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Abstract

Damage evolution of rectangular concrete-filled steel tube (RCFT) members,
connections, and frames as documented in experimental tests was investigated in this research.
Based on the experimental data, appropriate limits states for RCFTs were defined at different
levels of loading. For each limit state, the performance of the specimens was judged with the use
of damage indices. The report also documents how to use these damage measures to assess
capacity within the context of a reliability-based performance-based design methodology.

A database study was first conducted to document worldwide experimental RCFT
research. RCFT members, including columns, beam-columns, panel-zones, pinned and moment-
resisting connections, and frames, were covered in the database for both monotonic and cyclic
loading conditions. Detailed information about the material and geometric properties of the
specimens were recorded in the database. In addition, the peak force and deformation capacities
of the specimens were stored. For each RCFT member type, the specific damage levels observed
during the tests were also identified. The occurrence time of the damage levels during the tests
were entered into the database in terms of appropriate force and deformation quantities.

Two types of damage indices were defined and used to assess damage, including a
deformation-based damage index and an energy-based damage index. These damage indices
were applied to the RCFT members, connections, and frames stored in the database. The
damage index values attained at the specific damage levels were correlated to the geometric and
material properties of the RCFT members and equations were derived to estimate damage index
values. These damage index values thus provided quantified data to determine the governing
damage levels for the RCFT members at different levels of loading. A parametric study was
then conducted for the equations derived to explore the relative magnitude of the damage indices
for the different limit states. Based on the results from the parametric study, each damage level
identified for the RCFT members was mapped onto appropriate performance objectives,
including immediate occupancy, life safety, near collapse, and collapse prevention, to identify

how this information may be used in the context of a performance-based design methodology.
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Chapter 1

Introduction

The substantial economic losses due to damages after earthquakes continually
motivate researchers and practitioners to improve the national seismic codes. In the
seismic design provisions used over the last several decades (e.g., BSSC, 2001; ACI,
2002; AISC, 2002), the primary objective of the provisions was to provide life safety

in the case of a major earthquake (Wen, 1995). However, business interruption and
repair cost of the building are among the primary needs of the building owners that
should be considered by engineers during the design process. Reliability-based
performance-based engineering provides a methodology for enhancing the seismic design
provisions through incorporation of multiple performance objectives in the seismic
design of structures (e.g., Bertero, 1997; Krawinkler, 1998; Hamburger, 1998; Wen,
2001).

Performance-based design approaches are based upon documentation of two key
quantities for structural components and systems: capacity and demand. Capacity
represents the ability of a structural component or system to resist externally applied
loads, while demand represents the effects of the externally applied loads on the
structural component or system. The general objective within any reliability-based
performance-based design methodology is to ensure for each structural component and
system that capacity is greater than demand within a prescribed level of confidence. This
check between capacity and demand is performed at specific performance objectives,

with different capacity levels being appropriate for checking within the different



performance objectives, and with the demand levels being calculated based upon hazard
levels are associated with each specific performance objective. In addition, within this
design framework, the capacity and demand should also be adjusted for the uncertainties
and randomness embedded in their calculation process. As part of this adjustment, it is
often possible for an engineer to target a specific confidence level within the design of
each structural component and system, with higher levels of confidence often being
possible to attain, e.g., by increasing the demand or with the use of more accurate
computational models for performance evaluation.

In a reliability-based performance-based design methodology, the design starts by
choosing a performance objective. As described in Bertero (1997), a performance
objective is a statement describing the desired performance level for the building for each
earthquake design level. Therefore, a performance objective includes a hazard level
(which leads directly to loading characteristics) and a performance level (i.e., a damaged
state, such as immediate occupancy, or collapse prevention) for the building. Thus, a
matrix of performance objectives can be established, such as targeting having immediate
occupancy for ground motion having a 50% chance of recurrence within 50 years, or
collapse prevention for a ground motion having a 2% chance of recurrence within 50
years, etc. The design of structural components is made according to each of the
appropriate performance objectives.

Each performance level includes appropriate limit states of the structural
components, e.g. steel yielding, local buckling, etc. Therefore, identification of the limit
states and mapping of the limit states to the specific performance levels is an essential
step in establishing this design methodology, and is a focus of this research. The limit
states of the structural components are represented by appropriate quantifiable design
parameters, and the capacity, whether it is deformation-based, force-based, or energy-
based, becomes the limiting value of the design parameters at these distinct limit states.
The demand parameters must correspond to the capacity parameters, and are calculated
for each performance objective by analyzing the building under the seismic loading
scheme (i.e., hazard level) described in the performance objective. Once both the
demand and capacity are both obtained for a specific limit state for a specific structural
component, they are both adjusted for uncertainties and randomness, and the structural



component is checked to satisfy the desired performance objective with a desired level of
confidence.

This research is the first stage of a study for developing reliability-based
performance-based design guidelines for rectangular concrete-filled tube (RCFT)
structures. In recent years, RCFT members have become increasingly popular in high-
rise buildings due to their excellent seismic behavior and economic advantages.
Therefore, in the last several decades, a wide range of experimental, computational, and
analytical research studies have been completed on RCFT members and connections to
better understand their behavior and develop more efficient design techniques (Gourley et
al., 2001; Morino, 2000; Hajjar, 2002). In addition, recent research in Japan has
established basic performance-based design provisions for CFTs (Morino, 2000).
However, U.S. non-seismic and seismic design provisions for CFTs remain limited
(AISC, 1999; BSSC, 2001; AISC, 2002; ACI 2002).

The research reported herein is part of a larger project to establish reliability-
based, performance-based design provisions for rectangular concrete-filled steel tubes
and RCFT connections. The focus of this research relates primarily to identifying
specific issues related to the composite interaction of these structural components that
require special attention in developing a performance-based design strategy. In this
report, the first step in this research is documented, including assessing the accumulation
of damage in RCFT members and connections based upon investigation of the worldwide
experimental literature. Through documentation of RCFT capacity at all load levels,
performance-based design provisions may be established once linked with a
corresponding assessment of demand in RCFT components in future research.

In this chapter, a brief literature review will be given, discussing performance-
based seismic design provisions within the U.S., as well as identifying relevant recent
research in performance-based design, with a particular focus on the design of composite
members. In addition, the objectives and scope current research will be presented. A

layout of the remaining chapters will also be given.



1.1 Performance-Based Seismic Guidelines for Building Structures in the U.S.

Following the Northridge, California earthquake in 1994, the importance of
performance based-design became more evident in structural engineering practice.
During this earthquake, many steel moment frame structures experienced brittle fractures
in their built-in connections. Although these fractures did not cause any total collapses of
steel buildings (one steel sign structure collapsed), the repair costs were so high that some
buildings were demolished and rebuilt rather than repairing. This caused significant
economical costs to the building owners and insurance companies. Subsequently, a
substantial amount of computational and experimental research has been conducted to
contribute to the development of performance-based design guidelines. This research
mainly focused either on steel or reinforced concrete structures, although research in
other materials has been progressing as well. As a result of this past research, key
performance-based design guidelines that have been produced to date, including VISION
2000 (1995), FEMA (1997), FEMA (2000b), ATC (1996), and FEMA (2000a).

One of the first attempts for documenting performance-based design guidelines
for seismic design of structures is the recommendations in VISION 2000 (1995), which
was initiated before the Northridge Earthquake (1994) and was finalized in 1995. This
document provides a general methodology for performance-based design of concrete,
masonry, and steel structures, and forms the basis for the following guideline documents
that were issued in subsequent years. In VISION 2000 (1995), five types of performance
levels were defined, including fully operational, operational, life safe, near collapse, and
collapse. The same performance levels are used for both structural and nonstructural
components. The performance level definitions included qualitative terms of damages of
the components and also quantitative interstory drift limitations at the system level.
Several design and analysis approaches were proposed and their applicability for
different structures and performance objectives were discussed. Regarding the seismic
capacity assessment of the buildings, in VISION 2000 (1995), no specific acceptance rule
is provided at the component or system levels.

FEMA (1997) and FEMA (2000b) contain the guidelines for seismic
rehabilitation of all types of building structures. Although FEMA (1997) precedes



FEMA (2000b), the given performance based-design methodologies are similar. The
provisions in these two documents discuss the seismic resistance of both the overall
structural system and its components. The building performance levels are defined as a
combination of individual structural and non-structural performance levels. The
structural performance levels include immediate occupancy, life safety, and collapse
prevention. With respect to assessment of seismic capacity, the damage states of the
building and its components corresponding to the structural performance levels are
provided both quantitatively and qualitatively. The components of the building are
defined as either force-controlled or deformation-controlled. The capacities of the
components are provided in the form of normalized load-deflection curves. Regarding
the assessment of seismic demand, FEMA (1997) and FEMA(2000b) allow the use of
linear (linear elastic static,, and linear elastic dynamic) and nonlinear analysis (first-order
or second-order inelastic static, and first-order or second-order inelastic dynamic)
procedures to evaluate the demand imposed on the structure. It is recommended that
parameters like interstory drift ratios, strength demands, and ductility demands of the
individual members might be used for performance evaluation. The acceptance checks
for the performance levels are only made at the member level. FEMA (1997) and FEMA
(2000b) notes the uncertainty in these performance checks. However, no methodology to
calculate the confidence level in performance evaluation is given.

ATC (1996) provides guidelines for seismic retrofit of concrete structures.
Similar to FEMA (1997), the structural and non-structural performance levels are defined
independently. The structural performance levels include immediate occupancy, life
safety, and structural stability. With regard to seismic capacity, the capacity at the
system level is assessed through consideration of gravity loads, lateral loads, and lateral
deformations. For the latter two capacities, numerical values were provided. At the
component level, the members are classified as deformation-controlled members or
force-controlled members. The deformation-controlled members are allowed to undergo
inelastic displacements provided that they have adequate expected strength. Force-
controlled members typically exhibit brittle responses. For both types of the members,
the seismic capacity is assessed through deformation limits in ATC (1996), which were
obtained either experimentally or analytically. The seismic hazard is represented through



three different earthquake levels defined as the serviceability earthquake, the design
earthquake and the maximum earthquake. They have return periods of 75, 500, and 2500
years, respectively. Both linear and nonlinear analysis methods are introduced in ATC
(1996) to evaluate the seismic demand. The elastic analysis methods include the
equivalent lateral load method, elastic dynamic analysis, and demand/capacity ratio
procedures. Among the nonlinear analysis methods, ATC (1996) gives a special attention
to capacity spectrum method and also allows the use of nonlinear time history analysis.
The acceptance checks for the performance objectives are made both at the component
level and at the system level, and no confidence level of the performance assessments is
given.

FEMA (2000a) provides design recommendations for new steel moment-frames.
This document is based on the provisions in FEMA (2000a) and AISC Seismic
Specification (AISC, 1997). It presents new connection details that were developed after
Northridge earthquake and provides the design methods for these connections. In
addition, FEMA (2000a) establishes reliability-based performance evaluation techniques
for the designed frames. The given techniques are applicable to regular welded steel
moment frames. The performance objectives are defined only for structural components.
Non-structural components were not included in performance evaluation. Two types of
performance levels were defined, including immediate occupancy and collapse
prevention. The performance evaluation of the building was made both at the system
level and at the member level. The recommended parameters were interstory drift and
axial forces on individual columns. The acceptance criteria were reliability-based and the
uncertainties in the capacity and demand were taken into account by resistance factors (¢)
and demand variability factors (), respectively. The ratio between the factored demand
and factored capacity was defined as the confidence level for the given design. With
regard to the assessment of demand, FEMA (2000a) allows the use of linear static and
linear dynamic analysis. Among the nonlinear methods, either nonlinear static or
nonlinear dynamic analysis procedures can be used.

The documents presented above focused on either steel or reinforced concrete
structure, and no reliability-based performance-based design guidelines were provided for

the composite structures. In all the documents, acceptance criteria at the component level



are given in terms of interstory drift limits. Also, the variability of the acceptance criteria
with respect to the material and geometric properties of the members was not investigated

in detail.

1.2 Past Research in Performance-Based Design of Composite Steel/Concrete

Structures

Mehanny and Deierlein (2000, 2001) conducted an analytical study to assess the
performance of composite frames made up of reinforced concrete columns and steel
girders. One of the objectives of the research study was to help develop future
performance-based guidelines for composite frames. The performance of the frames was
investigated both at the component level and the system level. Two new damage indices
were derived for concrete columns, steel and composite girders, and composite
connections. These damage indices were used to quantify the local damage observed
during the tests. Based on the damage index values, the local damage observed during
the tests were mapped into performance levels. Mehanny and Deierlein (2000, 2001)
also proposed a new method to assess the system response based on the amount of
damage accumulated in the members. This requires the use of nonlinear time history
analysis and static nonlinear analysis, simultaneously. First, nonlinear transient dynamic
analysis is performed for a single earthquake record. Subsequently, according to the
damage accumulation of the members, the structural stiffness properties of the frames are
updated and a nonlinear static analysis is conducted. This process is repeated for
multiple earthquake records. The performance of the frame is decided based on the ratio
of the vertical gravity load capacity to the unfactored gravity loads. The research study
by Mehanny and Deierlein (2000, 2001) is important, as their main focus is composite
frames, and they used damage index values to quantify damage instead of only drift
limits, which do not take into account energy absorption and cyclic load history effect

into account.



1.3 Objectives and Scope of the Research

The objectives of this research are as follows.

1. The experimentally-observed limit states (damage types) of rectangular concrete-
filled steel columns, beam-columns, connections, and frames are established for
use of RCFTs in composite frames. Comprehensive definition of the limit states
and assessing their effect to the response of RCFT members is one of the initial
steps in developing performance-based design provisions. This objective is
accomplished through careful examination of the experimental test results of
RCFT members and connections from around the world. The experimental
studies also provide information to assess the uncertainties in determination of the
member capacities. Therefore, as part of achieving this objective, the first task in
this research study was to prepare a database documenting the results of the tests
conducted on RCFT members including columns, beam-columns, panel-zones,
connections and frames. Both monotonic tests and cyclic tests were investigated.
The database consisted of nominal and measured values of the material and
geometric properties of the specimens. The force and displacement capacities and
failure modes of the specimens were recorded. In addition, the common damage
levels or limit states observed during the experiments were noted and their point
of occurrence in terms of force, displacement, and cycle number were stored.

2. The second objective of this research is to quantify the damage evolution of the
RCFT members. For this purpose, damage functions applicable to any type
RCFT member or connection were developed. Based on the information taken
from the database, the damage functions were evaluated at specific damage levels
throughout the loading history of the specimens. Based on the values of the
damage functions, the effect of the damage levels of the member response was

judged and every damage level was correlated to a performance level.

The scope of this research is limited to composite frames consisting of steel
girders framing into rectangular concrete-filled steel tube beam-columns with either pin



or fully-restrained (moment) connections. For the various limit states and damage
indices investigated, the specific scope of material and geometric parameters available in
the experimental literature is documented in detail, and the scope of this research is
necessarily constrained to be within the scope of parametric values identified throughout

this thesis.

1.4 Organization of the Report

This report consists of two primary parts. The first part of the report presents the
development of the database compiled for RCFT members. The second part of the report
documents the damage evaluation for RCFT members and connections.

In Chapter 2, a brief literature review for database studies of CFT members is
given. This is followed by a detailed description of each database developed in this
research. The quantities stored in the database and the variations and trends observed in
the experimental data were discussed.

In Chapter 3, a literature review on damage functions was given. The damage
functions used in this research are described and the damage evolution of the specimens
are investigated by using the selected damage functions. The correlation of the values of
the damage functions with the experimental results at specific damage levels is also
studied, and equations are proposed to estimate these values. The ductility of the RCFT
members were assesses and equations were derived estimate ductility. Finally, a
parametric study is presented that was conducted to compare the effect of different
damage levels on the response of RCFT members and connections.

Chapter 4 gives a brief summary and the conclusions drawn from interpretation of
the results of the research study, including summarizing the performance levels that are
most appropriate for each of the limit states identified for RCFTs in this research.

Recommendations for future research are also discussed.



Chapter 2

RCFT Experimental Database

The objective of performance-based design is to develop design techniques to
produce structures with predictable damage. To facilitate development of these
procedures, multiple damage states of the structure and its structural components must be
identified and the behavior of the components from the undamaged state to failure must
be characterized as being within distinct damage levels. This is only possible if the limit
states at the component level and at the global structural level are well defined.

The current structural design specifications (AISC, 1999; BSSC, 2001; AClI,
2002; AISC, 2002) for composite members, and for concrete-filled steel tubes in
particular, are based on transformation of the composite members into equivalent steel or
reinforced concrete members, and only the ultimate strength limit states are considered.
These existing procedures do not reflect the full range of response of the composite
members, and the reliability provided by AISC, 1999 does not yield the target reliability
level for CFTs (Lundberg and Galambos, 1996). Therefore, there is a need to develop
new techniques for capacity assessment of composite systems for multiple limit states,
specifically for CFT members. This can be achieved through a careful examination of
the experimental research on CFT members.

In this study, a database of experimental results from around the world covering
rectangular CFT columns, beam-columns, connections, panel zones, and frames was
prepared. Only CFTs having cold-formed or hot-rolled steel tubes were considered. For
each test series, material properties, load capacities, deformation capacities, and damage

levels were recorded in detail. The total number of specimens included for each type of

10



CFT member may be seen in Figure 2.1. The test results were documented separately for
monotonically loaded and cyclically loaded tests. This chapter highlights the details of

this database.

2.1 Prior Research on Documentation of RCFT Tests

Lundberg and Galambos (1996) constructed a database documenting worldwide
test results of composite columns and beam-columns including steel reinforced concrete
encased-shapes (SRC) and CFTs. This database, which covered only monotonically
loaded specimens, consisted of material properties of the specimens as well as their
experimental peak strengths. A Monte-Carlo analysis of the calculated strength of
composite columns and beam-columns was performed and the reliability of the 1993
AISC-LRFD design procedures for composite columns and beam-columns was
investigated. It was determined that the reliability indices provided for CFT columns and
beam-columns were below the target reliability indices. Therefore, Lundberg and
Galambos (1996) recommended that the design methods for CFT sections in the 1993
AISC-LRFD provisions required modifications.

Aho and Leon (1997) also compiled a database for SRCs and CFTs. The database
included material properties, loading method, and experimental peak strengths of
composite column and beam-column specimens. Only monotonically loaded tests were
considered. They obtained even lower reliability levels CFT than Galambos and
Lundberg (1996) did, with the average reliability index being on the order of 2.35 for the
1993 AISC LRFD provisions (versus a target reliability index being on the order of 2.7).
Using the data obtained from the experiments, several alternative design schemes were
proposed to replace the design guidelines in the 1993 AISC-LRFD Specifications for
composite members.

Kawaguchi et al. (1998) developed a database for CFT beam-columns from the
Japanese literature. Both monotonically loaded and cyclically loaded tests were covered.
Size, material properties, experimental stiffness, load capacities and deformation
capacities of the specimens were all recorded. In contrast to the previous database

studies, Kawaguchi et al. (1998) also recorded the deformation levels or load levels of the

11



specimens at specific instances, such as when the strength of the member decreased to
95% of its peak value, or when the rotation angle of a CFT beam-column reached to
1/100. Using the test results, analytical models were proposed to calculate the flexural
strength and rotation capacity of CFT beam-columns.

Gourley et al. (2001) compiled a comprehensive database covering CFT columns,
beam-columns, connections, and frames. Both monotonically loaded and cyclically
loaded tests of circular and rectangular CFTs were considered. The database was divided
into six main parts for column tests, beam-column tests, frame tests, torsion tests,
connection tests, and bond tests. While experimental research was primarily reported,
several research contributions focusing on computational and analytical research on CFTs
were also summarized. A summary of the reported research was given, and material
properties, geometric properties, and test results (where available) were provided in
separate tables prepared for each of the six test types. Gourley et al. (2001) also
constructed tables of significant reported experimental research on CFT columns and
beam-columns that make it possible to scan the available tests according to key
parameters, including f’c, f,, D/t and L/D.

Nishiyama et al. (2002) developed a database by gathering the CFT research from
Japan conducted as part of the U.S.-Japan Cooperative Research Program on Composite
and Hybrid Structures. Both analytical and experimental studies of monotonically loaded
and cyclically loaded CFTs were summarized, and the test results were provided. The
CFT research of circular and rectangular sections was presented separately for centrally-
loaded stub-columns, eccentrically-loaded stub columns, beam-columns and
subassemblages. Design formulas developed from the experimental results were given to
calculate the strengths and deformation capacities of the CFT members. Finally, the
properties of CFT systems e.g., stiffness, period of vibration, cost, and related properties,

were reported based upon trial design studies using the given design formulas.

2.2. Database Description

In the current research, six main databases were constructed for rectangular

concrete-filled steel tubes (RCFT), including columns, beam-columns, panel zones,

12



pinned connections, moment connections and frames. Each of the six databases was
divided into separate subdivisions for monotonically loaded and cyclically loaded tests if
well documented tests were available in the literature. The content of each database entry
is described within four different sections in the database, including the test description,

material properties, geometric properties, and test results.

2.2.1 RCFT Column Database

A total of 109 monotonically loaded and 3 cyclically loaded RCFT column
specimens (i.e., specimens having predominantly axial compression applied) were
included in the database. The column database includes tests from the literature ranging
between 1976 and 2002, and from the United States, Canada, Europe, Japan, and
Australia.

2.2.1.1 Monotonically Loaded RCFT Column Database

The first section of each database includes a description of the tests. The
available information about the method of testing and boundary conditions was provided.
The usual method of testing RCFT columns was axial compression force applied on both
steel and concrete simultaneously through thick end plates welded to the steel tube. The
application of load on both the steel and concrete together is a requirement for composite
action along the full length of the specimen, and this was ensured by grouting or capping
the ends of the columns in many of the experiments (e.g., Bridge, 1976; Lu and Kennedy,
1992; Lu and Kennedy, 1994). The tests were conducted using either load control (e.g.,
Schneider, 1998) or deformation control (e.g., Bergmann, 1994).

