hand load
cell in this experiment as a loose cable connection caused erroneous axial load results to be

recorded for the right-hand brace.

During the 10%/50 run (Runl27), the specimen behaved as anticipated. Two impulse peaks
associated with bolt slippage have been filtered from the recorded acceleration response Figure
9.22(a). The maximum drift reached 0.89% storey height with elastic strain limits being just reached
at the mid-length brace strain gauges SG1 and SG2 in Figure 9.22(f). Local buckling formed at

locations in the lower third of both braces (Figure 9.23(a)).

Failure occurred in the left-hand brace at the beginning of the strong motion cycles at 9.5 s during
the 2%/50 run (Run129). Maximum drift just before failure was recorded as 1.15% storey height.
The right-hand brace remained intact with small fracture cracks beginning in the corner regions as
shown in the photograph in Figure 9.23(a). Large out-of-plane deformation was experienced by
both braces. In this test, the out-of-plane rotation limits of the MTS swivel bearings were reached,
resulting in additional brace bending close to the brace-swivel connection. After testing, slight local
buckling of the brace cross-section was observed at this location, as shown in Figure 9.23(b). As in
Test 8, relatively small residual out-of-plane deformations were observable in the gusset plates
(Figure 9.23(d)). The deformed section shape of the cross-section of the left-hand brace (Figure

9.23(c)) was similar to that previously observed in Test 6 (section 9.3.8).

This Shake Table Test 6: S2-CA-G2test is comparable with Test 11 (where a G2 plate design was
used). For the same 2%/50 hazard level, strain measurements for SG4 reached similar maximum
peaks for both tests. However, in Test 11 , much larger strains at mid-length of the brace SG1, were

observed.
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(c) Brace axial load time history for left (FbracedL) and right (FbracedR) braces. Dashed lines
indicate yield and buckling capacities (based on characteristic strengths and measured brace
section area).
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(d) Brace axial load hysteresis for left and right braces. Dashed lines indicate yield and
buckling capacities (based on characteristic strengths and measured brace section area).
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(f) Strain gauge measurements located on the right brace and gusset plate specimen. Dashed
lines indicate yield strain thresholds (based on characteristic strengths).
Figure 9.22 — Recorded responses Shake Table Test 9; S2-CB-G1.
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Figure 9.23 — Test 9; S2-CB-G1 after testing showing (a) fracture cracks beginning in local buckle in
right-hand brace (b) local buckling of brace at brace-swivel connection (c) deformed cross-section of left-
hand brace (d) deformed shape of right-hand gusset plate.
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9.3.12 Shake Table Test 10: S4-CB-G2
In these tests, brace fracture occurred during an additional failure level run (Run140) in which the
excitation was scaled to equal the excitation in the failure level run of Test 3 (section 9.3.5) as the
same brace size (60x60x3.0) was used in both tests. No plastic deformations in the braces were
observed in the 50%/50 level (Run134). Some global buckling was observed in both braces during

the 10%/50 level (Run136), and this was more pronounced in the right-hand brace.

During the 2%/50 level (Run138) no signs of local buckling or necking were observed in either
brace, despite a large drift demand of 1.8%. The brace axial load plots and base shear plots
demonstrate larger, less ‘pinched” hysteresis loops similar to those displayed in Test 3. Strains in
the brace mid-length gauges (SG1 and SG2) exceeded the yield strain threshold by almost 1400%

and 700% in tension and compression, respectively.

In the failure level run, drifts of over 3.7% were reached with one large bolt slippage impulse peak
displayed in the measured acceleration response. A local buckle formed at mid-length in the right-
hand brace at 9.8 s, which progressed to cross-section rupture at 16.8 s. Simultaneously, a local
buckle formed in the left brace (Figure 9.25(b)) and all bolts at the primary beam-to-column joint
underwent tensile failure due to the large, post-failure drift demands. The relatively thin and
flexible gusset plates arising from the application of the balanced design approach combined with
the less restrained CB type connection configuration resulted in large out-of-plane bending (Figure

9.25(e)) to accommodate brace buckling, but plate buckling did not occur.

The elevated strain measurements in SG2 are attributable to the formation of the brace local buckle
at exactly this gauge location Figure 9.24(f). SG2 was positioned on the compression flange of the

buckled brace, as indicated in Figure 9.25(c).
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(c) Brace axial load time history for left (FbracedL) and right (FbracedR) braces. Dashed lines
indicate yield and buckling capacities (based on characteristic strengths and measured brace
section area).
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(f) Strain gauge measurements located on the right brace and gusset plate specimen. Dashed
lines indicate yield strain thresholds (based on characteristic strengths).

Figure 9.24 — Recorded responses Shake Table Test 10; S4-CB-G2.
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Figure 9.25 — Test 10; S4-CB-G2 after testing showing (a) residual local buckle in left-hand brace
(b) close-up of local buckle with tears at corners of cross-section (c) deformed cross-section of
right-hand brace with strain gauges (d) damaged right-hand impact bumper with honeycomb

shock absorber and (e) residual bending in left-hand gusset plate.
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9.3.13 Shake Table Test 11: $2-CB-G2
Three earthquake runs were carried out in this test at the three hazard levels. During the 50%/50
level run (Runl46), some resonance was observed towards the end of the run, though all

measurements showed that the response remained within the elastic range.

For the 10%/50 run (Run148) global buckling was observed in both braces. Response drifts reached
0.75% with yielding and buckling limits just being reached in the brace axial load plot (Figure
9.26(c)). Strain gauge SG2 had debonded from the brace surface causing erroneous measurements

to be recorded.

Partial brace fracture occurred in the 2%/50 run with drift demand approaching 2% and both
braces forming large local buckles at mid-length. At the end of the test, both braces remained intact
but partial fracture had occurred at the corners of both locally-buckled cross-sections, as shown in
Figure 9.27(a) and (b). Figure 9.26(f) shows that the strains in the gusset plate exceeded the elastic
limits, but as shown in Figure 9.27(d) the gusset plates remained substantially undeformed without
excessive bending and without buckling. This is largely in agreement with the visual inspection of

the gusset plates used in Test 9 (section 9.3.11) where a G1 design was used.
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(b) Roof level drift (DXB Drift) time history in x-direction
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(c) Brace axial load time history for left (FbracedL) and right (FbracedR) braces. Dashed lines
indicate yield and buckling capacities (based on characteristic strengths and measured brace

section area).
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(d) Brace axial load hysteresis for left and right braces. Dashed lines indicate yield and

buckling capacities (based on characteristic strengths and measured brace section area).
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(f) Strain gauge measurements located on the right brace and gusset plate specimen. Dashed
lines indicate yield strain thresholds (based on characteristic strengths).
Figure 9.26 — Recorded responses Shake Table Test 11; S2-CB-G2.
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Figure 9.27 — Test 11; S2-CB-G2 after testing showing local buckle and fracture forming in (a) left-hand brace
and (b) right-hand brace; (c) residual out-of-plane deformation of left-hand brace; (d) minimal deformation
in right-hand gusset.
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9.3.14 Shake Table Test 12: $3-CB-G2

Three hazard level earthquake runs were performed in this test. As anticipated, the overall
response of the frame and specimens remained elastic during the 50%/50 run (Run156). The drift
demand reached 0.9% in the 10%/50 level (Run158) with brace yielding and buckling limits being
just reached. The brace strain gauges showed that the flange monitored by SG2 remained in the
tensile range once the plastic limit had been exceeded Figure 9.28(f). The SGI1 flange mostly
remained wi