The measured material properties reported in the monotonically loaded RCFT
column database include yield strength of the steel tube (fy), ultimate strength of the steel
tube (f,), modulus of elasticity of the steel tube (Es), modulus of elasticity of the steel
tube at strain hardening (Esh), residual stress in the steel tube (f;), cylinder compressive
strength of the concrete (f’¢), cube compressive strength of the concrete (f’cup),
compressive strength of the cored concrete (fccor), modulus of the concrete (E.), and
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modulus of the cored concrete (Eccor). In addition to the measured material properties,
the nominal values for yield strength of the steel tube (f,,), modulus of elasticity of the
steel tube (Eso), and cylinder compressive strength of the concrete (f’c,) were also
recorded in the database.

The measured yield strength of the steel tubes for the monotonically loaded RCFT
column tests ranged between 194.2 and 835.0 MPa (28.2 — 121.1 ksi). The histogram of
the yield strength of steel can be seen in Figure 2.2. The frequency distribution of the
yield strength shows that the behavior of the specimens with low strength [less than 450
MPa (65 ksi)] and high strength [greater than 600 MPa (87 ksi)] steel tubes were
investigated more comprehensively than the specimens with moderate strength steel tubes
[450 — 600 MPa (65 — 87 ksi)]. As a common practice in monotonically loaded RCFT
column tests, the material properties of the steel tubes were measured from coupon
specimens taken from various positions along the perimeter and then the results were
averaged (Lu and Kennedy, 1992; Lu and Kennedy, 1994; Varma, 2000; Varma et al.,
2001). However, the yield strength of the steel tube exhibits a variation depending on the
position of the coupons around the perimeter. Bridge (1976), Clarke and Hancock
(1991), and Sully and Hancock (1996) found that the mean ratio of corner region yield
strength to flat region yield strength was 1.12, 1.29, and 1.34, respectively. The larger
strength of the corner regions is usually attributed to the intensive cold-forming process
at those regions. The measured and nominal yield strengths of the steel tubes also exhibit
a variation due to testing method and cold-forming process. Figure 2.3 shows the
comparison of measured and nominal yield strengths of steel tubes for the RCFT column
tests as well as, for comparison, the other tests in the database, if the reported data was
available'. This figure shows that in approximately all of the RCFT column tests, the
measured yield strength was greater than the nominal yield strength and the mean fy/fy,
ratio was found to be 1.145, with a standard deviation of 0.111. The mean f,/fy, ratio of
all of the tests with available data was 1.218, while the standard deviation was 0.211.

This indicates that with respect to the variation of measured versus nominal yield strength

! Where appropriate throughout this report, plots of data of the type of tests being discussed are shown with
black data points; where data for other types of tests are available, they are shown in gray for comparison.

14



of the steel tubes, the trend of the monotonically loaded RCFT column tests is not
significantly different from RCFT tests as a whole.

The nominal modulus of elasticity of the steel tubes was reported by Cederwall et
al. (1990), Grauers (1993), Nakahara et al. (1998). When the measured and nominal
values for the modulus of elasticity of steel for the RCFT columns are compared in
Figure 2.4, it can be seen that the measured modulus of elasticity and its nominal value
are approximately equal to each other, with a mean E¢/Es, ratio of 1.005 and a standard
deviation of 0.009. For all of the tests in the database where the data was available, the
mean value and standard deviation of E/Es, are 1.006 and 0.017 , respectively, which are
similar results to the RCFT column tests. These results show that the measured and
nominal modulus of elasticity of the steel tubes may be considered equal. In contrast to
the results presented for the steel tube yield strength, the modulus of elasticity of the steel
tube exhibits insignificant variation around the perimeter of the tube. In their
monotonically loaded column tests, Lu and Kennedy (1992), Lu and Kennedy (1994)
found the mean ratio of modulus of elasticity of the corner regions to the flats regions as
0.985. This ratio was found as 1.000 by Clarke and Hancock (1991) and 0.938 by Sully
and Hancock (1996).

When the coupon specimens are loaded beyond the yield point, strain hardening
takes place, and the stress continues to increase with a modulus value initially equal to
the strain hardening modulus. The strain hardening modulus values obtained from
coupon tests were included in the database. The mean value of Eg,/Es using the available
data from Tomii and Sakino (1977), Varma (2000), and VVarma et al. (2001) was found as
0.01, and the corresponding standard deviation was 0.003. The mean value of Es/Es for
all of the RCFT tests with the available data was 0.0086, with a standard deviation was
0.002, which is similar to the results from the RCFT column tests. The variation of Eg/Es
with respect to fy can be seen in Figure 2.5. The monotonically loaded RCFT column
tests show the same trend as the other tests, indicating that Esn/Es decreases as f,
increases.

Another parameter added from the coupon tests into the database is the steel tube
ultimate strength. As shown in Figure 2.6, the ratio of the measured ultimate strength to

the measured yield strength of the steel tube decreases as the yield strength of the steel
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tube increases. This trend is the same for both the monotonically loaded RCFT column
tests and for the other RCFT tests in the database. The mean value and standard
deviation of fu/fy for the RCFT column tests was found to be 1.278 and 0.201,
respectively. These two parameters are equal to 1.304 and 0.193 for all RCFT tests
having the available data. No residual stress measurements in the steel tubes were made
for the specimens in the column database. Therefore, in the database, it was only noted if
the specimens were annealed and free from residual stresses.

The histogram of the concrete compressive strength can be seen in Figure 2.7.
The maximum cylinder compressive strength of the concrete in the RCFT column
database is 119 MPa (17.26 ksi), while the minimum value is 19.8 MPa (2.87 ksi). This
histogram shows that the RCFT column tests were mainly performed on columns having
either low strength [f’c < 45 MPa (6.5 ksi)] or high strength concrete [f’. > 75 MPa (10.9
ksi)]. The number of specimens having medium strength concrete [45 MPa (6.5 ksi) < f’;
<75 MPa (10.9 ksi)] is relatively less. Note that curing details for the cylinders were
often not reported and are not considered in this figure or in other similar concrete
strength data reported throughout this chapter. Similar to the yield strength of steel, the
measured and nominal compressive strength of the concrete show some variation. The
comparison of measured and nominal compressive strength of the concrete can be seen in
Figure 2.8. This figure shows that in 60% of the RCFT column tests, the measured
compressive strengths are larger than the nominal values. The mean value of the f’./f’¢,
was found to be 1.15 with a standard deviation of 0.21. For all of the tests in database
having the available data, the measured strength of the concrete was also larger than its
nominal value, with mean and standard deviation values of the f’./f’, ratio equal to 1.089
and 0.19, respectively. The difference between the measured and nominal concrete
compressive strengths might be attributed to variations in the concrete mix from the
target properties, as well as curing and aging of the concrete cylinders after they are
poured. Figure 2.9 demonstrates the variation of f’¢/f’¢, with respect to the ' and for
both column tests and the other tests in the database. The ratio f’/f’, approaches 1.0 as
the compressive strength of concrete increases. High strength concrete often requires
more careful work to prepare and therefore it is more probable to attain the target
strength. It is also possible to determine the compressive strength of concrete by testing
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cube concrete specimens rather than cylindrical ones. However, cube compressive
strengths of concrete typically give a higher strength value than cylindrical specimens.
Bergmann (1994) reported the cube compressive strength of concrete, and a conversion
factor of 0.8 was used to convert cube concrete compressive strength to cylinder concrete
compressive strength. From the tests of Cederwall et al. (1990), Grauers (1993), the
mean value of the ¢ /f’¢, is 0.77 with a standard deviation of 0.08, indicating that the
ratio of 0.8 given by Bergmann (1994) is a reasonable factor.

In addition to compressive strength, the modulus of concrete is also recorded in
the column database. The value of E. is mainly affected by the concrete compressive
strength. The variation of E. with respect to f’; and "¢, is examined in Figure 2.10 for
both the RCFT column tests and for the other tests available in the database. The value
of E. increases when the compressive strength of the concrete increases.

The most realistic concrete properties can be found using cylinder cores extracted
from untested RCFT specimens. Varma (2000) and VVarma et al. (2001) used cored
concrete cylinders to determine concrete strength and concrete modulus. It was found
that the f’¢cor and Eccor matched with the results from the standard cylinder tests.

In order to define the geometric properties of the specimens, depth, width,
thickness, and length of the columns were recorded in the database. Because the cold-
forming process is effective in modifying the cross-sectional dimensions of the steel
tubes, both measured and nominal values of the aforementioned parameters were stored
in the database where available. The measured depths of the steel tubes are compared
with the nominal values in Figure 2.11. The mean value of the D/D, ratio was found to
be 1.001 with a standard deviation of 0.006, which indicates that the measured and
nominal values of the depth of the specimens are almost equal to each other. For all of
the tests in the RCFT database, the respective values of the mean and standard deviation
of D/D, becomes 1.003 and 0.005. It can be seen in Figure 2.11 that there is slight
increase in D/D, for large values of D. When measured and nominal thicknesses of the
steel tubes are compared in Figure 2.12, it is found that for the RCFT column specimens,
measured thickness is slightly greater than the nominal thickness with a mean t/t, ratio of
1.019 and a standard deviation of 0.06. However, for all of the tests in the database, the
nominal thicknesses of the specimens are less than the measured thicknesses. In this
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case, the mean value and the standard deviation of t/t, are 0.991 and 0.059, respectively.
The slight differences between the measured and nominal thickness of the specimens
might be attributed to the pressing and bending action during cold forming process, or to
standard manufacturing tolerances.

The D/t ratio of the specimens in the monotonically loaded RCFT column
database ranges between 15.0 and 74.0. The histogram given in Figure 2.13 indicates
that fewer specimens were tested with large D/t ratios (D/t > 50) compared to specimens
having medium (30 < D/t < 50) and low (D/t<30) D/t values. In many of the
monotonically loaded RCFT column tests (e.g., Lu and Kennedy, 1992; Lu and Kennedy,
1994; Varma, 2000; Varma et al., 2001), the researchers reported the measured and
nominal values of D/t separately. If these two values are compared, the mean ratio of
(D/t)/(Dlt), was found to be 1.138, with a standard deviation of 0.144. Figure 2.14
indicates that both for the monotonically loaded RCFT column tests and the other tests in
the database with the available data, the measured D/t ratio is greater than its nominal
value. The slenderness of RCFT columns is defined as the length over depth ratio.
Figure 2.15 shows the histogram for the L/D ratio of the specimens in the monotonically
loaded RCFT column database. Unfortunately, there are not many experimental studies
investigating slender RCFT columns. The minimum and maximum L/D ratios in the
RCFT column database are 2.0 and 30.0, respectively.

The main experimental results presented in the reports are the axial load strengths
and axial load versus axial deformation plots. Among the axial load strengths of the
specimens stored in the database, except for Liu and Goel (1987), all the values were
taken from tables given in the reports. For the tests by Liu and Goel (1987), the peak
axial load was obtained from the axial load versus axial deformation plots by scaling.
The second experimental result recorded in the database is the axial strain value of the
composite section at the time of peak axial load. This parameter is important to assess
the axial deformation capacity of the section. It can also be used for normalization while
defining the occurrence time of damage levels, as will be described later. In none of the
tests was this parameter reported numerically. Therefore, they were obtained from axial
load versus axial displacement or axial load versus axial strain plots by scaling the strain
values corresponding to the peak loads. However, the specimens do not always have a
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definitive peak point. In these cases, a tangent line was drawn on the axial load versus
axial deformation plot at the level of the peak axial load, and the first point where the
tangent line intersects the axial load versus axial deformation plot was assumed to be the

peak point, as shown in Figure 2.16. The variation of strain at peak axial load (&) with

D |f,
respect to the parameter TVE

mainly dependent on the variation in the D/t ratio. It achieves higher values when D/t

ff'; ﬁ can be seen in Figure 2.17. The & value is
decreases. The trend of & with respect to the f’¢/fy ratio indicates that if a higher strength
steel tube is used, an increase in the value of &, takes place. The compressive strength of
concrete is another factor governing the value of &. For low strength concrete where the
behavior is dominated by the steel tube, any increase in concrete strength also causes an
increase in &, In contrast, for high strength concrete, due to its larger stiffness, the
concrete starts to carry more load and its contribution to the behavior increases.
However, the brittle nature of high strength concrete affects the member behavior and &
cannot attain large values. If the length of the member increases, stability becomes
critical, which also prevents large axial strains to be achieved. Therefore, as the L/D ratio
gets larger, the value of & becomes smaller.

As will be explained in more detail in Chapter 3, the specific damage levels or
limit states observed in the RCFT column tests are steel yielding in compression, local
buckling of the steel tube, concrete crushing, and fracture of steel tube. The load levels
and axial strain levels corresponding to these events during testing were added into the
database. These specific points for the damage levels were either taken from the
tabulated values in the reports if they were available or by scaling from the axial load
versus axial deformation plots.

In none of the column tests in the database was the lateral stress distribution of the
steel tube throughout the test provided. Therefore, for the assessment of damage levels
within the RCFT column database, lateral stresses in the steel tubes were neglected and
the steel tube was assumed to be in a uniaxial stress state. Thus, the axial load level at
the initiation of steel yielding, Py, was calculated by multiplying the yield strain of
concrete by the axial rigidity of the composite section, as follows:
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P, =&, x(E;x A +E x A) (2.1)

In previous studies by Bridge (1976) and Inai and Sakino (1996), no confinement
was observed from the rectangular steel tube on the concrete core until the concrete
begins to crush. As this often is close to the attainment of the peak load in RCFT
columns, no significant enhancement in the peak strength of an RCFT is expected due to
lateral pressure from the steel tube (Gourley et al., 2001). Confinement is only effective
in the post-peak response, as it often improves the ductility of the RCFT member. This
indicates that the level of lateral stress in the steel tube is often insignificant before the
peak load and that the yield condition of steel tube based on a uniaxial stress state is a
reasonable assumption. Therefore, the method presented above for determining steel
yielding was used only in the pre-peak region of the axial load versus axial deformation
plots of the available tests. In the post-peak region, steel yielding points were scaled
from the axial load versus axial deformation plots.

The second damage level recorded in the database was the local buckling of the
steel tube walls. The instant of local buckling in the experiments was usually determined
by observation of the experiment. It is also possible to detect local buckling more
accurately using the longitudinal strain distributions over the steel tube wall. When steel
tube buckles, the compressive axial strain undergoes a reduction at the locally buckled
region and then increases as soon as concrete crushes and fills the locally buckled region
(Matsui, 1986; Liu and Goel, 1987). This method requires the estimation of the local
buckling region and putting strain gauges at those locations. However, this type of data
was not available for any of the tests included in the RCFT database. Therefore, if the
local buckling points are indicated on the axial load versus axial deformation plots, these
points were scaled from the plots.

Because confinement action in rectangular RCFTs subjected to axial compression
starts as the concrete begins to crush, until the initiation of concrete crushing, little
interaction between the steel and concrete exists when subjected to pure axial
compression, and the steel and concrete share the applied load independently of each
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other (Gourley et al., 2001). Therefore, the concrete inside the rectangular steel tube is
often treated approximately as plain concrete until the initiation of crushing (Inai and
Sakino, 1996; Hajjar et al., 1998). As in the case of steel yielding in compression, few of
the tests in the monotonically loaded RCFT column database provided any load or
deformation level for the occurrence concrete crushing. Only in the reports by Varma
(2000) and VVarma et al. (2001) were concrete crushing points indicated on the axial load
versus axial deformation plots, along with the other damage levels. If the concrete
crushing points were indicated on the axial load versus axial deformation plots, the
corresponding load and deformation levels were scaled from the plots and both values
were stored in the database. However, in most of the tests, the concrete crushing was
detected by comparing the crushing strain of plain concrete with the axial strain of the
composite RCFT cross section. The concrete was assumed to be in a uniaxial stress state
and it was assumed to crush when the axial strain of the composite RCFT cross section
exceeded the crushing strain of the concrete.

The fourth damage level recorded in the database for the RCFT columns was the
fracture of the steel tube wall. This damage level was only reported in the tests
performed by Varma (2000) and Varma et al. (2001). The fracture occurred at the seam
weld location in the post-peak region of load-deformation response. Varma (2000) and
Varma et al. (2001) indicated the occurrence of the steel tube fracture on the axial load
versus axial deformation plots. The corresponding force level and deformation level
were scaled and stored into the database.

The final damage level recorded in the database is the axial load level at the point
of flexural buckling, which occurs for columns with high L/D ratios.

2.2.1.2 Cyclically Loaded RCFT Column Database

Similar to the monotonically loaded column tests, the first section of the
cyclically loaded column database includes the description of the tests. Available
information about the loading scheme, boundary conditions, and test setup were
provided. Cyclic axial load tests are usually performed to investigate the behavior of
CFT columns used as slender bracing members or truss elements (e.g., Liu and Goel,
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1987; Matsui and Kawano, 1988; Kawano and Matsui, 1988; Kawano and Matsui, 1996).
The CFT columns are tested under displacement-controlled loading scheme, and pinned-
end conditions are sometimes provided through the use of gusset plates attached at the
ends (Liu and Goel, 1987). The only cyclically loaded column tests for rectangular
RCFTs were carried out by Liu and Goel (1987). Therefore, the cyclically loaded
column database includes only this set of tests.

In the second part of the cyclically loaded column database, the geometric and
material properties of the specimens were stored. The same parameters as in the
monotonically loaded database were included. The measured and nominal values were
entered separately.

In the cyclically loaded column tests, only A500 Grade B type steel was used to
manufacture the specimens. The measured yield stress ranged from 372.3 MPa (54 ksi)
to 413.7 MPa (60 ksi). Liu and Goel (1987) also noted the variation of the yield stress
around the perimeter of the steel tube. The mean ratio of yield strength of the corners to
the yield strength of the flats was found as 1.19. The fracture elongation of the coupon
specimens also showed variation for the corners and flats. It was found that the fracture
strain of the flats is approximately 43% larger than that of the corners. This shows that
the increase in yield strength caused a reduction in ductility at the corners. The coupon
specimens did not exhibit a definite strain-hardening region. There was a smooth
transition region between the pre-peak and post-peak response. Due to the cold forming
process, the proportional limit decreased, and a proportional limit that was 50% of the
yield strength of the steel tube was recommended. The level of this proportional limit
was also consistent with the results by Furlong (1968) and Clarke and Hancock (1991),
which reported proportional limits of 50% and 54.5% of the yield stress, respectively.
The ultimate strength of the steel tubes was 1.15 times greater than the yield stress. The
variation of the ultimate strength around the steel tube was similar to that reported for the
yield strength. When the ultimate strength of the steel tube in the corners and in the flats
were compared, it was found that the mean ratio of ultimate strength of the corners to the
flats was 1.19.

The compressive strength of the concrete ranged from 31.4 MPa (4.6 ksi) to 46.7

MPa (6.8 ksi). The mean ratio of the measured concrete strength to the nominal concrete
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strength was 1.13 with a standard deviation 0.006 for the cyclically loaded column
specimens. The mean ratio and standard deviation for the whole database was 1.089 and
0.189 showing that cyclically loaded columns have similar mean value for the ratio of
measured to nominal concrete strength with the whole database.

A constant D/t ratio of 30 was selected for the specimens. As the RCFT columns
under cyclic loading are used as bracing members, it is not efficient to use large D/t
ratios. In their cyclically loaded column tests of circular CFTs, Kawano and Matsui
(1988) also used steel tubes having D/t ratios close to 30.

The L/D of the specimens in the cyclically loaded column tests were larger than
many of the other specimens in the database, which is a typical characteristic of CFT
bracing members. The L/D ratio of the specimens ranged between 22.7 and 34.3.

The first experimental result recorded in the cyclically loaded column database is
the peak axial load level. As the loading is applied in two directions, both the peak
compressive force and tension force were stored, separately. For the specimens tested by
Liu and Goel (1987), the cyclic load deflection plots were provided in normalized form
and the value of the parameter used for normalization was not provided. Therefore, the
peak axial loads were scaled from the hystresis loops and recorded in normalized form.
The axial strains at peak axial loads and the ultimate axial strain values for both tension
and compression were also scaled from the hystresis loops and stored in the database.
The normalized axial displacement values from the load deflection curves were
multiplied by the given yield displacements and the resulting axial displacement values
were divided by the specimen length to get the axial strain.

The behavior of the slender RCFT columns is usually governed by the steel, and
composite interaction between steel and concrete is not significant (Shakir-Khalil and
Zeghiche, 1991; Gourley and Hajjar, 1994; Hajjar and Gourley, 1996). Based on this
fact, five different types of damage levels were defined for the cyclically loaded column
tests. These damage levels include steel yielding, initiation of flexural buckling, local
buckling, concrete crushing, and steel tube fracture. It is less likely that for slender
members initial cracking of the concrete can affect the behavior noticeably. Therefore,

this event was excluded from the damage levels.
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In the case of cyclic loading, the column is subjected to subsequent compressive
loads. Once the compressive load is relieved and tension load is started to be applied, the
column can recover some of its compressive deformation. This causes the column to
undergo flexural buckling several times until it fails. However, after initial flexural
buckling occurs, the resistance of the column in compression decreases significantly.
Therefore, the initiation point of the first instance of flexural buckling was recorded in
the database and this event was defined as a damage parameter which is specific to this
type of tests. This damage level corresponds to the attainment of peak load for slender
monotonic columns. Liu and Goel (1987) indicated the occurrence of the aforementioned
damage levels on the load-deflection plots. The load and deformation levels
corresponding to these events were scaled from the load-deflection plots and stored in the

database.

2.2.2 RCFT Beam-Column Database

The beam-column database includes specimens tested under axial load and
combined bending moment. A total of 261 specimens were selected from the literature
between 1976 and 2001. The collected data represents worldwide practice in RCFT
beam-columns and covers the experimental research programs conducted in the United

States, Canada, Europe, Japan and Australia.

2.2.2.1 Monotonically Loaded RCFT Beam-Column Database

In monotonically loaded beam-column database, RCFT members tested under
combined axial load and bending moment and RCFT members tested under pure bending
were included. Similar to the previous databases, the first part of the database presents
information about the type of loading, test setup and boundary conditions. In the
monotonically loaded beam-column tests, bending moment was applied either by an
eccentrically applied axial load or by means of other mechanisms independent of the
axial load, e.g., a lateral load or applied end moments. Based on the manner of
introducing the bending moment, the testing methods were divided into four groups,
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which were designated as MI, MII, MIIl and M1V, where M stands for monotonic
loading. The schematic view of the test setups can be seen in Figure 2.18. Method Ml
represents the eccentrically loaded members (e.g., Bridge, 1976; Cederwall et al., 1990;
Grauers, 1993). In method MII, a lateral load is applied at the ends combined with axial
load (e.g., Tomii and Sakino, 1979b; Sakino and Ishibashi, 1985). Method MIII has axial
load at the ends combined with bending moment applied through a loading girder or a
couple generated at the end region of the member causing members to undergo single
curvature (e.g., Tomii and Sakino; 1979a, Nakahara and Sakino, 1998; Varma , 2000;
Varma et al., 2002a). Method MIV is the standard four point bending type loading which
is mainly used for pure bending tests (e.g., Lu and Kennedy, 1992; Lu and Kennedy,
1994). As can be seen in Figure 2.19 from the histogram of the loading methods for the
monotonically loaded beam-column tests, eccentrically loaded specimens were more
commonly investigated than the other testing procedures.

The second part of this database includes the measured and nominal material
properties of the specimens. The same types of parameters as in the case of
monotonically loaded column database were recorded.

The measured yield strengths of the steel tubes range from 194.2 MPa (28.2 ksi)
to 834.8 MPa (121.1 ksi). The histogram given in Figure 2.20 shows that beam-columns
with low strength steel tubes were more comprehensively investigated than medium
strength and high strength steel tubes. The material properties of the steel tubes are
highly dependent on the residual stress distribution around the perimeter. There are two
possible ways to study the effect of residual stresses. Either coupon specimens are taken
from different positions around the steel tube or short bare steel tubes are tested under
compression. The comparison of the yield strengths obtained from the coupons around
the perimeter has already been made in section 2.2.1.1 for monotonically loaded column
specimens and it was found that yield strength of the corners were larger than the flats.
In the beam-column tests, stub columns were frequently used to determine the yield
strength of the steel tubes (Shakir-Khalil and Zeghiche, 1989; Shakir-Khalil and Mouli,
1990; Shakir-Khalil, 1994; Chung et al., 2001) and these values were also stored in the
monotonically loaded beam-column database. It is also possible to see the comparison of
the yield strength from the coupon tests with the yield strength from the stub columns in
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Figure 2.21. The mean value of the ratio of yield strength from the coupon tests to the
yield strength from stub column tests was found as 1.009 with a standard deviation of
0.065. In the tests by Shakir-Khalil and Mouli (1990) and Shakir-Khalil (1994) on 100
mm stubs, for the majority of the specimens the yield strength from stub columns were
larger than coupon tests. In the tests by Chung et al. (2001), 375 mm stub columns were
used and due to local instability of the steel tubes, the resulting yield stresses were lower
than the coupons. Therefore, it can be concluded that stub columns tend to have higher
yield strength values than coupon tests. Figure 2.22 shows the comparison of nominal
yield stress and measured yield stress values of monotonically loaded beam-column tests
and the other tests in the database with available data. The monotonically loaded beam-
column tests have a mean value of 1.146 and standard deviation of 0.166 for f, / f,, ratio.
These values are close to the mean and standard deviations for all of the tests in the
database, which were found as 1.218 and 0.211, respectively.

The comparison of nominal modulus of elasticity and measured modulus of
elasticity for the monotonically loaded beam-column tests and the other tests in the
database with available data can be seen in Figure 2.23. The mean ratio of the Es / E, for
the monotonically loaded beam-column tests was found to be 1.009 with a standard
deviation of 0.01. This shows that for these tests the variation between the elastic
modulus and nominal modulus is very small and they can be assumed to be equal to each
other. In addition, the values of mean and standard deviation found for the monotonically
loaded beam-columns are close to the results obtained for all of the tests in the database,
which has a mean value of 1.006 and a standard deviation of 0.017.

For the monotonically loaded beam-column tests, the ultimate strength of the steel
tubes was also recorded in the database. Figure 2.24 shows the variation of ultimate
strength of the steel tube with respect to the yield strength for the monotonically loaded
beam-column tests and for the other tests in the database with available data. There is a
clear trend for both sets of data that the ratio of ultimate strength of steel tube to the yield
strength approaches to 1.0 as the yield strength of the steel tube increases. No residual
stress measurements in the steel tubes were made for the specimens in the beam-column
database. Therefore, in the database, it was only noted if the specimens were annealed

and free from residual stresses.
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The histogram of the measured compressive strength of concrete for the
monotonically loaded beam-column database can be seen in Figure 2.25. The
compressive strength of concrete ranges between 19.8 MPa (2.9 ksi) to 119 MPa (17.3
ksi). The histogram in Figure 2.25 also indicates that the number of specimens with
medium strength of concrete is relatively low compared to the specimens with low
strength or high strength concrete. The comparison of nominal strength of concrete and
measured compressive strength of concrete is shown in Figure 2.26 for both the
monotonically loaded beam-column tests and the other tests in the database with
available data. This figure indicates that for both sets of data the measured values of
concrete compressive strength were larger than the nominal values. The mean ratio of
measured compressive strength of concrete to the nominal compressive strength of
concrete for monotonically loaded beam-column specimens was found as 1.094 with a
standard deviation of 0.205. Similar results were obtained for all of the tests in the
database with a mean value of 1.089 and a standard deviation of 0.189. Figure 2.27
shows the variation of the ratio of measured compressive strength of concrete to the
nominal compressive strength of concrete with respect to the nominal strength concrete.
This figure demonstrates that both for the monotonically loaded beam-column specimens
and the other tests in the database a decrease in the ratio of f'¢/f’¢, is evident as the
nominal compressive strength of concrete increases. Among the monotonically loaded
beam-column tests, Shakir-Khalil and Mouli (1990), Cederwall et al. (1990), Grauers
(1993) and Shakir-Khalil (1994) reported the cubic compressive strength of concrete.
From these test results, the mean ratio of cubic compressive strength of concrete to the
cylinder compressive strength of concrete was found as 0.792 with a standard deviation
of 0.114. This result also supports the 0.8 factor recommended by Bergmann (1994) to
convert cylinder compressive strength of concrete to its cube strength.

The variation of E; with respect to f’c and f’¢,p is examined in Figure 2.28 for both
the monotonically loaded beam-column tests and the other tests available in the database.
It was found that for both sets of the data, the value of E increases when the compressive
strength of the concrete increases.

In the geometric properties section of the monotonically loaded beam-column
database, measured and nominal values of depth, thickness, and length of the specimens
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were stored. In addition, D/t and L/D ratio of the specimens, which are the two key
geometric parameters affecting the behavior of the RCFT members, were recorded. For
the D/t ratio, in the majority of the tests both nominal and measured values were reported.
As the D/t ratio defines the cumulative variation of the measured depth and measured
thickness of the steel tubes with respect to their nominal values, the nominal and
measured values of the D/t ratio were stored in the database separately. Figure 2.29
demonstrates the comparison of the measured depth and nominal depth of the specimens
for both the monotonically loaded beam-column database and for the overall database.
No specific trend for D/D, was observed for the monotonically loaded beam-column
specimens, while for the overall database there is an increase in D/D, as the value D gets
larger. In the monotonically loaded beam-column database, the nominal depth of the
specimens was only reported by Bridge (1976). The mean value of D/D, for these
specimens was found to be 1.02 with a standard deviation of 0.003. The mean and
standard deviation of D/D, for the whole database were 1.003 and 0.005, respectively.
The comparison of measured and nominal thickness of the steel tubes for the
monotonically loaded beam-column tests and for the other specimens in the database with
the available data is shown in Figure 2.30. Among the monotonically loaded beam-
column specimens, for approximately 54% of the specimens, the value of t/t, was less
than 1.0. For the same specimens, the mean value of t/t, was found as 0.994 with a
standard deviation of 0.065. A similar trend was also observed in the case of the overall
database, for which the mean value of t/t, ratio was found as 0.991 with a standard
deviation of 0.059. The D/t ratio of the specimens in the monotonically loaded beam-
column database ranged from 12.8 to 74.0. The histogram of the beam-column
specimens for D/t ratio is shown in Figure 2.31. This histogram shows that specimens
with a small D/t ratio were tested more comprehensively, while fewer specimens were
tested with D/t ratios above 70. The comparison between the nominal and measured D/t
ratios is demonstrated in Figure 2.32 for the monotonically loaded beam-column
specimens and for the other specimens in the database with available data. In the
majority of the monotonically loaded beam-column tests, the measured D/t ratio was
greater than the nominal value. The same trend was also observed for the overall
database.
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The histogram of the monotonically loaded beam-column specimens for the L/D
ratio is shown in Figure 2.33. This figure shows that the number of slender specimens
(L/D > 15) in the beam-column database is less than the short specimens (L/D <15).
However, compared to the monotonically loaded column database, there are more slender
members in the monotonically loaded beam-column database.

The last geometric property stored in the beam-column database is the amount of
eccentricity provided for the specimens tested by the loading method MI. About 10% of
the specimens tested by loading method MI were subjected to biaxial bending.

Therefore, eccentricities with respect to major axis and minor axis were stored separately.
If the amount of eccentricity is normalized with respect to the depth of the specimens, it
was found that the maximum e/D ratio was on the order of 1.4D.

In the experimental results section of the monotonically loaded beam-column
database load capacities, deformation capacities and specific damage levels in terms of
load and deformation values were stored. The specimens were tested under axial load
and bending moment. Therefore, the peak values of both of these parameters were stored
in the database if they were made available. These values were either taken from the
tables given in the reports or they were scaled from the load-deflection curves. Different
types of deformation measures were provided in the tests including mid-height
curvatures, end rotations, and lateral displacements at mid-height. For each specimen,
the deformation level at the peak load and at the end of the test were recorded. In the
majority of the tests, these values were scaled from the load deflection plots. The peak
points on the load deflection plots were defined using the same method adopted in the
case of monotonically loaded column database. The initial flexural stiffness of the
specimens was also recorded in this part of the database, and all of these values were
taken from the tables given in the reports. Finally, the failure location of the specimens

was noted if it was described in the report. Figure 2.34 demonstrates the trend of end
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specimens tested by loading scheme MI. For these specimens, the end rotation was

calculated as the ratio of mid-height displacement over half-column length. Figure 2.34
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indicates that when the parameters % Ey and L/D get larger, an increase in the end

rotation at the peak axial load is evident due to reduced stiffness of the member. If the

f'. . . i
parameter ; ° increases, the brittle nature of the concrete governs the behavior of the
y

member and the end rotation at the peak axial load reduces.

Six different types of local damage levels were defined for the beam-column
members. The damage levels consist of initial concrete cracking, steel yielding in
compression, concrete crushing, steel yielding in tension, local buckling in column
compression flange and local buckling of column web. Both the load levels and
deformation levels at these specific events were stored in the database if they were made
available. These points were either taken from the tabulated values in the reports, by
scaling from the load-deformation plots, or through analytical calculations based upon
related experimental results.

The first local damage level for the beam-column specimens was initial concrete
cracking. The concrete cracking points were determined by assuming that it took place
when the strains in the tension flange of the beam-columns become tensile. This method
was only used if the strain distribution on the tension flange of the steel tube was
available in the reports (Shakir-Khalil and Zeghiche, 1989; Shakir-Khalil and Mouli,
1990 and Shakir-Khalil, 1994). As the tensile strength of concrete is as low as 10% of its
compressive strength, it is most probable that concrete cracking will take place soon after
tensile stresses starts act on concrete. Due to the small thickness of the steel tubes, it is
reasonable to presume that tensile stresses in the concrete will be generated when the
stresses in the steel tube become tensile due to combined axial compression and flexure.
If the initial concrete cracking points were indicated on the load deflection curves, the
load and deformation levels were scaled from these plots (Varma, 2000; Varma et al.,
2002a).

For detecting the steel yielding points in tension and in compression, the strain
distribution on the steel tube at mid-height of the specimens was used. It was assumed
that the steel tube at the mid-span has an approximately uniaxial stress state for each of

the loading types defined previously. Therefore, yielding was assumed to occur when the

30



strain of the steel tube reached the measured yield strain value obtained from the coupon
specimens. This method was only used for the specimens of Shakir-Khalil and Zeghiche
(1989), Shakir-Khalil and Mouli (1990), Lu and Kennedy (1992), Lu and Kennedy
(1994), and Shakir-Khalil (1994). In all of these tests, no local buckling was observed
and the confinement effect was low due to the large L/D ratio. On the other hand, for the
majority of the beam-column tests, the researchers indicated the steel yielding points on
the load-deflection curves. For these cases, the load and deformation levels were scaled
from the load-deflection plots (e.g., Bridge, 1976; Cederwall et al. (1990); Grauers,
1993).

Concrete crushing was also detected using different methods depending on the
data presented in the reports. Lu and Kennedy (1992), Lu and Kennedy (1994) provided
the strain distribution of concrete along the depth of the steel tubes. Concrete crushing
was assumed to take place when the compressive strain of the concrete at the extreme
fiber reaches the crushing strain. For the specimens having a high strength of concrete or
a high D/t ratio, the concrete crushing usually occurred near the peak load. For these
specimens, if the load-deflection plots had a distinct peak point and concrete crushing at
the peak point was reported in the paper, the load and deformation levels at the peak
points were scaled and assumed to be the occurrence of concrete crushing (e.g., Nakahara
and Sakino, 1998). Otherwise, whenever the concrete crushing points were indicated on
the load-deflection plots, the corresponding load and deformation levels were scaled
(Varma, 2000; Varma et al., 2002a). However, such values were not reported for CFTs
having low D/t ratios or low strength concrete, as these ductile specimens have gradual
and significant concrete crushing that is difficult to detect experimentally.

The bending moment acting on the steel tubes causes a strain gradient along the
depth of the specimens. This strain gradient makes the flanges of the steel tubes more
susceptible to local buckling than the webs. Consequently, different from the
monotonically loaded column tests, the local buckling of the steel tube was defined as
two distinct damage levels for the web and flange, separately. In all of the tests that
experienced local buckling in the steel tube flange, web, or both, the occurrence of these
events was shown on the load-deflection plots (Tomii and Sakino, 1979a; Sakino and
Ishibashi, 1985; Varma, 2000; Varma et al., 2002). Therefore, the corresponding load
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and deformation levels were scaled from the load-deflection plots and recorded in the
database.

The last damage parameter recorded in the monotonically loaded beam-column
database was the fracture of the steel tube. This event usually defined the end of the tests
and it was indicated on the load-deflection plots. In the beam-column database, this
damage level was only reported by Fujimoto et al. (1995), Varma et al. (2000), and
Varma et al. (2002a). The corresponding load and deformation levels were scaled from

the given load-deflection plots and recorded in the database.

2.2.2.2 Cyclically Loaded RCFT Beam-Column Database

The cyclically loaded beam-column database includes the specimens tested under
cyclic bending moment and constant or variable axial load. The first part of the database
describes the loading condition, test set-up, and boundary conditions. For the cyclically
loaded beam-column specimens, two types of testing methods were used, which were
designated as Cl and CII, where C stands for cyclic loading. The type CI loading has a
cyclic lateral load and a constant or variable axial load applied at the ends. These
specimens are subjected to double curvature bending with built-in supports at both ends.
In the case of type ClII loading, cantilevered specimens were subjected to single curvature
bending with a cyclic lateral load and a constant or variable axial load applied at the free
end. The schematic view and the histogram for the test methods can be seen in Figure
2.35 and Figure 2.36, respectively. Figure 2.36 shows that type ClI loading was more
commonly used for the cyclically loaded beam-column specimens.

In the second part of the cyclically loaded beam-column database, nominal and
measured material properties of the specimens were recorded. The same parameters as in
the case of the monotonically loaded column database were included. The nominal and
measured properties were reported separately.

The measured yield strength of the steel tubes were ranging from 259 MPa (37.57
ksi) to 825 MPa (119.67 ksi). In Figure 2.37, the histogram of yield strength of steel for
the cyclically loaded beam-column database shows that specimens with low strength steel

were more comprehensively investigated than the specimens with medium or high
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strength steel. The comparison of measured and nominal yield strength of the steel can
be seen in Figure 2.38 for both the cyclically loaded beam-column specimens and the
other specimens in the database with available data. The mean value of f, / f, for the
cyclically loaded beam-column specimens was found as 1.414 with a standard deviation
of 0.243. However, for the overall database, the mean value of f, / f,, was 1.213, which
is lower than the mean value for the cyclically loaded beam-columns. This is because the
cyclically loaded beam-columns were mainly tested by Japanese researchers, and the
variation between measured and nominal yield strength of steel appears to be larger in
Japanese practice. The ultimate strength of the cyclically loaded beam-columns also
exhibits a definite trend, such that with an increase in yield strength, the value of the
ultimate strength approaches that of the yield strength of the steel tube, as can be seen in
Figure 2.39. For the cyclically loaded beam-column specimens, the mean ratio of f,/f,
was found as 1.200 with a standard deviation of 0.125. These statistical parameters are
also close to the ones calculated for the overall database, which has a mean f/fy ratio of
1.304 and standard deviation of 0.193. None of the specimens in the cyclically loaded
beam-column database was reported to be annealed and no residual stress measurement
was given in the reports.

In this database, the compressive strength of the concrete ranges between 17.60
MPa (2.55 ksi) and 110.00 MPa (15.96 ksi). Figure 2.40 shows the histogram of the
compressive strength of concrete for the cyclically loaded beam-column specimens. This
figure indicates that very few specimens with medium strength concrete were tested
compared to the specimens having low strength or high strength concrete. The variation
between the measured and nominal values of the compressive strength of concrete for the
cyclically loaded beam-columns and the other specimens in the database with the
available data is demonstrated in Figure 2.41. For the majority of the specimens, the
measured concrete strength was larger than its nominal value and the mean value of f’; /
"o for the cyclically loaded beam-columns was found to be 1.023 with a standard
deviation of 0.0378. This is similar to the trend of the f’¢ / f’, ratio for the overall
database, which has a mean value of 1.064 and standard deviation of 0.201. The
variation of the ¢ / f’¢, ratio with respect to the compressive strength of concrete is
examined in Figure 2.42. No clear trend was obtained for the cyclically loaded beam-
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column specimens, whereas in the case of the overall database, f’¢ / ¢, was decreasing
with an increase in concrete strength. For the specimens in the cyclically loaded beam-
column database, limited or no data was provided for the cube compressive strength and
modulus of elasticity of concrete. Therefore, it was not possible to draw any conclusion
about their trends.

In the geometric properties section of the cyclically loaded beam-column
database, nominal and measured values of depth, thickness, and length of the specimens
were recorded. In addition, major parameters including D/t and L/D ratios were also
stored. For the D/t ratio, both the nominal and measured values were entered into the
database. The nominal depth (in addition to the measured depth) of the cyclically loaded
beam-column specimens was only provided by Kawaguchi (2000), Kawaguchi and
Morino (2001). Figure 2.43 shows the variation between the nominal depth and
measured depth of the cyclically loaded beam-column specimens, as well as the other
specimens in the overall database with available data. Similar to the results obtained for
the overall database, the measured and nominal depth of the specimens in the cyclically
loaded beam-column database were approximately equal to each other, with a mean value
of 1.000 and a standard deviation of 0.002 for the D/D, ratio. The comparison of the
nominal and measured thickness of the cyclically loaded beam-columns and the other
specimens in the overall database are shown in Figure 2.44. In approximately 80%
percent of the cyclically loaded beam-column tests, the measured thickness of the
specimens were less than the nominal values, and the mean value of the t/t, was found to
be 0.968 with a standard deviation of 0.0527. These parameters are also close to the
mean and the standard deviation values obtained for the overall database, which were
found as 0.993 and 0.0597, respectively. The histogram of D/t ratio for the cyclically
loaded beam-column specimens is shown in Figure 2.45. The D/t ratio of the specimens
ranged from 18 to 52; very few specimens were tested for large D/t ratios. The nominal
and measured D/t ratios of the cyclically loaded beam-column specimens and the other
specimens in the database with available data are shown in Figure 2.46. In both sets of
the data, the measured D/t ratio of the specimens was larger than their nominal D/t ratio.
The mean (D/t)/(D/t), ratio for the cyclically loaded beam-columns was 1.009 and the
corresponding standard deviation was 0.041.
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The L/D ratio of the specimens ranged between 3 and 10.5. The histogram for
L/D ratio of the cyclically loaded beam-column specimens is shown in Figure 2.47. This
figure indicates that no specimen was tested having an L/D ratio greater than 15.

The experimental results recorded in the cyclically loaded beam-column database
include load capacities, deformation capacities, and damage levels of the specimens. In
the majority of the tests, the load capacity of the specimens were given in terms of axial
load, lateral load (where applicable), and bending moment. The peak values of all these
load parameters were stored in the database. These values were either taken from the
tables or they were determined by scaling from the load-deflection curves. As the loads
were applied in two directions, the peak value in each direction was added to the
database. Two types of deformation capacities were stored. The first one is the
deformation level at the peak lateral load or bending moment and the second one is the
ultimate deformation level. The deformation levels were also recorded separately for
both directions of loading. Different deformation measures were presented depending on
the type loading and in the majority of the tests either lateral displacements (A) or chord
rotations (R) were given. Figure 2.48 shows the variation of Rowith respect to the
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For the specimens where lateral displacements were reported, the value of R, was
calculated by dividing the lateral displacement at the peak lateral load by the length of the
member (all such specimens were cantilevers). It is observed in Figure 2.48 that the R,
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A total of eight different damage levels were defined for the cyclically loaded

beam-column specimens. These damage levels consist of initial concrete cracking, steel
yielding in compression, steel yielding in tension, concrete crushing, local buckling in the
compression flange, local buckling in the web, and fracture of steel tube. The load and
deformation values at the occurrence of each damage level were recorded. This was done
for both directions of loading, and the corresponding cycle numbers at which the damage
occurred were also stored in the database if they were reported. In most of the cases, the

researchers indicated the occurrence of the damage levels on the load-deflection curves
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and the corresponding load and deformation values were simply scaled. Otherwise, the
damage levels were extracted from experimental load-deflection curves by analytical
methods as will be described in Chapter 3. The cycle numbers at which the local damage
took place were either reported in the papers or they were determined by counting the

peak points of the loading cycles if the load-deflection curves were clearly drawn.

2.2.3 RCFT Panel Zone Database

The RCFT panel zone database embraces panel zone tests conducted by testing
short RCFT members under shear force combined with or without axial loading. A total
of nine specimens were selected. The specimens were taken from the research studies
carried out in Japan and in the United States within the period 1991 to 1995.

2.2.3.1 Monotonically Loaded RCFT Panel Zone Database

The behavior of panel zone is important, especially, in high rise frames. Under
lateral loading, the contribution of the panel zone to the interstory drift becomes
significant. In addition, the deformation of the panel zone contributes to the energy
dissipation capacity of the overall structural system. RCFT frame structures have the
advantage that both concrete and steel resist the shear forces coming to the panel zone
through the girder flanges. However, the contribution of the concrete to the panel zone
behavior is not completely understood and it is a subject of ongoing research. Therefore,
the tests isolating the behavior of the panel zone are very valuable and these tests were
documented in a separate database.

The panel zone database was introduced in four sections, including the test
description, material properties, geometric properties, and experimental results. Similar
to the other databases, the test description section gives general information of the test
setup, loading method, and boundary conditions. The material properties and geometric
properties sections contain the same type of information for the steel tube and concrete as
in the case of the RCFT column and beam-column databases. One of the main
parameters examined in the panel zone tests was the existence of the interior diaphragm
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plate. Therefore, in the geometric properties section, it was also noted if the diaphragm
plates are placed inside the steel tube and the thickness of the diaphragm plates was given
if it was made available in the reports. The L/D ratio was not recorded, as the slenderness
of the specimens is not an issue for the panel zone tests. However, the aspect ratio of the
panel zone (dy/D) was stored the database.

The panel zone specimens are usually tested using simpler test setups than the
connection subassemblies. The loading condition in the panel zone region is generated
by applying shear couples through application of a transverse concentrated load at the
mid-height of a simply-supported RCFT column. It is also common to apply an axial
load combined with the shear couples to simulate the loads acting from the upper stories
on to the RCFT columns.

The yield strengths of the steel tubes were ranging from 333.5 MPa (48.38 ksi) to
412 MPa (59.76 ksi). For the majority of the specimens, a low compressive strength of
concrete ranging from 23.3 MPa (3.38 ksi) to 39.0 MPa (5.66 ksi) was utilized. The D/t
ratio of the specimens also did not have a wide range of values, with minimum and
maximum values of 27 and 48, respectively.

In the experimental results section of the database load capacities, deformation
capacities, and damage levels of the specimens were recorded. The load capacities were
defined by the peak axial load and peak shear force applied to the panel zone. Two types
of deformation levels were stored, including the shear deformation at the peak shear load
and the ultimate shear deformation. These values were either taken from the tables or
scaled from the load-deformation plots. In addition, the initial stiffness of the specimens
was recorded in this section if it was made available in the reports.

The damage levels defined for the monotonic panel zone specimens were shear
cracking of concrete, yielding of steel tube, local buckling of the steel tube, and concrete
crushing. The load and deformation levels corresponding to the aforementioned damage
levels were either calculated analytically or they were scaled from the load—deformation

plots.
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2.2.4 RCFT Pinned Connection Database

The tests performed on shear connections between RCFT columns and steel
girders are presented in this database. Only the connection tests with insignificant
transfer of bending moment were considered. A total of 38 specimens were selected
from experimental studies carried out in Canada and Europe within the period from 1987

t0 1999. No cyclic RCFT pinned connection tests were included in the database.

2.2.4.1 Monotonically Loaded RCFT Pinned Connection Database

One of the advantages of the CFT members is that they can be used in both
unbraced and braced frame construction. In the recent years, braced frames with CFT
columns have started to become popular on the west coast of the United States
(Gunderson, 2002). However, braced frame construction requires the use of shear
connections at the beam-column joints. This type of connection may be subjected to
excessive slip, and shear studs may be needed to ensure the composite action, which
makes the connections more costly. Therefore, monotonically loaded pinned connection
tests are critical to understand the response of braced frames. In this database, only the
connections having no shear connectors are presented.

The pinned connections can be divided into two groups as PCI and PCI|I
according to their loading type. As shown in Figure 2.49, PCI specimens have the RCFT
columns loaded on both sides of the CFT. Axial load on the column is applied
simultaneously with the shear loads acting at the tips of the girders. There exist two
types of PCI specimens, which are identified as PCla and PClb. PCla specimens have
equal eccentricities on both sides, while PCIb specimens were subjected to unequal
eccentricities. On the other hand, PCII specimens have RCFT columns connected to a
steel girder only on one side. Therefore, PCII specimens are loaded unsymmetrically.
PCII specimens can be further categorized into two subgroups. In the first subgroup
(PClla), the axial load acting on the column and the shear load at the girder tip increase
proportionally. For the second group (PCIIb), the axial load is kept constant while the
shear load is increased. Figure 2.50, shows the histogram of the pinned connections with
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respect to their loading scheme. PCI type specimens were investigated more commonly
than PCII type specimens.

The monotonically loaded pinned connection database was divided into 5 main
sections, which were designated as test description, connection properties, girder
properties, RCFT column properties and experimental results. The test description
section provides information about the test setup, loading scheme, and boundary
conditions of the specimens. The connection properties section was separated into two
subsections for connection description and main connection component properties. In the
former sub-section, the connection and its detailing are described. Then, in the latter sub-
section, the material and geometric properties of the main connection components are
presented. A main connection component is defined as an element of the connection that
is primarily responsible for the load transfer. For the material properties of the main
connection components, the measured yield strength (fyme), measured ultimate strength
(fume) and measured modulus of elasticity (Esme) were recorded (distinction between
nominal and measured material properties were rarely made in the pinned connection
tests). The geometric properties consist of the section type, length (Lme), depth (Dne),
width (Bre), and thickness (tme). No distinction was made between the measured and
nominal values of the geometric properties. However, if both of them were provided in
the reports, the priority was given to the measured values. In addition, the bolt types and
bolt diameters (i) used to attach the main connection components to the girder and to
the steel tube are provided in this subsection. In the girder properties main section, the
material and geometric properties of the steel girders are given. The material properties
reported in this section are measured yield strength (f,y), measured ultimate strength (fug)
and measured modulus of elasticity (Esg) of the steel girders. The section type, measured
depth (dg), measured width (bg), measured flange thickness (tr) and measured web
thickness (t,) of the girders are presented as their geometric properties. In addition, the
eccentricities of the shear loads acting through the steel girders are also given in this
section. The RCFT column properties are the same as in the case of column and beam-
column databases.

The pinned connection subassemblages are tested under constant axial load

applied to the column and monotonic shear load acting at the ends of the girders.
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Although the shear connections exhibit some moment resistance, it is not significant and
practically they can be treated as pinned connections. The boundary conditions of the
columns are critical for the load transfer between the steel tube and the concrete core.
The majority of the specimens in the database have uncapped ends.

Three types of main connection components were used for the specimens in the
database, including structural tees, single plates, and end-plates. The histogram given in
Figure 2.51 shows that the majority of the specimens have structural tees as their main
connection components, where the flange of the tees were attached to the columns and
the tee stems were attached to the girders web. The single plates were welded to the steel
tube and bolted or welded to the girder web. The end-plates were attached to the
columns by the blind bolting technique as will be described in section 2.2.5.1.

The yield strengths of the steel tubes were ranging between 300 MPa (43.5 ksi)
and 450 MPa (65.3 ksi). This indicates that pinned connections to RCFT columns with
high strength steel tubes were not investigated adequately. For the pinned connection
specimens, the measured and nominal yield strength of the specimens also exhibited a
variation as shown in Figure 2.52. The mean value of f,/fy, was found as 1.136 with a
standard deviation of 0.10. These values are slightly less than 1.213 and 0.21 which were
the mean and standard deviation values of f,/fy, calculated using the data of the overall
RCFT column and beam-column database. This is because the tests conducted in Japan
which have high fy/fy, ratio caused the mean value and standard deviation of fy/fy, to
increase for the tests in the overall database. However, there are no tests from Japan in
the monotonically loaded pinned connection database. The variation of f./f, with respect
to fy is shown in Figure 2.53 for both the monotonically loaded pinned connection tests
and the other tests in the overall database. For both sets of data, f./f, exhibits a decreasing
trend when the yield strength of the steel tube gets larger. In the majority of the
monotonically loaded pinned connection tests, the nominal and measured values of
modulus of elasticity of steel tube were given. Figure 2.54 shows the comparison of
these two values for both the monotonically loaded pinned connection database and the
overall database, simultaneously. The trend for both sets of data was that the variation of
nominal and measured values of modulus of elasticity is not significant, with the mean E;

| Eso values of 1.002 and 1.006, respectively.
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In the pinned connection tests, the compressive strength of the concrete did not
span a wide range of values. The maximum and minimum values of cylinder
compressive strength of concrete was 17.4 MPa (2.52 ksi) and 41.7 MPa (6.05 ksi),
respectively. Shakir-Khalil and Al-Rawdan (1995), Shakir-Khalil and Mahmoud (1995)
provided both cube compressive strength of concrete and cylinder compressive strength
of concrete for his specimens. Using the data by Shakir-Khalil and Al-Rawdan (1995),
Shakir-Khalil and Mahmoud (1995), the average value of f’¢/f’c,, was found as 0.83 with
a standard deviation of 0.094. As can be seen in Figure 2.55, for the monotonically
loaded pinned connection specimens, the elastic modulus of concrete does not exhibit a
definite trend with respect to compressive strength of concrete, while for the other tests in
the database the elastic modulus of concrete increases when concrete strength achieves
higher values.

Among the geometric properties of the monotonically loaded pinned connection
specimens, the D/t ratio ranges from 20.8 to 37.1. This is a limited range for D/t ratios
and signals the need for pinned connections tests for RCFT columns with larger D/t
values. On the other hand, a wide range of L/D ratios were covered, ranging from 7.5 to
29, as can be seen in Figure 2.56. In most of the tests, the lengths of the columns were
selected to represent a story height in a typical building. This makes the pinned
connection tests more realistic.

The experimental results of the pinned connections stored in the database includes
the load capacities and deformation capacities of the specimens. The load capacities of
the specimens were defined by recording the peak axial load on the column and the peak
moment applied through the girders. The deformation capacities were ultimate rotation
at the end of the test and the rotation at the peak moment.

A total number of eleven damage levels were defined for the monotonically
loaded pinned connections. These damage levels include initial concrete cracking,
yielding of column flange, local buckling of column flange, concrete crushing, yielding
of a main connection component, yielding of the girder web, local buckling of the main
connection component, weld fracture, bolt failure, fracture of main connection
component element, and fracture of the steel tube. The deformation levels and axial load
levels corresponding to these damage levels were scaled from the load-deflection plots.
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Otherwise, they were calculated by some analytical methods as will be described in
Chapter 3.

2.2.5 RCFT Moment Connection Database

The moment connection database consists of the tests having RCFT columns
framed by steel girders. In addition, RCFT frame tests designed for having weak
connections were also covered within this database. A total number of 39 specimens
were selected from the literature between 1987 and 2001. The collected data were taken
from tests conducted in the United States, Japan, and Europe.

2.2.5.1 Monotonically Loaded RCFT Moment Connection Database

This database contains monotonically loaded connection tests where steel girders
frame into RCFT columns. Monotonically loaded connection tests provide valuable
information about the moment and rotation capacity of the connections. Therefore, this
type of test is presented in a separate database, although the number of tests is small
given the wide range of connection topologies that may be used for moment connections.

The monotonically loaded moment connections database consist of 5 main parts,
which were defined as test description, connection properties, girder properties, RCFT
beam-column and panel zone properties, and experimental results. Excluding the test
description section, each of the other sections was divided into subsections depending on
the type of data that was presented.

The first main section of the monotonically loaded moment connection database
provides information about the test setup, boundary conditions, and loading method. A
typical moment connection specimen is tested under constant axial load applied to the
pin-ended beam-column and a shear force acting at the end of the girder that frames into
the beam-column (all monotonically loaded moment connections represented exterior
beam-to-column connections, with one girder framing into the beam-column).

The connection properties section was divided into three subsections. The first
subsection presents the general description of the tested connection type. It is indicated
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whether the connection is considered to be fully-restrained or partially restrained. The
type of detail used to attach the girder to the column is then introduced. The following
subsection provides the material and geometric properties of the main connection
components. The type of material and geometric properties of the main connection
components are the same as in the case of the monotonically loaded pinned connections
database. In the next subsection, information about the auxiliary connection components
is presented. Auxiliary connection components are defined as the components of the
connection that are not primarily responsible for load transfer, e.g., cover plates, washer
plates, etc. Both the material and geometric properties of the auxiliary components were
stored. The material properties include the measured yield strength (f,a) and measured
ultimate strength (f,ae). For the geometric properties, the measured or nominal values of
length, height, width, and thickness were recorded. The auxiliary component subsection
also contains information about the shear-tabs and shear studs. The section type, bolt
type, and bolt diameter (@or;) Of the shear tabs are given. The shear studs are described
using their geometric properties, including the length and diameter.

The next main section of the monotonic connection tests contains the information
for the girders framing to the RCFT columns. The material properties were recorded for
the flange and the webs separately if they were available in the reports. Both the nominal
(fyto, fywo) @and measured yield strength (fyr, fyw) values were recorded. However, for the
ultimate strength (fys, fuw) and modulus of elasticity (Es, Esw), only measured values were
included. To define the geometric properties, the section type, measured length (Lg),
measured depth (dg) and measured thickness of the girders were stored. The thickness
was entered to the database for the webs (t,) and flanges (t), separately. The material
and geometric properties of the column and panel zone is presented in the next main
section of the monotonically loaded moment connection database. The material
properties and geometric properties of the steel tube were stored for column and panel
zone, separately. The material properties of the steel tube recorded in this section include
measured yield strength (fy, foy), measured ultimate strength (fy, fou), measured modulus of
elasticity (Es, Eps), and measured strain hardening modulus (Esn, Epsn) for the column and
panel zone. In addition, the nominal values of yield strength (fyo, foy0) and modulus of

elasticity (Eso, Epso) Of the steel tube were stored. The residual stress in the steel tube was
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also noted if it was made available in the reports. The recorded concrete material
properties are exactly the same as in the case of column and beam-column databases.
The geometric dimensions of the column and panel zone stored in the database include
the measured and nominal values of depth (D, D,), width (B, B,), length(L, L,) and
thickness (t, t,) of the steel tube. The measured and nominal thickness of the steel tube
were given for the panel zone (tp, ty0) separately. However, if it was not provided in the
report, the thickness of the column and the panel zone were assumed to be the same. The
measured and nominal values of the depth over thickness ratio were stored for both the
column [D/t, (D/t),] and the panel zone [(D/t),, (D/t)po]. Finally, the measured and
nominal values of the length of the column (L, L) and the L/D ratio were also entered
into the database.

In the monotonically loaded moment connection database, the available tests
consist only of partially-restrained connections having blind-bolted details. The blind
bolted connections are prepared through use of the flow-drilling technique. As shown in
Figure 2.57, flow drilling involves drilling the steel tube thermally by means of a
tungsten carbide without removing any material. At the end, the hole is threaded and a
standard bolt can be inserted. The type of main connection component used in the blind-
bolted connection tests was the end-plate placed between the girder and the steel tube.
No auxiliary connection component or shear tab was utilized. The steel girder attached to
the column had a yield strength of 275 MPa (39.89 ksi). The RCFT columns in this
database were continuous and therefore the panel zone and the column were assumed to
have the same material and geometric properties. The measured yield strength of the
steel tubes varied from 275 MPa (39.89 ksi) to 355 MPa (51.49 ksi). The cylinder
compressive strength of concrete was 40 MPa (5.80 ksi). The compressive cube strength
was also provided and the ratio of cylinder strength to cube concrete strength was found
to be 0.79. A constant D/t ratio of 20 and a constant L/D ratio of 7.5 was adopted was
adopted in the tests.

The load capacities recorded in the monotonically loaded moment connection
database included the peak axial loads and peak moments. All of these parameters were
taken from the tables given in the reports. In addition, to define the deformation capacity
of the connections, the ultimate rotations and the rotations at the peak moments were

44



stored. The former deformation measures of the specimens were scaled from the load-
deformation plots. However, the latter ones were taken from the tables given in reports.
The initial stiffness of the connections was also entered to the database if it was made
available.

A total of 18 damage levels were defined for the connections. It is possible to
divide the damage levels into 4 groups representing each part of the RCFT subassembly.
Different damage levels were reported for the panel zone, column, main connection
components, and girders. The damage levels for the panel zone includes initial concrete
cracking, panel zone yielding, panel zone buckling, and concrete crushing. Concrete
cracking, yielding of the column flange in compression, yielding of the column flange in
tension, concrete crushing, local buckling of column flange, local buckling of the column
web, and fracture of the steel tube characterize the damage levels of the columns. The
types of damage levels for the main connection components cover yielding of the main
connection component, local buckling of the main connection component, fracture of the
main connection component, weld fracture, and bolt failure. Finally, the damage levels
of the girders include yielding of the girder flange, local buckling of the girder flange,
fracture of the girder flange and initiation of plastic hinging. The load and deformation
values at the time of occurrence of the damage levels presented above were recorded in
the database if they were available in the reports either in tabulated form or on the load-
deflection plots. Analytical methods were also utilized to detect some of the damage

levels as will be described in Chapter 3.

2.2.5.2 Cyclically Loaded RCFT Moment Connection Database

CFT members in lateral-resistance systems are used to resist lateral loads from
earthquake or wind. Cyclically loaded connection tests are important to understand the
mechanism of load transfer at the joint regions. Different connection details are used
around the world depending on the common construction practices in that region of the
world. However, the design of the most efficient and affordable connection detail for
RCFT joints is still a subject of ongoing worldwide research. This database contains
cyclically loaded connection tests where steel girders frame into RCFT columns.
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Although no restriction about the type of detail was made in the database, the split-tee
connections are particularly of interest as these connections have been shown to be
appropriate for the U.S. construction practice (Koester et al., 2000; Koester, 2000; Peng
et al., 2000; Peng, 2001).

The organization of the cyclically loaded moment connection database is exactly
the same as the monotonically loaded moment connection database presented in the
previous section. A total of five main parts were generated, which included test
description, connection properties, girder properties, RCFT column and panel zone
properties, and experimental results.

The cyclically loaded moment connections are usually tested under constant axial
load and cyclically applied shear forces. The constant axial load acts at the top of the
RCFT column while shear force may be applied in two different ways. The cyclic shear
force is either generated at the ends of the girders or it is applied at the top of the column.
The ends of the columns and girders in a cyclically loaded connection test represent the
inflection points of columns and girders in a frame. Therefore, all of the supports are free
to rotate in the plane of the joint.

The types of connection details existing in the cyclically loaded moment
connections database are listed below:

- Through Diaphragm

- External Diaphragm

- Vertical Stiffener

- Interior Diaphragm

- Extended Tee

- Split Tee

- Post-Tensioned Strands

- Seat Angle

- End Plate
Through diaphragm connections are constructed by extending the girder flange through
the RCFT column. Usually, an opening on the diaphragm plate is left for concrete
pouring (e.g., Kanatani et al., 1987; Kawaguchi et al., 1997; Kawaguchi, 2000). In the
case of external diaphragm connections, the girder flanges flares to the RCFT column
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around its perimeter at a certain degree of angle (e.g., Kawano et al., 2000). The
external diaphragms may limit the placement of the external walls of the buildings if the
dimensions of the diaphragm plates are large. To overcome this problem, vertical
diaphragm connection details were designed by replacing the external diaphragm at one
side of the RCFT column with a vertical stiffener (e.g., Kawano et al., 2000). Interior
diaphragms are similar to the through diaphragm plates. However, the diaphragm plate is
welded to the inside of the steel tube and then the girders are welded outside the steel
tube rather than extending the girder flanges through the RCFT column (e.g., Vermaas,
1995; Ricles et al., 1995).

The extended tee connections are made up of external tee stiffeners connecting
the girder flanges to the RCFT column corners (e.g., Vermaas, 1995; Ricles et al., 1995).
The stiffeners are welded to the corners of the CFT columns and flanges of the girders.

In split tee connections, the stem of the structural tees are connected to the girder flanges
through bolting or welding. The structural tee flanges are then attached to the RCFT
column by tension bolts through the depth of the column.

The connections with post-tensioned struts are considered to be partially-
restrained connections. The girder flanges are attached to the columns using seat angles.
In addition, post-tensioned struts passes through the column; the struts are then anchored
outside the connection (e.g., Peng et al., 2000; Peng, 2001). Seat angle connections are
also considered to be partially-restrained. The girder is attached to the RCFT column
using seat angles on both flanges (e.g., Peng et al., 2000; Peng, 2001). In the case of
connections with the end plate detail, the steel girder is attached to the RCFT column
with a welded end plate (e.g., Kanatani, 1987). The histogram for the connection details
in Figure 2.58 shows that the split tee connections were investigated more than the others
within this database.

The connection details are usually named according to the type of main
connection component of the connection. As the designation of the connection details
presented above imply, the main connection components in the cyclically loaded moment
connection database include diaphragm plates, extended tees, structural tees, post-
tensioned strands, and seat angles. The yield strengths of these components were ranging
from 206 MPa (29.88 ksi) to 408 MPa (59.18 ksi). For 80% percent of the connections in
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the database, the yield strengths of the main connection components were less than the
yield strength of the steel tubes. If the yield strengths of the main connection components
and steel girders are compared, for 56% percent of the connections in the database, the
girders has a lower yield strength than the main connection components. The dimensions
of these components with respect to the depth of the column is important in design and
might have influence in the force transfer at the connection region. The ratio of the width
of the structural tee to the depth of the RCFT columns ranged from 56% to 93%. The
same ratio was equal to 62% for the seat angle connections. In the case of external or
vertical stiffener type connections, the width of the diaphragm plate around the RCFT
column was approximately 6% to 9% of the depth of the RCFT column. Another
geometric dimension that also deserves attention for the main connection components is
the thickness. The comparison of the steel tube thickness with the thickness of the main
connection components is shown in Figure 2.59. In all of the cases, the ratio of the
thickness of the main connection components to the steel tube thickness was larger than
1.0, and for the through diaphragm type connections it reached up to 4.3. The auxiliary
components in the connections are mainly used for reinforcing the girder flange or steel
tube. The common types of auxiliary components include washer plates, girder
stiffeners, bearing plates, and cover plates. The yield strength of these components
ranged from 263 MPa (38.15 ksi) to 346 MPa (50.19 ksi). The dimensions and
thicknesses vary depending on the topology of the component. The ratio of the thickness
of the auxiliary components to the steel tube thickness ranges from 0.4 to 1.9. The
largest thickness for the auxiliary components in the database is used for the components
reinforcing the steel girders.

The material and geometric properties of the girders can govern the failure
sequence in a connection. Therefore, the material and geometric properties of the girders
were included in the database as a separate section. The yield strength of the girders
ranged from 229.6 MPa (33.30 ksi) to 379.2 MPa (55.00 ksi). When these values are
compared to the yield strength of the steel tubes, in the majority of tests, the steel tubes
had larger yield strengths. Figure 2.60 demonstrates the depth of the steel girders with
the depth of the steel tubes to which they were attached. For every cyclically loaded
connection test with available data, the depth of the steel girders is always larger than the
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depth of the steel tubes. The thickness of the steel tubes and that of the steel girder
flanges are compared in Figure 2.61. Similar to the trend obtained for the depth, the steel
girders always had a larger thickness than the steel tubes. The larger geometric
dimensions of the girders compared to the columns is typical of moment frames and is
attributed partially to the fact that moment connections are commonly used in unbraced
frames where the steel girder has a significant contribution to the interstory drift.

The type of geometric and material properties recorded for the RCFT columns are
similar to the previous databases. The yield strengths of the steel tubes ranged from 350
MPa (50.77 ksi) to 420 MPa (60.92 ksi) indicating that the variation of the yield strength
of the steel tube was not comprehensively investigated in the cyclically loaded
connection tests. The yield strength and ultimate strength of the steel tubes are compared
in Figure 2.62. On the same figure, the same parameters of the other tests in the overall
database are also shown. For the cyclically loaded connection tests, the mean ratio of f./f,
was found as 1.218 and the standard deviation was 0.112. However, due to the limited
range of yield strength, no specific trend of f/fy with respect to f, was observed for this
group of specimens. In the tests conducted by Kawaguchi et al. (1997), Kawaguchi
(2000), the panel zones of the specimens were constructed with a different type of section
to ensure the failure to occur at the connection. For these specimens, the yield strength of
the panel zones was approximately 85% of the yield strength of the steel tubes.

In the cyclically loaded moment connection database, the compressive strength of
concrete ranged between 18.5 MPa (2.68 ksi) and 79.6 MPa (11.55 ksi). The histogram
in Figure 2.63 for concrete strength shows that very few specimens were tested having
high strength concrete, while specimens with medium and low strength concrete were
investigated more commonly. In his connection tests, Peng et al. (2000), Peng (2001)
provided the compressive concrete strengths obtained from the cored cylinders. When
these values were compared with the concrete strengths from standard cylinder tests, the
mean ratio of the ¢/f’.cor was found to be 0.86 with a standard deviation of 0.021.
However, in the column and beam-column databases, Varma (2000) and Varma et al.
(2001) obtained very close concrete strengths for both standard cylinders and cored
cylinders. In both sets of tests, the concrete cylinders were subjected to wet curing. The
cylinder tests performed by Peng et al. (2000), Peng (2001) showed up to 30% difference
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in strength within the time period between 28 days and the time of testing. However,
Varma (2000) and VVarma et al. (2001) reported that the curing did not have any
significant effect on the concrete strength. Therefore, it can be concluded that the
difference between the values of f’¢ and f’ccor and also the effect of concrete curing might
depend on the strength of concrete, because Varma (2000) and VVarma et al. (2001) used
110 MPa (15.96 ksi) concrete and the maximum 28-day concrete strength was 40 MPa
(5.80 ksi) in the majority of the specimens by Peng et al. (2000), Peng (2001), although
other factors may contribute to this difference as well. Figure 2.64 shows the variation of
E. with respect to f°; for the cyclically loaded connection tests and also for the other tests
in the overall database. Both sets of data show the same trend that E. increases with f’c.

The geometric dimensions of the RCFT columns were defined by the depth,
width, and thickness of the specimens. In addition, the dimensionless parameters like D/t
and L/D were also recorded. In some of the tests, the geometric dimensions of the panel
zones were made smaller than the columns to weaken the connection (Kawaguchi et al.,
1996). Therefore, different from the databases presented in the previous sections, the
thickness (tp, tpo) and depth over thickness ratio of the panel zones (D/t,, (D/tp),) were
included in the database separately including their nominal and measured values. The
variation D/D, with respect to D is shown in Figure 2.65 for both the cyclically loaded
connection tests and the other tests with available data. According to the former sets of
data, D/D, values start to decrease when the depth of the specimens gets larger.
However, this trend is opposite to the one observed for the other sets of data. For the
cyclically loaded connection specimens, the mean value of D/D, was found as 1.003 with
a standard deviation of 0.003. These values were close to the ones obtained for the
overall database, which were 1.003 and 0.005, respectively.

The comparison of nominal and measured values of the tube thickness for the
cyclically loaded moment connections and the other specimens in the overall database is
examined in Figure 2.66. This figure shows that for the specimens in the cyclically
loaded moment connection database, the measured thickness is less than its nominal
value, and the mean value of t/t, was found to be 0.967 with a standard deviation of
0.011. These two parameters are close to the values obtained for the overall database,
which were calculated as 0.993 and 0.0597, respectively.
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The histogram of the cyclically loaded moment connection database for the D/t
ratio is shown in Figure 2.67. The majority of the specimens have D/t ratios less than 50
with a maximum D/t ratio of 42 indicating that connections to thin-walled members were
not investigated comprehensively. For all the cyclically loaded moment connection
specimens, the measured D/t ratio is larger than the (D/t), as shown in Figure 2.68. The
same trend can be observed for overall database. The cyclically loaded moment
connection database mainly consists of short members having L/D ratios less than 15 as
can be seen in Figure 2.69.

In the experimental results section of the cyclically loaded moment connections
database, load capacities, deformation capacities, and damage levels were recorded.
During the tests, it was common to apply a constant axial load on to the column to
simulate the vertical force acting from the upper stories in a real building. Therefore, the
axial load level of the column is the first quantity entered into this section. The effect of
lateral loading is quantified in various ways depending on the data and load-deformation
plots presented in the reports. The force quantities stored in the database defining the
effect of lateral loading include the peak values of lateral load applied to the end of the
column or to the ends of the girders, moment at the face of the column, and panel-zone
shear. As the loading is applied in two directions, the peak values of the force quantities
were recorded for both directions. For this purpose, either tabulated values of the peak
loads were directly taken from the reports or they were scaled from the load—deformation
plots. The deformation capacity of the specimens was defined using three different
deformation measures. These measures differ from test to test depending on the reported
data. The main deformation measures defined in the cyclic connection tests are interstory
drift ratio, interstory drift, and girder rotation. The values of these parameters at the peak
load level and also their ultimate values at the end of the tests were stored. Either the
tabulated values of the deformation measures were taken from the reports or they were
scaled from the load deformation plots. All the deformation capacities were recorded for
both directions of the loading. In addition to the load and deformation capacity of the
specimens, the initial stiffnesses were also recorded in the database if they were made

available in the reports.
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The damage levels defined for the cyclic connections are exactly the same as the
damage levels defined for their monotonic counterparts. The load and deformation levels
at the occurrence of the damage levels were stored separately for both directions of
loading. In the majority of the tests, the damage levels were scaled from the load
deformation curves using the points indicated on the load-deformation plots. However,
sometimes analytical methods were also utilized to detect the damage levels on the load
deflection plots. If sudden changes on the load deformation plots were reported to
correspond to a specific damage level, these points were also traced on the given plots

and then the corresponding load and deformation levels were scaled.

2.2.6 RCFT Frame Database

The CFT frames database includes the tests conducted on portal frames made up
of two RCFT columns with a steel girder framing between them using fully-restrained
connections. A total number of 12 specimens were added to the database. All the

specimens were tested in Japan within the period 1986 and 1997.

2.2.6.1 Monotonically Loaded RCFT Frame Database

As stated in the previous sections, RCFT members are commonly used in the
perimeter frames of the buildings where steel girders frame into RCFT beam-columns.
Therefore, the best way to investigate the interaction between the steel girder and RCFT
column is by testing single story or if possible multistory frames consisting of steel
girders and RCFT beam-columns. The individual member tests and subassemblage tests
are idealized cases and the support conditions, as well as, the loads acting on the RCFT
beam-columns do not simulate the conditions in a real frame. Among the type of tests in
the overall RCFT database of this study, portal frame tests show the most realistic RCFT
member behavior. However, the number of tests on RCFT frames is limited due to the
cost of this type of tests. The monotonic part of the RCFT frame database includes the

tests conducted by Matsui (1986). The main purpose of this database is to investigate the
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RCFT beam-column and steel girder interaction. Therefore, the specimens that failed in
the connection region were excluded from the database.

The RCFT monotonically loaded frame database was divided into five main
sections including test description, connection properties, girder properties, RCFT beam-
column properties and experimental results. The test description section presents
information about the test setup, loading procedure, and boundary conditions. The next
main section defines the connection properties and provides information about the
material and geometric properties of panel zones and main connection components. The
material properties given in this section embraces the yield strength of the panel zone
steel (f,p), the ultimate strength of panel zone steel (f,p), the yield strength of main
connection components (fyme), and the ultimate strength of the main connection
components (fume). No distinction about the nominal and measured values has been
made. However, the priority was given to the measured values. The geometric
properties given in this section were the depth of the panel zone tube (D,), width of the
panel zone tube (by), thickness of the panel zone tube (tp), section type of the main
connection components, length of the main connection components (Lye), width of main
connection components (Bne) and thickness of the main connection components (tye).
Measured or nominal values were stored depending upon what was provided in the
report, with the priority being given to the measured values. The following section in the
database describes the material and geometric properties of the girders spanning between
the RCFT beam-columns. The material properties cover the measured yield strength
(fyg), measured ultimate strength (f,g), and measured modulus of elasticity of the steel
girder (Esg). The geometric properties of the steel girders were described by section type
of the girder, measured length of the girder (Lg), measured depth of the girder (dg),
measured width of the girder (bg), measured thickness of the girder web (t,) and
measured thickness of the girder flange (t;). The geometric and material properties used
to describe the RCFT members were exactly the same as in the case of the RCFT column
or RCFT beam-column databases.

The tests in the monotonically loaded RCFT frame database were conducted
under a constant axial load applied to the beam-columns and a monotonic lateral load
applied to the top of the windward RCFT beam-column. All the specimens were portal

53



frames with fixed-ended beam-columns. Although the tests were conducted under
monotonically-applied load, Matsui (1986) also tested each of the specimens under one
cycle of reversed lateral loading.

The connection detail used for the specimens was either a through diaphragm or
external diaphragm. For both connection types, the main connection detail was a
diaphragm plate. The external diaphragm flared to the RCFT beam-column at an angle
of 45° and the width of the external diaphragm plate around the RCFT beam-column was
5% of the depth the RCFT beam-column.

All the steel girders were H-shaped members according to the Japanese standards,
with equal thicknesses of web and flange. The yield strengths of the girders ranged from
266.8 MPa (38.70 ksi) to 357.1 MPa (51.80 ksi). Both the depth and thickness of the
girders were larger than the depth and thickness of the RCFT beam-columns.

The steel tubes of the RCFT beam-columns were manufactured from STKR 41
type steel with a nominal yield strength of 245 MPa (35.54 ksi). The measured yield
strength of the steel tubes was 288 MPa (41.78 ksi). Therefore, the f, /fy, ratio was equal
to 1.23 for all the specimens. A nominal concrete cylinder compressive strength of 29.4
MPa (4.26 ksi) was selected and the mean value of f’./f’,, was equal to 1.24. The
nominal D/t ratios of the specimens were 47 and 68. The L/D ratio was 6.7 for all the
specimens.

In the experimental results section of the database, the load capacities and the
deformation capacities of the specimens were recorded. The constant axial load level,
peak moment, and peak horizontal load acting on the RCFT beam-columns were also
recorded. The deformation capacities were defined by the horizontal displacement of the
frame at the peak horizontal load, as well as the horizontal displacement at the end of the
test. In addition, the failure locations of the specimens were recorded if they were made
available. The deformation and load capacities were either taken from the tables given in
the reports or scaled from the load-deflection plots.

The RCFT beam-columns of the frames were categorized as windward and
leeward depending on the direction of loading. Matsui (1986) reported the damage levels
for the top region and bottom regions of the RCFT beam-columns separately. Therefore,
both the windward and leeward beam-columns were investigated in two groups for the
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top and bottom of the RCFT beam-columns. A total of seven damage levels were defined
for the beam-columns of the monotonically loaded frame database. These damage levels
included initial concrete cracking, steel yielding in compression, yielding of the steel tube
in tension, concrete crushing, local buckling of steel tube compression flange, local
buckling of the steel tube web, and fracture of steel tube. The load and deformation
levels corresponding to these damage levels were either scaled from the load—

deformation plots or they were calculated by analytical methods.

2.2.6.2 Cyclically Loaded RCFT Frame Database

Cyclic frame tests are useful to investigate the interaction between the girders and
RCFT beam-columns subjected to seismic loading. This database contains RCFT portal
frame specimens tested under cyclically applied lateral loading. Due to limited number
of RCFT frame experiments reported in detail in the literature, only the tests conducted
by Kawaguchi et al. (1997), Kawaguchi (2000) were included. As with the
monotonically loaded frame database, the specimens that failed in the connection region
were excluded from the database.

The organization of the cyclically loaded frames database was the same as its
monotonic counterpart. The data given in the reports were grouped into five sections,
including the test description, connection properties, girder properties, RCFT beam-
column properties, and experimental results. The type of information in each section has
already been discussed in the prior section.

All the specimens were portal frames with RCFT beam-columns built into large
plate girders at the base to simulate fixed support conditions. The top of the frame was
restrained from sidesway motion. A constant axial load was applied to the RCFT beam-
columns, followed by application of a cyclic horizontal loading to the plate girder at the
base, which in turn was supported on roller supports. In the database, the RCFT beam-
column under which the lateral loading had been generated was designated as the
windward beam-column, while the other beam-column was designated as the leeward

beam-column. The loading proceeded with a displacement-controlled protocol and the

55



sidesway displacements were measured with respect to the top of the leeward beam-
column.

For all the specimens, the through diaphragm connection detail was used. The
main connection component was the diaphragm plate, with a 70 or 85 mm opening at the
middle to aid in the concrete pouring. The diaphragm plates did not flare to the RCFT
beam-column, and the thickness of the plate around the RCFT beam-column was
approximately 25% of the depth of the steel tube. For the majority of these specimens,
the panel zone and the beam-column had the same yield strength and thickness.

In the cyclic frames, the girders were designed to remain elastic in order to
examine the damage of the RCFT beam-columns. H-shaped steel girders made from
SS400 grade steel according to the Japanese Standards were used.

The yield strengths of the steel tubes were ranging from 251.04 MPa (36.41 ksi)
to 403.32 MPa (58.50 ksi). The steel grades used for the RCFT beam-columns were SS
400 and STKR 400, which, while unreported in Kawaguchi et al. (1997), Kawaguchi
(2000), are known to have 245 MPa nominal yield strength from other available
resources. The comparison of nominal and measured values of yield strength of the steel
tubes is shown in Figure 2.70 for both the cyclic frame tests and the overall database.
Using these data, the mean value of fy/fy, for the cyclic frame tests was found to be 1.324
with a standard deviation of 0.265. These values are larger than the ones found for the
specimens in the overall database, which, as discussed earlier, may be due to the larger
variation of the measured and nominal yield strength values typical of Japanese
specimens. The variation of the f,/fy ratio with respect to fy is shown in Figure 2.71 for
the cyclically loaded frame tests and for the other tests in the overall database. For both
sets of the data, there is a decrease in f/fy ratio when the yield strength of the steel tube
increases. The concrete cylinder compressive strengths of the specimens ranged from
13.7 MPa (1.99 ksi) to 24.4 MPa (3.54 ksi), showing that in the cyclically loaded frame
tests the effect of concrete strength was not investigated adequately.

Among the geometric properties of the RCFT beam-columns, the variation of the
nominal and measured depth of the steel tubes is shown in Figure 2.72. The mean value
of D/D, was found as 1.004 with a standard deviation of 0.003. No specific trend of

D/D, with respect to D was observed for the cyclically loaded frame specimens, while
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there was a clear trend for the other specimens in the overall database that the D/D, ratio
was increasing for large values of D. The nominal and measured thicknesses of the steel
tubes are compared in Figure 2.73. For the majority of the cyclically loaded frame
specimens, the measured thickness is larger than its nominal value. The average value of
t/t, was calculated as 1.04 with a standard deviation of 0.076. The D/t ratio of the
cyclically loaded frame specimens ranged from 21.6 to 57.4. This range of D/t ratio
indicates the lack of specimens with high D/t ratios. The comparison of the nominal and
measured D/t ratio is shown in Figure 2.74 for both the cyclically loaded frame
specimens and the other specimens in the overall database. For both sets of data the
measured value of D/t is greater than its nominal value in the majority of the tests. For
the cyclic frame tests, the mean value of (D/t)/(D/t), was found as 1.046 with a standard
deviation of 0.025. Similar values were found for the overall database with 1.037 and
0.066 as the mean value and standard deviation of (D/t)/(D/t),, respectively. In the
cyclically loaded frame tests, all the beam-columns were relatively short members, and
the L/D ratios less than 15.

In the experimental results section, the load and deformation capacities of the
specimens were stored for both directions for loading. The load capacity of the
specimens presented by providing the peak axial load, peak moment and peak horizontal
load levels. Interstory drift ratio was utilized as the deformation measure to define the
deformation capacities of the specimens. For each specimen the interstory drift ratio at
the peak horizontal load and the ultimate interstory drift ratio at the end of the test was
recorded. In this section of the database, the failure location of the specimens was also
given if it was made available in the reported. The load and deformation capacity of the
specimens were either taken from the tables given in the reports or scaled from the load
deflection plots. In addition, analytical methods were also utilized to calculate the
damage levels.

Similar to the monotonically loaded frames database, each frame specimen was
examined in two parts for the leeward and windward beam-column. In addition, the
damage levels for the top and bottom parts of each beam-column were recorded
separately. The same types of damage levels were defined as in the case of the
monotonically loaded frames database. However, the deformation and load levels at the
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occurrence of the damage levels were recorded for both directions of loading. This was
achieved by scaling the deformation and load levels corresponding to the damage levels

from the load deflection plots.
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Chapter 3

Damage Assessment of RCFT Members

In this chapter, damage levels and their effect on the RCFT members at all levels of both
monotonic and cyclic loading will be documented in detail. This information can provide
the foundation for establishing predictions of capacity for use in developing performance-

based design provisions for RCFT members, connections, and frames.

3.1 Damage Levels for RCFT members

Performance-based design of RCFTs requires consistent definition of the limit
states of composite RCFT members and frames. In order to achieve this, the answers to
the following questions must be assessed using the available experimental data from the
literature:

1. Which damage levels are most significant at each level of performance in the

RCFT member, connection, or frame?

2. What is the best method for quantifying the damage sustained by the RCFT
members, connections, or frames?

3. How do local damage levels observed during the experiments affect the global
behavior of the composite RCFT frame?

In this study, past experimental results, as discussed in Chapter 2, are synthesized

to document the damage levels for RCFT beam-columns, connections, and frames. This
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information may be used directly to help establish measures of capacity of RCFT
members at all levels of loading, for use in developing performance-based design

provisions for RCFT beam-columns, connections, and frames.

3.1.1 Structural Damage Functions for RCFT Beam-Columns and Connections

The damage in the structural members may be quantified through the use of
structural damage functions, which are mathematical expressions operating on variables
(e.g., stiffness, strength, deformation, force, energy) representing the state of the member
under loading. A damage index is the value of a damage function at a specific instant in
the loading history. In the current literature, structural damage functions are mainly used

for (Williams and Sexsmith, 1995; Kappos, 1997):

- Post-earthquake assessment of structures following an earthquake
- Disaster planning

- Seismic performance prediction of structures

Structural damage indices can be related to the loss of load or reduction in
deformation capacity of the members or buildings. Economical damage indices can also
represent the damage in terms of repair and replacement cost of the structures.

The damage is usually expressed in terms of normalized dimensionless values. A
common property of all the structural damage indices is that they often are defined so as
to achieve a value of unity at the failure state of the structural component or system.

Damage functions may be broadly categorized as local and global. Local damage
functions typically refer to a single member or connection, while the global damage
functions quantify the damage of a whole structural subassemblage of system. In this
study, a primary focus will be documentation of local damage indices.

Another common type of classification of the damage functions is whether the
damage function takes into account the effect of repeated loading or it is independent of

the nature of the loading sequence. The cumulative damage functions integrate the effect
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of loading cycles up to the current state of the member. However, non-cumulative
damage functions depend on parameters without taking into account the effect of loading.

More extensive classifications of damage indices exist in the literature. Williams
and Sexsmith (1995) and Kappos (1997) provide comprehensive discussions on
classification of the damage indices.

When members are subjected to cyclic loading, they exhibit degradation both in
strength and stiffness. The amount of degradation is dependent on a number of
parameters, such as the amount that a critical force or deformation level is exceeded, and
the number of cycles to which the component is subjected. Consequently, non-
cumulative damage functions are unconservative in that they do not account for
cumulative strength or stiffness degradation (including low-cycle fatigue) due to cyclic
excitation. However, they are simpler to implement and provide preliminary estimations

for the damage states of members subjected to cyclic loading.

3.1.1.1 Non-Cumulative Local Structural Damage Functions for RCFT Beam-

Columns and Connections

Banon et al. (1981) proposed rotation ductility (4) and curvature ductility (zy) as
damage functions for reinforced concrete (RC) frame members subjected to flexure.
These damage functions are calculated by taking the ratio of maximum rotation (6,.)
and maximum curvature (@) to their yield values (6, and ¢,, respectively). Rotation
ductility and curvature ductility are successful to examine the permanent deformations
sustained by flexural members, including beam-columns. However, strength degradation
cannot be captured. Therefore, Banon et al. (1981) recommended an alternative damage
function called the Flexural Damage Ratio (FDR). It was derived by modifying the
damage ratio originally derived by Lybas and Sozen (1977). FDR is calculated by taking
the ratio of the cracked flexural stiffness of an RC member (X)) to its reduced secant
stiffness at the end of the test (K,). The cracked flexural stiffness of the RC member was
taken as Ky= 24E1/ L’, where EI is the flexural rigidity and L is the member length. The

formulas for rotation ductility, curvature ductility, and FDR are given below:
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,ugzeg—j" ,u¢:% FDR:K—J: (3.1)

A non-cumulative damage function based on the reduction of the flexural stiffness
was also introduced by Roufaiel and Meyer (1987) for RC members. The amount of
damage at a point during the test is calculated by taking the ratio of the reduction in
secant stiffness between the yield point and the current loading point to the reduction in
secant stiffness between the yield point and the end point of the test. The damage indices
are calculated for the positive and negative directions of loading separately, and the larger
value is taken as the modified flexural damage ratio (MDFR). The general formula for

the proposed damage function is given below:

b _ b

M, M
m__ Ty

M, M,

where:

@, = curvature at the current point of loading

¢, = yield curvature

@n = curvature at the end of the test

M, = moment at the current point of loading

M, = yield moment

M, = moment at the end of loading
The graphical illustration of the calculation of MDFR is shown in Figure 3.1. MDFR is
equal to zero in the case of no damage and it becomes equal to unity when the specimen
fails. Both strength degradation and plastic deformation sustained by the member can be
captured through this parameter.

Fajfar (1992) introduced a more general non-cumulative damage function based
on the assumption that failure is due to the plastic deformation that structural members
undergo. It is calculated by taking the ratio of current plastic deformation of the
structural member to its total plastic deformation. The plastic deformation may be
defined appropriately for a given member, i.e., it may be axial, flexural, torsional, etc.

The damage index (DM) is equal to zero, indicating no damage, if the current

99



deformation (D) is less than or equal to the yield deformation (D,). DM becomes equal to
unity when the current deformation attains the ultimate deformation level (D,). This
damage index has the disadvantage that strength degradation of the member is not

accounted for. The formula to calculate DM is given below:

DM =— "% (3.3)

3.1.1.2 Cumulative Local Structural Damage Functions for RCFT Beam-Columns

and Connections

Cyclic load reversals for both steel and concrete cause structural members to
experience more damage than they do under monotonic loading at comparable levels of
loading or deformation. This effect is taken into account by adopting cumulative damage
indices for the structural members. The cumulative damage indices can be deformation-
based (e.g., a low-cycle fatigue formulation), energy-based, or they can have a
combination of both deformation and energy-based terms.

A deformation-based cumulative damage index was derived analytically by
Banon et al. (1981) for RC frames. This index was designated as the normalized
cumulative rotation (NCR). A finite element method denoted as a single component
model was developed to simulate the cyclic behavior of RC frames. In this method, RC
members were modeled by beam elements with inelastic rotational springs at the two
ends. Once the computational model was verified to reproduce the cyclic load-deflection
response of experiments of RC members, the NCR was calculated as the sum of the
plastic rotations of the inelastic springs (2| 6,|) normalized by the yield rotation (6)).
The formula for NCR is given below:

NCR = % (3.4)

y
The NCR was evaluated for more than 30 tests on RC beam-columns and
subassemblages. However, the value of NCR at failure showed considerable scatter.
Park and Ang (1985) proposed a damage model for RC beam-columns in terms of

the maximum deformation and the absorbed hysteretic energy of the members. The
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given damage index, which is written generically and may be applied to any appropriate
load-deformation relationship, is a linear combination of these two quantities as follows:

_ Sy, B
D= +Qy-5u .jdE (3.5)

where:

oy = maximum deformation under cyclic loading

0, = maximum deformation under monotonic loading

O, = calculated yield strength

dE = incremental absorbed hysteretic energy

[ = non-negative parameter
The effect of cyclic loading is taken into account by the second term of the damage
function through the f parameter. Park and Ang (1985) assumed that this effect was
constant at each deformation level. The parameters 6,, O,, and S were all determined
empirically. The S parameter was calibrated for the damage index to be equal to unity at
failure. For this purpose, the load-deformation responses of over 250 specimens were
traced and the value of fwas calculated at failure such that D equaled unity. Then, a
curve fit was made to the obtained data for £ in terms of some key variables of RC
members e.g., shear span depth ratio, reinforcement ratio, and axial stress. When the
proposed equation for the damage index was applied to experiments, a large scatter was
obtained. Therefore, a log-normal distribution was determined to be appropriate for use
of this damage index.

McCabe and Hall (1989) developed two new damage indices. The first damage
index was derived from the concept of equivalent hysteretic cycles. The number of
cycles until failure was considered to be a measure of the damage. As each cycle that
structural members underwent is not the same, an equivalent hysteretic cycle concept was
introduced. The total dissipated hysteretic energy was divided by the amount of energy
in a standard hysteretic cycle, which yielded the number of equivalent hysteretic cycles as
a damage measure. The amount of energy in a standard hystresis cycle was calculated by
multiplying the yield resistance by an appropriate displacement measure. This method of
damage assessment is successful in representing the effect of hysteretic loading and the

random nature of the hysteretic cycles. The second damage index was adopted from low-
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cycle fatigue theory of the metals. It was assumed that earthquake damage within a
structure has similar characteristics to the low-cycle fatigue damage in metals. The
ductility was defined in two parts, including elastic ductility and plastic ductility. Plastic
ductility was then further subdivided into monotonic plastic ductility (z,) and hysteretic
plastic ductility (). Similar to the analogy of other low-cycle fatigue damage models in
the literature, the hysteretic plastic ductility for steel structures was given as follows:
o=, (2N, (3.6)
where:
Ny - number of load reversals to failure
Assuming all the deformation amplitudes to be of equal size for a fully damaged

condition after 2Ny load reversals, the total hysteretic energy (/7;) can be calculated as

follows:
H, =u"U,)R, (2.N,) (3.7)

where:

U, - yield displacement

R, - yield resistance
Finally, the damage index (DI) was derived to represent the ratio of the actual hysteretic
energy dissipated to the hysteretic energy corresponding to complete damage as given

above. A second-degree relation was derived between the energy terms. The formula for

the DI is given below:
H +H H -H
DI = (—* )+ (2 ny? 3.8
( 7 )" +( i ) (3.8)
where:

H, - positive resistance hysteretic energy

H, - negative resistance hysteretic energy
If the DI obtains values larger than 1.0, this indicates that the structure is completely
damaged. The damage model presented above was applied to experiments of steel
cantilever columns from the literature and good correlation with experimental results was

obtained.
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Kanno (1993) tested joint specimens between RC columns and steel girders. The
seismic performance of the joints was evaluated through damage indices. Various
damage indices were applied to the tested specimens and it was found that the evolution
of the damage during the tests was best simulated when deformation-based and energy-
based indices were combined. Therefore, Kanno (1993) proposed a new damage index
by combining an energy-based index and a deformation-based index nonlinearly as

follows:

D = \J(A(max(u,)-D)™)? + (B B,) )} (3.9)

where:

1; - ductility ratio at the i cycle

5 - energy dissipation ratio at the i cycle

A, B, a and yare experimental constants of 1, 1.35, 1.5, 0.45, respectively
The new damage index gave consistent values both for the failure points and the local
damage points. Based on the results from the new damage index, Kanno (1993)
developed seismic design provisions for the joints in composite frames with RC columns
and steel girders.

An energy-based and a deformation-based damage indices were proposed by
Mehanny and Deierlein (2000, 2001) for columns, girders, joints and sub-assemblages in
composite frames made up of RC columns and steel girders. The energy-based index
was adopted from Kradzig et al. (1985). The deformation cycles applied to the
specimens were categorized as primary half cycles and follower half cycles. The damage
index was equal to the total energy dissipation in the primary and follower half cycles
normalized by the summation of the energy dissipation under monotonic loading and the
energy dissipation in the follower half cycles. Primary half cycles correspond to those
cycles that achieve a new peak deformation level in the loading history. Subsequent
cycles having amplitudes less than or equal to the primary half cycles were categorized as
follower half cycles. Once the deformation level in a follower half cycle is exceeded in
the next step, a new primary half cycle is defined. The proposed energy-based index (Dg)
is calculated for the positive (D"z) and negative half cycles (Dz) separately, and then the
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two resulting indices are combined in a nonlinear manner. The formulations for the

energy-based damage index are given below:

(nZE+PHC,i )+ (nZE+FHC,i &
= =

D'r= - (positive half cycles) (3.10)
(E+f )a + (ZE+FHC,1' )ﬁ
i=1
(Z E " puci)” + (z E ruci)?
D =" — = (negative half cycles) (3.11)
(E )" +QE i)’
i=l1
D, =(D*s) +(D &) (3.12)

where:

E " pyc,i - energy dissipation during positive primary half cycles

E pyc; - energy dissipation during negative primary half cycles

E"; - energy dissipation in monotonic loading for positive direction

E; - energy dissipation in monotonic loading for negative direction

a, B, y- calibration parameters
A value of Dy, greater than or equal to 1.0 represents failure. The energy dissipation in
the follower half cycles exists both in the numerator and in the denominator. Therefore,
the amount damage is mainly dependent upon the primary half cycles. Calculating the
energy dissipation in both directions makes the damage calculation for unsymmetrical
sections more accurate. The idea of categorizing the loading cycles as primary and
follower allows the damage index to account for damage due the effect of loading
sequence.

The second damage index by Mehanny and Deierlein (2000, 2001) is based on the
accumulation of plastic deformation with the idea that failure is caused primarily due to
inelastic deformations. The damage index is calculated by normalizing the total plastic
rotations at the primary and follower half cycles with respect to the monotonic plastic

rotation at failure. Similar to the energy-based damage index the cumulative rotation of
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the follower half cycles also exists in both the numerator and denominator, and the
damage index is calculated for both directions of loading. The formulation for the

deformation-based damage index (Dy) is given below:

(9+P |currentPHC )a + (Z 9p+ |FHC,[)ﬂ
D"y = =l (positive half cycles) (3.13)

@, =0 +(2.0," lme)”
i=1

-
(0717 |currentPHC)a + (Z 0}77 |FHC,i )ﬁ
i=1

Dy = (negative half cycles) (3.14)

(6, -0, + (X0, )’

D, =3(D*s) +(D )’ (3.15)
where:

0; | urremprc = CULTENt Maximum positive plastic rotation corresponding to the

latest primary half cycle

0p+ | e, - maximum plastic rotation corresponding to the i" follower half cycle

(- 6,)" - plastic rotation capacity under monotonic loading for positive direction

(G- 6)) - plastic rotation capacity under monotonic loading for negative direction

a, B, y - calibration parameters
A value of Dy greater than or equal to 1.0 represents failure.

This past research forms the foundation for the damage functions developed in the
current work. Deformation-based and energy-based damage functions were developed to
quantify the damage evolution of RCFT members. The displacement-based functions are
non-cumulative and are applied to tests of RCFT members subjected to monotonic
loading. The energy-based functions are appropriate for both monotonic and cyclic
loading, and account approximately for the cyclic load history effect. In the following
sections, these damage functions will be described in detail for RCFT columns, beam-

columns, connections, and frames.
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3.2 Monotonically Loaded RCFT Columns

The damage levels of the monotonically loaded RCFT columns were defined in

this work as steel yielding, local buckling, and concrete crushing.

Yielding of Steel Tube

Due to its higher strength and stiffness than concrete, the steel tube often
dominates the behavior of RCFT columns. Therefore, once the steel tube yields, it is
expected that there will be a reduction in the overall stiffness of the composite section.
This reduction is more evident for RCFTs having a large D/f ratio and low strength
concrete. Shortly after steel yielding occurs, more axial force will be transferred to
concrete, and crushing takes place. After this point, the capacity of the composite section
starts to degrade significantly (Gourley et al. 2001).

The desired ductile response of the columns is achieved if steel yielding takes
place before concrete crushing. For D/f ratios within the typical range of use in RCFTs
(e.g., covering D/t ratios less than 50), this is the usual sequence, so long as the yield
strength of the steel is not greater than 345 MPa (Furlong, 1967). However, even in stub
column tests with 550 MPa steel tubes and D/t ratio of 32, Varma (2000) and Varma et
al. (2001) also found that steel yielding took place after concrete crushing. If the
slenderness of an RCFT column, L/D, increases, it is possible that the column is going to
buckle elastically or at the onset of steel yielding. The column tests conducted by Bridge
(1976), Shakir-Khalil and Zeghiche (1989), and Wang (1999) failed by inelastic buckling
approximately at the time that steel yielding initiated.

The available damage functions in the literature are mostly calibrated with respect
to the ultimate strength limit state. However, in order to define the complete performance
of a structural member, the damage functions should also be calibrated for the
intermediate limit states. The monotonic axial load-deflection response of a typical
RCFT column member can be investigated in two parts, including a pre-peak region and

a post-peak region, with reference to the peak axial load value achieved by the RCFT
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column specimen. The two most significant events throughout the deformation history of
the member constitute reaching its peak axial load level and then failing at the ultimate
deformation level. For the column tests, the ultimate deformation level was defined as
the point in the post-peak response where the stiffness of the specimen ceases to be non-
zero. Therefore, it is appropriate to normalize the pre-peak and post-peak damage levels
with respect to the peak axial load level and ultimate deformation level, respectively. As

the steel yielding damage level is expected to occur in the pre-peak region, a non-

cumulative damage function (DfCF T_Colm — g , /d,) was defined as a function of the

deformation at the point of steel yielding (d,), determined as reported in Section 2.2.1.1,
and the deformation at the peak axial load level (d,). For the specimens in the monotonic
column database with available data, Figure 3.2 and Figure 3.3 illustrate the correlation

of d, /d, with respect to the parameter P,/F, for the specimens with the L/D ratios of 2

to 4 and 15 to 23, where:

P, - nominal axial load capacity of steel tube, P, = 4, x f,,
P, - nominal axial load capacity of composite section, P, =4 x f, + A. x f".
The trend obtained in Figure 3.2 and Figure 3.3 indicates that d, /d, increases as

Py/P, increases. This is due to the fact that as the steel tube becomes more dominant
compared to the concrete, the effect of steel yielding is more significant and therefore the

damage level is larger. If the L/D value increases, an increase in d, / d, 1s also evident.

This is because for the slender members, steel yielding generally takes place at the peak
axial load level.
Linear curve fits were made to the data obtained in Figures 3.2 and Figure 3.3,

separately to define d, / d, as a function of.Py/P,. These two linear equations given in

Equation 3.16 and Equation 3.17 represent the formulations of Dy~

applicable to

L/D ratios ranging from 2 to 4 and 15 to 23, respectively. The equations were derived
from the data in the monotonic column database for steel tube yielding. All the available
data were investigated and outlier points were eliminated if the data points have a
residual (i.e., predicted value minus measured values) to predicted ratio of greater than

1.0.
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d P

prOFT Colm -=0.61-+0.044 for2<L/D<4 (3.16)
d P

preFT o =r=176-5-026 for 15 < L/D <23 (3.17)

A lower bound value of 0.10 and an upper bound value of 1.0 were obtained for

DfCF T-“-"hased upon observation of the data in Figures 3.2 and 3.3.
Figure 3.4 illustrates the comparison of the experimental d / d, values with the

ones calculated from Equation 3.16 and Equation 3.17. Despite the scatter in the data,
Equation 3.16 and Equation 3.17 seem to be a fairly accurate representation of the

d,/d, values.
The damage measure d, / d, is useful to evaluate the effect of steel yielding in the

pre-peak region. However, it is common to calibrate damage functions to a value of 1.0
at failure. Therefore, the intermediate damage levels should be evaluated with a similar

scale. This can be achieved by defining a new energy-based damage function

(E f crrclm — | | E ) as the ratio of energy absorption until steel yielding (E))

divided by the total energy under the axial load-deformation curve of the specimens
(Etotar). The E, and Eo values were calculated for the specimens with available data in
the monotonic column database. This damage index is equal to 1.0 at failure and it is
equal to zero when the structural member has no load acting on it. While calculating the
E w1 values of the specimens, it was required to define the ultimate deformation levels of
the specimens. These points were clear for the specimens with a sudden failure pattern.
However, if the specimens failed gradually, the failure was assumed to take place when
the stiffness of the members approaches zero after having significant post-peak response
with a descending branch of the axial load-deformation curve. The histogram of

E,/E,, inFigure 3.5 indicates that the majority of the specimens underwent steel

yielding when the damage index is less than 0.1. Equation 3.18 was derived by
correlating E,/E o, to the parameters L/D and Py/P,. While deriving Equation 3.18,

outlier data points were eliminated if the residual to predicted ratio was greater than 1.0.
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P
: +o.021%—0.17 (3.18)

E)]}?CFTfCalﬁm _ i =0.20

total o

In Equation 3.18, it is seen that the energy-based damage index attains larger
values once the contribution of the steel tube to the response of the RCFT column
increases. This type of trend can be seen for large values of P/P,. In addition, slender
specimens having large L/D ratios were also found to have larger damage index values at
steel tube yielding. This was evident from the experimental results on slender RCFT
columns where steel yielding was commonly delayed until flexural buckling took place,
causing £,/ E

to increase. Figure 3.6 illustrates the comparison of the experimental

total
and computational values of E,/E,,.;, for which good correlation was attained for the
majority of the specimens.

Due to the ductile nature of steel, any yielding occurring in the steel tube typically
does not cause a sudden reduction in strength. In general, the effect of steel yielding is

reflected in the member behavior as a reduction in axial stiffness. For the RCFT columns
with low fc / Jf, ratio or low D/t ratio, steel yielding is followed by a nonlinear region of

the axial load-deformation curve with a shallow or zero slope. Therefore, a major portion
of the axial stiffness is reduced (Cederwall et al., 1990; Grauers, 1993; Schneider, 1998).
This type of member behavior is referred to as Type I and is illustrated in Figure 3.7
(Grauers, 1993). In the case of RCFT columns where the contribution of concrete to the
member behavior is dominant, the axial load-deformation curves usually have a distinct
peak axial load level followed by a sudden reduction in strength. This type of axial load—
deformation curve is designated as Type Il (Cederwall et al., 1990; Grauers, 1993) in
Figure 3.7. The columns having the characteristics of Type II axial load—deformation
curves also experience a reduction in axial stiffness, prior to achieving the peak axial load

level, as steel yielding progresses. The amount of the reduction in stiffness depends on
the values of the f, / Jf, and D/t ratios. Figure 3.8 illustrates the reduction in the initial
axial stiffness after steel yielding, which is calculated for the specimens in the database
with a Type II axial load—deformation curve. To construct Figure 3.8, the slope of the

line between the origin and point of steel yielding was calculated. Then, the slope from

steel yielding point either to the next damage level or to the peak axial load level was
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determined. The difference between these two slopes approximates the reduction in
stiffness due to steel yielding prior to achieving the peak axial load level. According to
Figure 3.8, the reduction in axial stiffness can be above 80% of the initial stiffness.

The results from the experiments stored in the database shows that for the
columns having either Type I and Type II axial load-deformation curves, steel yielding
causes a potentially significant reduction in stiffness. The reduced stiffness at the

member level might affect the overall performance of the structure.

Concrete Crushing

One of the main factors making composite columns superior to other type of
materials is the introduction of concrete and utilizing its compressive capacity effectively.
In rectangular RCFT columns, the contribution of concrete to the axial load capacity
typically ranges from 20% to 70% for common D/f ratios and material strengths.
Therefore, crushing of concrete should have a significant impact on the load deformation
behavior of the RCFT columns by decreasing both the axial stiffness and strength.

Unreinforced concrete itself often exhibits a brittle type of behavior in
compression. For the specimens with low fc / Jf, and low D/f ratios where the behavior

is dominated by the steel tube, the effect of concrete crushing can only be noticeable after

steel yielding (Furlong, 1967; Lu and Kennedy, 1992, 1994; Schneider, 1998). However,

in the case of low f, / Jf, and high D/t ratios, the brittle behavior of concrete becomes

noticeable and concrete crushing causes a significant strength drop after the peak load
(Cederwall et al., 1990; Grauers, 1993; Inai and Sakino, 1996; Nakahara and Sakino,
1998).

The desired response of RCFT columns is obtained if it is ensured that concrete
crushing takes place after significant steel yielding. However, for specimens with large
D/t ratios, local buckling often occurs prior to steel yielding, with concrete crushing
usually following local buckling. In particular, once the steel tube buckles in the outward
direction, a significant portion of the axial load is transferred to the concrete core and the
concrete starts crushing (Inai and Sakino, 1996; Lu and Kennedy, 1992, 1994). After

crushing, if concrete successfully flows to the locally buckled region of the steel tube,

110



improvement in the concrete strength can be observed due to confinement. This might
cause an increase in the axial load capacity of the section. Liu and Goel (1987) observed
this type of response in their stub column tests. This type of behavior is usually expected
for low strength concrete, as the expansion after crushing is larger as compared to the
high strength concrete.

For slender members, concrete crushing is rarely observed. For such members,
the flexural buckling instability of the member is critical and the load-deflection behavior
mainly depends on elastic rigidity of the composite section. In the slender column tests
by Bridge (1976), Shakir-Khalil and Zeghiche (1989), Shakir-Khalil and Mouli (1990),
Wang (1999) and Chung et al. (2001), no concrete crushing was reported at the ultimate
limit state.

The damage sustained by the RCFT columns prior to concrete crushing is

proposed to be calculated by two types of damage functions. Similar to steel yielding,

the first damage function ( D*“""-“"-" =d_/d ) is deformation-based and it is defined

with respect to the peak point of the load-deflection curve. It is calculated by
normalizing the deformation level at the point of concrete crushing (d.), determined as
reported in Section 2.2.1.1, with respect to the deformation level at the peak axial load
level (d,). The experimental results indicate that the deformation level of concrete
crushing is affected by both material and geometric properties of the specimens. The
material strengths (f°., f,) and cross-sectional dimensions (D/f) can be represented in
terms of a dimensionless variable as P./P,. The slenderness ratio of the RCFT columns is
taken into account by the L/D ratio. The parameters P./P, and L/D ratios cover all the
significant geometric and material properties of the RCFT columns and they can be taken
as the two dimensionless parameters influencing the occurrence of concrete crushing.

Figure 3.9 exhibits the variation of d, / d, with respect to P./P,. For the specimens with
L/D ratios less than 5, d, / d, values increase when P./P, gets larger. If the L/D ratio is
larger than 15, d../d, values become equal to unity and they are not affected by the value

of P./P,. This is because slender columns are susceptible to overall flexural buckling at
relatively low axial strain levels. Even if the strain levels attained by the slender

members are high enough to initiate concrete crushing, it is likely that the columns will
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buckle immediately after crushing, as their stiffness is reduced significantly when
concrete crushing proceeds. Alternately, as soon as flexural buckling initiates, so too
would concrete crushing due to the large deformations of the member. This means that

for slender members, d. /d, is expected to be equal approximately to 1.0.

To better understand how slender a RCFT beam-column needs to be before it has

essentially no concrete crushing prior to failure, Figure 3.10 illustrates the histogram of

the ratio of (P./P,) / (L/ D) for the specimens in the monotonic column database with

L/D >15. Among the specimens that did not experience any concrete crushing, the upper
bound of (P./P,) / (L/D) ratio is 0.021 and this upper bound value, rounded down to

0.020, is reasonable to use as the limiting parameter for determining when concrete
crushing may occur in relatively slender RCFT columns.

In the case of short RCFT columns, a multivariate linear curve fitting was
performed with P./P, as the independent variables to detect concrete crushing using the
data presented in Figure 3.9. The resulting equation is given below as Equation 3.19.
Equation 3.19 was derived using the specimens in the monotonic column database having
L/D ratios less than or equal to 5.0. The specimens with no data on concrete crushing
were excluded.

d P
DCRCFT_Col_m :d_c=1_03 < +0.20 (3.19)

o o

The lower bound value of 0.24 and an upper bound value of 1.23 on d,_/d, were
obtained based upon observation of the data in Figure 3.9. In Figure 3.11, d_/d, values

from Equation 3.19 are compared with the experimental values. Equation 3.19 is fairly
successful in estimating the d_/d, values, with an R* equal to 0.51.

RCFT _Col _m
¢

In summary, D can be calculated for monotonic RCFT columns as

given in Equation 3.20.
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DCRCFT—COI—'” = d =1.03 £ +020:L/D<5
d, F,
DfCFT_CoI_m _ ;lc ~1; ii//go > 0.020 (3.20)
° L/D>15

P /P
No crushing priorto peak ;——= <0.020
g P p /D

EfCFT,COI,m

The second damage function ( =E_/E,, ) for concrete crushing is

energy-based and it is defined as the energy absorption until concrete crushing (E.),
determined by calculating the area underneath the load-deflection curves of the
specimens in the monotonic column database with available data, normalized by the total
energy absorption until failure (E,,), determined in the same way as discussed in the
previous sub-section for steel yielding.

Figure 3.12 illustrates the variation of E,/E,,, with respect to P./P, for the

ota
specimens in the monotonic column database with available data. For all ranges of

L/ Dratios, there is a clear trend that E_/E, ,, increases when P./P, gets larger. A
multi-variate linear regression was made to the data given in Figure 3.12 in terms of the
variables P./P, and L/D. This gave Equation 3.21 to calculate £*“"-“'-" . Equation

3.21 was derived using the data presented in Figure 3.12. However, the outlier data was
excluded if the ratio of residual over predicted value is greater than 1.0. In order to avoid

any negative value to be obtained from Equation 3.21, P./P, should be taken as greater or

equal to 0.34.
E P
ERCP_Colm e :0.28—C+0.O22%—0.14 (3.21)
total 4

The comparison of the experimental values of E./E,,,, with the calculated values
from Equation 3.21 is shown in Figure 3.13. Equation 3.21 estimated the E,/E

total

values in a fairly accurate manner, with an R’ of 0.73.

Local Buckling of Steel Tube
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The introduction of high strength concrete allows more slender steel tubes to be
used in RCFT columns. However, thin-walled members are prone to local buckling, and
local buckling can have detrimental effects both on the strength and ductility of RCFTs
columns.

As discussed earlier, in RCFT columns, local buckling takes place in the outward
direction. This is a higher mode of buckling and causes an increase in buckling strength
compared to hollow structural steel sections. In addition, concrete increases the half
wavelength of local buckling, which makes the steel tube less prone to steel fracture
(Wright, 1993). Local buckling mainly depends on the D/f ratio of the specimens. For
low D/t ratios, it usually takes place at the post-peak region of the load-deflection curve
of the columns. This type of response is ductile and it is ensured in the current design
codes by limiting the D/t value. However, for RCFT columns with large D/t values, local
buckling might take place elastically. This causes the majority of the load to be
transferred to the concrete core, and the concrete core typically crushes soon after elastic
local buckling. Therefore, specimens that experience elastic local buckling cannot reach
their nominal capacities, and they fail suddenly, as their response near the ultimate load is
governed by the concrete.

For RCFT columns with large L/D ratios, the overall stability of the members is
more critical than their local stability. The columns undergo overall buckling before
adequate axial strains are formed to initiate local buckling. Therefore, local buckling
generally either takes place approximately at the ultimate load or in the post-peak range.
In the slender RCFT column tests by Bridge (1976), Shakir-Khalil and Zeghiche (1989),
Shakir-Khalil and Mouli (1990), and Wang (1999), no local buckling was reported.
However, the slender columns tested by Chung et al. (2001) underwent local buckling
mostly at the post-peak range.

The damage level attained by the RCFT columns until the point of local buckling

may be represented using the damage function (D" -“"-" =d, /d ), which is

obtained by normalizing the deformation at the point of local buckling (dj), determined

as reported in Section 2.2.1.1, to the deformation at the peak axial load level (d,).
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The dimensionless parameters affecting local buckling strain level were selected
as D/t and f,/E; of the steel tube. The strength of concrete is assumed here to have
negligible effect on the local buckling strain.

Figure 3.14 shows the comparison of d,, /d, with respect to the combined

D | : . . .
parameter — % for the column specimens in the monotonic column database with
t )

available data. ? /% is proportional to the limiting parameter in AISC (1999) to

prevent local buckling. A clear trend in Figure 3.14 can be seen that as the D/t ratio and

/, of the steel tube increases, d,, /d decreases. A nonlinear curve fit was made to the

data in Figure 3.14 for estimating local buckling strain level of the column specimens as

follows given in Equation 3.22.

d I :
D]I;CFT_Col_m =d_1b:2.68><(? g_})—].OZ (3'22)

Equation 3.22 was calibrated for the specimens with L/D < 15 and it has an R’ value of

0.55. The computational values of d,, /d, are compared with the experimental results in

Figure 3.15. For the slender specimens with L/D > 15, local buckling in the pre-peak
range is not likely to take place. This limit seemed to be reasonable according to the
experimental results by Bridge (1976), Shakir-Khalil and Zeghiche (1989), Shakir-Khalil
and Mouli (1990), Wang (1999), and Chung (2001).

Energy absorption until the time of local buckling may also be used as a damage
parameter for the RCFT columns. The value of the damage function
(EfT-“'-"=E, |E,,,) adopted here uses the ratio of the energy absorption at the

total
point of local buckling (£ ), determined by calculating the area underneath the load-

deflection curves of the specimens in the monotonic column database with available data,
normalized by the total energy absorption until failure (E,,;), determined as discussed in

the previous subsections for steel yielding and concrete crushing.
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Figure 3.16 shows the variation of £, / E, ,, for the specimens in the monotonic

total

. D | : -
column database with respect to the parameter — % . According to the trend in Figure
t S

. . . . D
3.16, adecrease in E, / E,,, can be seen when there is an increase in— & A

t N
nonlinear curve fit was made to the data in Figure 3.16 to estimate Ex“"-“'-" asa

function of b ’% . The resulting Equation 3.23 is given below; it has an R value of
t N

0.41.

total

E l
EII;CFT7C017m= b :0'50(€ % -1.04 (3.23)

The computational values of £, / E,,, are compared with the experimental results in

Figure 3.17 and a fairly good correlation was obtained.

The summaries of the equations for the displacement-based and energy-based
damage functions of the monotonic column tests are given in Table 3.1 and Table 3.2,
respectively. These tables, and similar tables given throughout this chapter for RCFT
beam-columns, connections, and frames, document all damage indices derived in this
work, along with any upper and lower bounds of the independent parameters on these
indices. Statistical information of the calculated versus experimental damage indices are

also documented, along with the sources of the experimental data.
3.3 Monotonically Loaded RCFT Beam-Columns

RCFT beam-columns were investigated in three groups depending on the loading
scheme of the specimens. The loading schemes MI, MII, MIII, and MIV were already
defined in section 2.2.2.1 as follows:

MI — Eccentrically applied axial load

MII — Lateral load combined with nonproportional axial load

MIII — Uniform bending moment combined with nonproportional axial load

MIV — Uniform bending with no axial load
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In this section, the specimens with loading types MIII and MIV were studied together, as
loading type MIV is similar to loading type MIII with no axial load. This resulted in
three groups of specimens, identified as MI, MII and MIII.

The damage levels of RCFT beam-columns examined in this section cover
tension cracking of concrete, compression yielding of steel tube, tension yielding of steel
tube, concrete crushing, local buckling of steel tube flange, and local buckling of steel

tube web.

Tension Cracking of Concrete

For the beam-column specimens, both tensile and compressive characteristics of
concrete become critical. When RCFT members are subjected to bending moment,
tensile stresses develop along the section depth and the concrete starts to crack at the
early stages of the loading. As the neutral axis depth continues to shift, more concrete
goes into tension and further cracking takes place. The cracking of the concrete results in
a reduction in the stiffness of the specimens and, if the axial load levels are low, the
concrete becomes less effective in the post-peak behavior of the specimens. Specimens
with loading types MI and MIII were available.

In the monotonic beam-column tests, concrete cracking was assumed to occur

when tensile stresses start to develop at the tensile flange of the steel tubes. The damage
index (D, *""-%-" =d_ /d,) when tension cracking of the concrete occurred was

defined as the ratio of the current deformation (d,,) to the deformation at the peak load

(do)-
For the specimens tested by loading type MI and having reported data on concrete

cracking, d_ /d, was estimated with a curve fit to the available data in terms of the
following parameters: eccentricity over depth (e/D’) and nominal strength of concrete
core over nominal strength of composite section ( P,/P, ). This process resulted

Equation 3.24 with an R value of 0.90.

. d P
DRCFT_Be_m :d_":—1,02%—3.74—c+1.76 (3.24)

o o
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According to Equation 3.24 when the ¢/ D ratio increases, a reduction in the
d, /d, ratio takes place. This is because bending moment is proportional to the amount

of eccentricity, and a larger bending moment causes concrete cracking to occur earlier. If
the value of P./P, ratio gets larger, the contribution of the concrete to the behavior
increases. As the concrete core has a lower modulus than the steel tube, the overall
stiffness of the section decreases and concrete cracking occurs earlier. The comparison
of computational and experimental values of d,. /d  can be seen in Figure 3.18. This
figure shows that for one specimen, Equation 3.24 gives a negative value. From the
ranges of material and geometric properties used to derive Equation 3.24, it was
concluded that Equation 3.24 is limited to beam-columns with P,/P, values less than

0.33 to avoid negative values of d_, /d, .

The energy-based damage function at concrete cracking
(E,"-%-"=E_|/E,,,) was also evaluated for the MI type specimens. The damage
indices were calculated as the ratio of energy absorption until concrete cracking (E.,) to
the total energy absorption (Ey,;). The damage index values were correlated to the

structural parameters e/ D and P./P,and Equation 3.25 was derived with an R’ value of

0.82.
T E P
E?C Be_m =—° = —140_6—033£+064 3.25
cr E P D ( )
total o

Similar to the deformation-based damage index at concrete cracking, Equation

3.25 shows that £ /E, ,, values decrease when the specimens have thin-walled tubes or

when the e/ D ratio gets larger. The comparison of Equation 3.25 with the experimental
results can be seen in Figure 3.19.

In the case of the specimens with the loading scheme MIII, the d /d, ratio was

correlated to the ratio of applied axial load (P) to the nominal strength of composite

section (P,) and the ratio of P./P,. The d, /d, ratio was estimated by performing a

multivariate linear regression for the variables P/P, and P./P, . The resulting equation
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derived for the d_, /d, ratio was Equation 3.26 with an R* of 0.95 and its formulation is

given below:

, d P
DRCFTBem =d—”=0.42 - 1132 038 (3.26)

o o o

From Equation 3.26, it is clear that d , /d, increases when P, /P, gets larger. It is

possible to enhance the nominal strength of the concrete core either by increasing f°. or
the D/t ratio. When f’. increases, the tensile strength of concrete also improves, and this
might cause a delay in concrete cracking. However, this should be insignificant, as the
tensile strength of concrete does not vary substantially. On the other hand, if the D/f ratio
of the members increases, concrete becomes dominant and the peak deformation of the

composite section decreases. Therefore, d,, /d, achieves larger values when P./P,

increases. The trend in Equation 3.26 also shows that the axial load reduces the amount

of concrete section subjected to tension and delays concrete cracking. Therefore, d_, /d,

increases for high values of axial load. The comparison of Equation 3.26 with the
experimental results in Figure 3.20 shows that Equation 3.26 is successful in predicting
d, /d  for the specimens tested with loading scheme MIII.

For the MIII type beam-column specimens, the energy-based damage index at

RCFT _Bc_m

concrete cracking (£, =E_/E,, ) was also investigated. Equation 3.27 was

developed to estimate E.,/E,, and the R’ was found to be 0.44.
E P
ERCT Bem =¢=—o.16?ﬂ+0.11£+0.11 (3.27)

total 4 o

As can be seen from Equation 3.27, E_ / E,,, exhibits a similar trend as d../d,

tota
with respect to the parameter P/P,. However, E_ /E, ,, was found to decrease for large
values of P,/ P,. The computational values of E,/E s from Equation 3.27 are compared

with experimental results in Figure 3.21, where fairly good correlation can be seen.
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Yielding of Compression Flange of Steel Tube

In the beam-column tests, compression flanges of the members are subjected to
compressive strains due to the axial load and bending moment, simultaneously.
Therefore, compression flanges of the steel tubes are more susceptible to yielding than
the tension flanges. In the majority of the beam-column tests, steel compression flange
yielding occurs in the pre-peak-region and it is the second damage level observed after
tension cracking of the concrete core. Similar to the column tests, a reduction in stiffness
of the specimens is probable after yielding. When the specimens are tested under
bending moment and constant axial load, the contribution of concrete core to the overall
behavior reduces and the steel tube becomes more dominant. Therefore, yielding of the
steel tube might have a greater impact on the behavior of the specimens than it has in the
case of column tests.

The available data for steel compression flange yielding from the beam-column

database were investigated for the specimens with loading schemes MI, MII, and MIII,

separately. Either deformation-based (D,, REFT_Be-my or energy-based damage functions

RCFT _Bc_m . .
(E, ) were employed to quantify the occurrence of steel compression flange

yielding.
For the specimens tested by loading scheme MI, the amount of eccentricity is one
of the key parameters affecting the beam-column behavior. Therefore, the eccentricity

over depth ratio (e¢/D) is included in the list of the parameters used to estimate the

damage function for steel compression flange yielding. The damage at compression steel

yielding was quantified using both deformation-based and energy-based damage
functions. The deformation-based damage function (D,,"""-"-" =d_, /d,) was defined

as the ratio of deformation at compression yielding (d.,) to the deformation at the peak
load (d,). The most common deformation measure used for the MI type beam-columns
was mid-height deflection. Equations 3.28 and 3.29 were derived to estimate the values
of d./d, by investigating the available specimens in the database in two groups
depending on the value of the parameter e/D. The R’ for Equation 3.28 and 3.29 were
found to be 0.41 and 0.84, respectively.
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y

, d,
pRerr_pem - " =0.o35%+0.021?—0.31 (e/ D <0.20) (3.28)

o

d.
DACHT e _Cor 0.026%+ 0.045%—1.03 (¢/D > 0.20) (3.29)

o

Equations 3.28 and 3.29 illustrate that an increase in D/f causes d,, /d, to take

larger values. This might be attributed to the fact that as the specimens become thin-
walled the majority of the load is transferred to the concrete core and steel yielding is
delayed. The specimens tested by loading schemes MI are all slender members with L/D
ratios greater than 10. These types of members usually fail by overall buckling at the
onset of steel yielding in compression. Therefore, as the L/D ratios get larger,

d, /d,increases. The computational d , /d, values from Equation 3.28 and 3.29 are

compared with the experimental results in Figure 3.22 and good correlation was achieved
for the majority of the specimens.

An energy-based damage function of the MI type beam-columns at compression

RCFT _Bc_m

steel yielding (£, =E, /E,, ) was defined as the ratio of energy absorption at

the point of steel yielding to the total energy absorption at failure. Equation 3.30 was

total *

formulated with an R of 0.81 to calculate E, /E

Errben ~0.49€ 4000922 +0.016% ~0.49 (3.30)
cy D t D

For the majority of the specimens, it was found that the specimens having a larger
eccentricity have steel yielding earlier in the load history. However, increasing the
eccentricity also caused the energy absorption of the specimens to decrease. Therefore,

for larger values of e/ D, E_ /E,,, exhibited an increasing trend. Similar to the

o Was found

deformation-based damage index given in Equations 3.28 and 3.29, £ / E
to increase when D/tor L/ D gets larger since steel yielding is delayed. The
comparison of Equation 3.30 with the experimental results is shown in Figure 3.23 and
good agreement was achieved.

Two independent dimensionless parameters, P/P, and P,/P, were selected as

having a significant effect on steel compression flange yielding for the beam-columns

tested with the loading scheme MII. Steel compression flange yielding points for the
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specimens tested by loading scheme MII were only provided by Sakino and Ishibashi
(1985). For the available data in the monotonic beam-column database, a multivariate

linear regression was made using the variables P/P,, P, /P, presented above. Equation

3.31 was obtained to estimate the deformation-based damage function of the beam-
columns tested by loading scheme MIL with an R’ of 0.86. Equation 3.31 does not
include the parameter L/D ratio, as it was kept constant for the specimens tested by

Sakino and Ishibashi (1985).

d P
pirm s = Lo - 1602~ 2475 4264 (3.31)

o o o

Equation 3.31 indicates that d_., / d, decreases when P gets larger. This is an expected
trend, as larger compressive forces cause early steel yielding. If the P, of the beam-
columns increases, the specimens have more reserve strength after steel compression
flange yielding to undergo larger peak displacements. This causes d., /d, to become
smaller. Equation 3.31 and the experimental results show good correlation, as shown in
Figure 3.24.

The energy-based damage index at yielding of compression flange (£, / E,,,; )

D |J, .
was correlated to the parameters P/ P, and — / Ij; . Equation 3.32 was formulated to
t s

estimate £, /E,,, and the R’ of Equation 3.32 was determined as 0.68.

E, ,
ECI;CFT SPem = 2 =10.068 b g—} -0.073 r_ 0.014 (3.32)

total s o

The trend in Equation 3.32 indicates that the specimens having large — /;—} values have
t

steel tube yielding delayed. On the other hand, it is expected that if high axial load is
applied to the specimens, steel yielding in compression will take place earlier, causing

small values of E_ /E,,, tobe attained. Comparison of Equation 3.32 with the

total
experimental results is shown in Figure 3.25, exhibiting close agreement.
For the specimens tested by loading scheme MIII, the damage level at steel

compression yielding was evaluated by using the deformation-based damage function.
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The parameters P/ P, , P,/ P, , and L/D were correlated to d,, /d, by multivariate linear

regression and Equation 3.33 given below was derived with an R’ value of 0.60.

d P
DfCFTﬁBcfm _ o _ —1.16£—0.97 s _0.19£+1_95 (3.33)
y d P P D

Similar to the specimens tested by loading scheme MI, Equation 3.33 shows that
d,, /d, decreases when there is an increase in /P, or P, /P, . The effect of L/D on the

beam-columns is reflected through second-order moments. For high L/D ratios, the
bending moment applied to the beam-columns increases, which causes more compressive

stresses to develop. Therefore, the trend in Equation 3.33 shows that d,, / d, gets smaller
for higher L/D ratios. If the predicted values of d_, /d, from Equation 3.33 are compared
with the experimental results, for the majority of the specimens good correlation was

achieved. However, as it can be seen in Figure 3.26, for P,/P, values greater than 0.74,

Equation 3.33 produces a negative value of d,,, / d, . Therefore, it is recommended to use

Equation 3.33, for Py/P, values less than 0.74.

In Equation 3.34, the correlation of £/ E,,,, with respect to the parameters P/P,,

total
P /P ,and L/Dis given. The R’ for Equation 3.34 was determined as 0.38. While

deriving Equation 3.34, one of the specimens was treated as an outlier point as it had a

very high value of residual to predicted ratio.

E. P
ERCHT-Bem = 2 = 0.0038% —0.056 = — 0.046% +0.064 (3.34)
total o o

It was found that £,/ E,,, exhibits a decreasing trend for large values of
P/P,and P,/ P, . This trend was also observed for the deformation-based damage index
given in Equation 3.33. However, E , /E,,,, was found to attain high values for slender

specimens having large L/ D ratios. This is due to the fact that as the L/ D ratio of the

specimens increases £, decreases at a larger rate than £ causing £,/ E,,, to

total
increase. In Figure 3.27, Equation 3.34 was compared with the experimental results.
Despite the relatively low value of R, for the majority of the specimens a good

correlation can be seen.
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Yielding of Tension Flange of Steel Tube

When RCFT members are subjected to bending moments, the tension flange of
the steel tubes starts to yield after the tensile stresses due to flexure exceed the
compressive stresses caused by the axial load and progress to the yield stress. Axial load
delays the occurrence steel tension flange yielding, and it is usually preceded by steel
compression flange yielding. After the steel tube yields at both flanges, the stiffness of
the composite section reduces significantly. Therefore, steel tension flange yielding of
the beam-columns signals that beam-column members are close to their ultimate
capacity.

Steel tension flange yielding damage level was studied for specimens with
loading schemes MI, MII, and MIII, separately. For each set of data, tension flange
yielding was quantified using the deformation-based damage index or energy-based

damage index given in Equations 3.35 and 3.36, respectively.

d
DRCFT _Be_m _ Dyt 3.35
- (335)
E
RCFT _Bc_m t
Eyt - :—Ey (3.36)

total
where:

d,, — deformation level at tension flange yielding

E,; — energy absorption until tension flange yielding

For the specimens tested with the loading scheme MI, both the deformation-based

and the energy-based damage functions were used to quantify the amount of damage at

steel tension flange yielding. The structural parameterse/D, P,/P, , and L/D were
correlated to the damage indices and equations were derived to estimate d , /d,, and
E vt / E total *

Equations 3.37 and 3.38 were derived to estimated , /d,,. The specimens were

investigated in two groups depending on the L/ D ratio. The R’ of Equations 3.37 and
3.38 was found to be 0.68 and 0.57, respectively.
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d P

DROFT-Bem T _ 8 6375 1,88 —0.90 (L/D<15) (3.37)
d, . D
d P
DR Bem ot 3.042— 4765 +0.99 (L/D>15) (3.38)
y d() 1:; D

It was found that increasing P, / P, delays tension flange yielding and causes the
specimens to take larger d , /d, values. On the other hand, the specimens having large

e/ Dor L/ D values experience tension flange yielding earlier and have smaller

d, /d,values. Equations 3.37 and 3.38 were compared with the experimental results in

Figure 3.28 and good correlation was achieved for the majority of the specimens.
The energy-based damage index at tension flange yielding was presented in

Equation 3.39. E /E,,, was correlated to the parameters e/ D, P,/ P,,and L/D. The

R’ for Equation 3.39 was found to be 0.70.

E P
EROPT Bem _ ot =0.16£+0.47—S+0.011£—0-18 (3.39)
¥ E D P D

total o

The tensile stresses acting on the flange of the steel increase when the amount of
eccentricity gets higher. This causes early steel yielding at the tension flange of the steel

tube. However, increasing the eccentricity also causes a decrease in E,;. Equation 3.39
shows that the rate of reduction in E,; is large, and if e/ D values get larger, this causes
an increase in £, /E,,,,, - Increasing the nominal resistance of the steel tube improves the
energy absorption capacity and also delays the occurrence of steel tension flange
yielding. For the specimens used to derive Equation 3.39, the rate of increase in E); is
greater than the rate of increase in E,,,;. Therefore, the trend in Equation 3.39 indicates
that £, /E,,, increases when nominal strength of steel tube gets larger. For slender
specimens, steel yielding in the tension flange of the steel tube occurs close to the
ultimate load. As can be seen from Equation 3.39, this causes £, /E,,,, to have a larger
value when L/D of the specimens increases. Figure 3.29 exhibits the comparison of

predicted values from Equation 3.39 with the experimental results. Good correlation

exists between the computational and experimental data.

125



The second set of data studied for tensile flange yielding was taken from the tests

conducted using the loading scheme MIL. The parameters P/P, and P,/P, were
correlated to d, / d, using multivariate linear regression and Equation 3.40 was obtained

with an R’ value of 0.70.

d P
DREFT pem =d—”=1.47§—5.28 * 1385 (3.40)

Equation 3.40 illustrates that as the axial load level on the beam-columns increases the

occurrence of tension flange yielding is delayed and 4, / d, gets larger. If the nominal

strength of the steel tube is improved both d,, and d, of the member increase. However,
for the majority of the specimens the rate of increase in d, is greater than that of d,,.

Therefore, in Equation 3.40, d , /d,, decreases when P, /P, gets larger. All the data that

Equation 3.40 was derived was taken from the specimens with L/D ratios equal to either

3.0 or 2.5. Consequently, L/D ratio was not taken as a parameter to estimate d , / d, for

the specimens tested by the loading scheme MII. The experimental and computational

results for d , /d, were compared in Figure 3.30 and a reasonable correlation was

attained.
Yielding of the tension flange of the steel tube for MII type specimens was also

investigated using the energy-based damage function (£, /E,,,, )- The parameters P/P,

and P,/P, were considered to affect yielding of tension flange. Equation 3.41 was

derived to estimate £ , /E,,,, and R’ was found to be 0.60.

E, P
ERCFT _Bem o A —0.622 016210039 (3.41)

total o o

Similar to the deformation-based damage index given in Equation 3.40,

E | E u exhibited a decreasing trend for large values of P, / P, while an increasing

trend was evident when the axial load level acting on the specimens increases. In Figure
3.31, it can be seen that Equation 3.41 and experimental results exhibit a close agreement

for the majority of the specimens.
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For the specimens tested by the loading scheme MIIL, d , / d, was correlated to

the variables P/P,, P,/P, , and L/D by multivariate linear regression and the Equation
3.42 was obtained with an R’ of 0.60.

d P
D}I)?[CFTﬁBcﬁm :d_yt:1,52£—0,21 s —0,034%+0.59 (3.42)

When the beam-columns are subjected larger compressive forces, yielding of the tension

flange is delayed. Therefore, in Equation 3.42, d , /da increases when P/P, gets larger.

Equation 3.42 was derived from the test data of RCFT beam-columns where the majority
of the specimens have either low D/f ratio or low f°.. As the behavior of these specimens
is controlled by the steel tube, an increase in P,/P, makes the section more ductile and
increases the peak displacement. On the other hand, an increase in P,/P, also delays the
steel tension flange yielding. However, for the majority of the specimens the rate of
increase in peak displacement is larger than that of the displacement at tension flange
yielding. Therefore, Equation 3.42 shows that d , /d, reduces when P, /P, gets larger.
Slender specimens with high L/D ratios are susceptible to second order moments, which

increases the tensile stresses acting on the steel tube sections. This causes early yielding

in tension flange and Equation 3.42 shows that d, / d, 1is lower for high L/D ratios. As

can be seen from Figure 3.32, the experimental results were predicted using Equation
3.42 in a fairly accurate manner.
The formulation derived to estimate the damage index at tension yielding of the

steel tube is given in Equation 3.43. E  /E,,, was correlated to parameters P, / F,,

P/P,,and L/D and the R’ was determined as 0.57.

E
EﬁCFT*B‘?”’ =—r = 0.024§ + 1.07£ + 0.045% —-0.26 (3.43)

total o o

Equation 3.43 shows that £,/ E,,,, exhibits a similar trend to d, /d, with respect to the
parameter P/ P,. However, different fromd ,/d,, E,, /E,,, increases for large values
of P,/P andL/D . For the specimens having thick-walled or high strength steel tubes,

with large values of P, / P,, steel tube yielding is delayed causing £,/ E,,, to increase.

total
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On the other hand, for slender specimens having large L/ D ratios, both £  and £,
decrease where the rate of reduction in £, is greater than £ ,. Therefore, in Equation
343, E,/E,,, increases for large values of L/ D . In Figure 3.33, Equation 3.43 was

compared with the experimental results and good correlation was attained for the

majority of the specimens.

Concrete Crushing

In the RCFT beam-column tests, the contribution of concrete to the capacity of
the composite section is typically not as significant as in the case of the RCFT column
tests. Bridge (1976) found that concrete core provides only 7.5 % of the capacity of the
composite section under pure bending. Therefore, the plastic moment of the steel tube is
close to the moment capacity of the composite section under pure bending (Lu and
Kennedy, 1992, 1994). However, the use of thin-walled tubes with high strength
concrete for RCFTs makes the cross section have an ultimate moment capacity larger
than the plastic moment capacity of the steel tube (O’Shea and Bridge, 1997). In
addition, when axial load is introduced combined with bending moment, the neutral axis
depth of the cross section increases and more concrete is involved in resisting the applied
loading. This causes concrete crushing to affect the beam-column behavior more
severely.

The available tests where concrete crushing was reported are all tested by the

loading scheme MIII. The damage level at the time of concrete crushing was represented

using both the deformation-based damage index ( D*“"-**-" =d_/d ) and the energy-

based damage index (E*""-*-" =E_/E,_, ).

The deformation damage index of the specimens did not show significant

variation for the majority of the specimens. The average value of d_ /d was determined
as 0.88 with a standard deviation of 0.18. The histogram of d_/d, for the MIII type

beam-columns can be seen in Figure 3.34 where it was found that for the majority of the
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specimens concrete crushing was found to take place at the same time when the peak load

was attained (d_ /d ).

To investigate the energy-based damage index at concrete crushing, a multivariate

regression analysis was performed for the parameters P/P,, P./P, , and L/D . Equation

3.44 was derived to estimate £, / E,,,, , with an R value of 0.76.

total >

L

ERCTPem = ~025L 111
P

0 0 —0.034%+1.22 (3.44)
Axial force acting on the composite section causes the neutral axis depth to shift

downward. Once the neutral axis depth shifts downward, the compressive strains of the

concrete fibers get larger and therefore concrete crushing takes place earlier. Therefore,

as can be seen in Equation 3.44, E_/E,,, decreases when P/P, gets larger. Equation

total
3.44 illustrates that if the nominal strength of the concrete core

improves, E, / E,,, decreases. This is because high strength concrete causes the energy

total
absorption in the post-peak region to be significantly larger than the pre-peak response.
The effect of the second-order moments can also be seen in Equation 3.44. For members
with high L/D ratios, the moment acting on the RCFT beam-column increases due to
geometric nonlinearity, which results early crushing of concrete. Thus, in Equation 3.44,
E_/E , gets smaller for large L/D ratios. The computational results from Equation

total
3.44 were compared with the experimental data in Figure 3.35 and good agreement was

obtained.

Local Buckling of Steel Tube Flange

Local buckling of the steel tube is primarily observed at the compression flange of
the RCFT beam-columns. It always takes place in the outward direction due to the
restraint provided by the concrete core. The steel tube forms a bulb at a length
approximately equal to the depth the steel tube (Liu and Goel, 1987). This mode of
buckling is advantageous for two reasons. First, the dimension of the steel section does
not reduce and second, as the local buckling does not took place as a narrow kink, the

steel tube becomes less susceptible to fracture. The majority of the load carried by the
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steel tube is transferred to the concrete after local buckling. Following concrete crushing,
the locally buckled region is filled with concrete and this might result in an improvement
in the post-peak behavior of the specimens (Fujimoto et al., 1995).

The damage level when local buckling of the compression flange occurs was

represented by the deformation-based damage index (D,’;fF T-Be-my and the energy-based
damage index ( Ej" -"-") given in Equations 3.45 and 3.46 below:
d
cC m f
D}z;quTﬁB mo_ ai_b (3.45)
c_m Elbf
E]];;’FTﬁB e (3.46)

where:

dpy— deformation at local buckling of compression flange

E,r— energy absorption until buckling of compression flange

Among the tests existing in the monotonic beam-column database with the
loading scheme MI, local buckling points were reported only by Chung et al. (2001).
Using the available data, Equation 3.47 was developed to predictd,,, / d,. All the

specimens had a constant P, /P, ratio of 0.3. Therefore, d,, /d, was correlated to e/D

and L/D. The resulting equation given below had an R value of 0.53.

d..
Dy-pen :% = —0.42%—0.047%”.51 (3.47)

As can be seen in Equation 3.47, when the eccentricity of the beam-columns increases,
the compressive stresses at the flange also increase and local buckling takes place earlier.
In addition, slender members are subjected to larger moments due to geometric
nonlinearity. This also increases the compressive stresses at the steel tube flange and

causes early local buckling. Therefore, in Equation 3.47, d, / d, decreases for large

values of e/Dand L/D. Equation 3.47 shows good correlation with experimental results
as can be seen in Figure 3.36.
RCFT _Bc_m

Energy-based damage function ( £, ) was also evaluated for MI type

beam-columns at local buckling of compression flange. Equations 3.48 and 3.49 were
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derived to estimate £, /E,,, values. The R’ of Equations 3.48 and 3.49 was found to

tota

be 0.99 and 0.76, respectively.

E, .
EprT b = E”’f = 0.031% —0.027 (e/ D =0.16) (3.48)
total
RCFT _Bc_m Elbf L
BB = =0.039-+0.041 (e/ D = 0.50) (3.49)

total
In both Equation 3.48 and 3.49, it was found that as the L/ D ratio of the specimens

increases, £,/ E,,, also increases for the same specimens. The deformation-based

damage index given Equation 3.47 previously showed that slender specimens experience
steel yielding earlier. Therefore, the trend in Equation 3.48 and 3.49 might be attributed

to the fact that as the L/ D ratio of the specimen increases, a reduction in £, takes

total
place. In addition, Equation 3.48 and 3.49 show that specimens with large e/ D ratios

usually have a larger £, / E,,,, values. This fact might also be attributed to reduction in

E ., for large values of e/ D. Figure 3.37 shows the comparison of Equation 3.48 and

total
3.49 with the experimental results and good correlation between the computational and
experimental results can be noticed.

For the specimens tested by the loading scheme MII, the damage indices at local

buckling of the compression flange were correlated to the parameters P/P,, P./P, and
L/D. To estimate the deformation-based damage index (d,,, /d,), Equation 3.50 was

derived with an R” of 0.42. While deriving Equation 3.50, outlier points were eliminated

if the residual over predicted ratio is larger than 1.0.

d, .
Dy B =%=—3.68§—3.11£+3.98 (3.50)

o o o

The trend of the data to estimate Equation 3.50 showed that increasing

P/ P causes local buckling to take place earlier and d,,, / d, gets smaller. On the other

Ibf

hand, increasing P, / P, delays local buckling to take place. However, for large values
of P,/ P, , d,also increases. As the rate of increase of d, is larger than that of djy,

d, /d, exhibits a decreasing trend for large values of P,/P, . The comparison of

Ibf

Equation 3.50 with the experimental results can be seen in Figure 3.38.
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Equation 3.51 was derived for MII type beam-column specimens to estimate the

energy-based damage index at local buckling of the compression flange (£,, / £, ). In

total

Equation 3.51,E,, / E,,, was correlated to the parameters P/ P,and P,/P, and the R’ was

Ibf

found as 0.41.
E P
Eforr pem - W _ 0412 _03225 4046 (3.51)
total o o

Similar to the deformation-based damage index in Equation 3.50, £,/ E,,, was found

to decrease for large values of P/ P, and P,/P, . Equation 3.51 was compared with the
experimental results in Figure 3.39.

For the specimens tested by the loading scheme MIII, the ductility-based damage-
index was correlated to the variables P/P,, P./P, and L/D using multivariate linear
regression and Equation 3.52 was derived, with an R’ value of 0.69. While deriving
Equation 3.52, outlier points were eliminated if the residual over predicted ratio is greater

than 1.

d P
prorrsen G s eq P 553 B 549l 930 (3.52)
Ibf d D

o o o

Equation 3.52 indicates that high axial load causes earlier local buckling and

dyy / d, decreases when P/P, gets larger. High axial loads cause larger compressive

stresses to develop at the steel tube flange and this increases the possibility of local
buckling to take place. The nominal strength and peak displacement of the RCFT beam-
columns improve by either increasing f, or decreasing D/f ratio of the steel tube. The
resistance to local buckling also improves when D/# ratio of the steel tube gets smaller.
However, for the majority of the specimens for which Equation 3.52 was derived, the rate
of increase in peak displacement was larger than the rate of increase in dyy. Therefore, in

Equation 3.52, there is a decrease in dy,, /d, as P,/F, takes larger values. For slender

members, the additional moments due to second-order effects increases the compressive
stresses acting on the steel tube, which causes earlier local buckling. The trend in

Equation 3.52 exhibits a reduction in d,, /d, when L/D increases. Equation 3.52 also

exhibits good correlation with the experiments as can be seen in Figure 3.40. However, it
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should be noted that Equation 3.52 results in negative values for high P/P , ratios.
Therefore, it is recommended that Equation 3.52 be used for P/P , ratios less than 0.60.

For the MIII type beam-column specimens, the energy-based damage index at

local buckling (£, / E,,,, ) was investigated in Equation 3.53 where £, / E,,, was

fota tota

j;y and L/ D . While deriving Equation 3.53,

s

D
correlated to the parameters P/P,, —
t

some of the specimens were treated as outliers if the residual to predicted ratio was

greater than 1.0. The R’ of Equation 3.53 was determined as 0.55.

E .
ERCFT _Be_m _ If =0'015£_0_252 £—0.75£+0.97 (3.53)
D t \E, P

total

total o

It was found that any increase in the parameters P/P , and — % causes a reduction in
t s

the value of £, / E A similar trend can also be observed for d,,, /d,given in

total *
Equation 3.52. Equation 3.53 also shows that specimens with large L/ D values attain

larger values of E,, /E,, , when local buckling takes place. Equation 3.53 was

Ibf tota
compared with the experimental results in Figure 3.41 and for the majority of the

specimens a satisfactory correlation was attained.

Local Buckling of Steel Tube Web

In the post-peak range of the RCFT beam-columns, it is common for the steel
tube web to locally buckle. After the flange of the steel tube buckled and concrete core
crushed, the majority of the axial load and bending moment is transferred to the steel tube
web and local buckling of the web takes place. This damage level usually takes place at
high strains and signifies that the member is close to its ultimate state. Similar to flange
of the steel tubes, steel tube webs with high D/t ratios are expected to be more susceptible
to local buckling. The data for local buckling of the steel tube web was only available for
the specimens tested by MII and MIII type of loadings. No local buckling was reported
for the specimens tested under MI type of loading.
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The deformation-based ( D" -#-") and energy-based (£, ' -**~") damage

indices used to quantify the damage at local buckling of the steel tube web are given

below:
DRCFTchfm _ dlbw (3 54)
Ibw - d :
E/I;SFT_Bc_m — Elbw (3.55)
total
where:

djp — deformation at local buckling of steel tube web
E,, — energy absorption until local buckling of steel tube web
Analyzing the available data in the database, the deformation-based damage index

at local buckling of the steel tube web was correlated to the parameters P/ P,
and P/ P, for MII type beam-columns. The formulation developed to estimate d,,, /d, is

given in Equation 3.56 and the R’ of Equation 3.56 was determined as 0.62.

d P
prerrsen @i _ 4818 104955 41081 (3.56)

Ibw d

o o o

According to Equation 3.56, it can be concluded that local buckling of the web

takes place earlier for high axial load ratios. However, the trend of d,,, /d, with respect
to the parameter P,/ P, was found to be unusual since it is often expected that local
buckling is delayed for large values of P./ P, rather than it takes place earlier. This

unexpected trend might be attributed to the interaction between steel tube and concrete
core as a result of the composite nature of RCFTs. Equation 3.56 was compared with the
experimental results in Figure 3.42 where good correlation was achieved.

The damage level at local buckling of the steel tube web for MII type specimens
was also investigated using energy-based damage function. For this purpose, the
available specimens in the database were examined in two groups with respect to the
level axial load acting on the specimens. Equations 3.57 and 3.58 were derived to

estimate the energy based damage index (E,,,/E,, ). The R’ values for Equation 3.57

and 3.58 were determined as 0.59 and 0.90 respectively. While formulating Equation

3.57, outlier points were excluded if the residual to predicted ratio is greater than 1.0.
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E P
ERC:FT_Bc_m — bw —-0.75—=+4+0.84 (P/P < 040) (357)
Ibw E P °
total o
E P
ERCFT Beom _ Ziw 1 03=2_0.34 (P/P, >0.40) (3.58)
Ibw P 0
total o

For the specimens having small axial load ratios (P/ P, <0.40), E, /E,, exhibited a

similar trend to the deformation-based damage index given Equation 3.56 and it was

found that £, /E,,, decreases when P /P, gets larger. However, as the axial load ratio

total
increases, it was found that local buckling of the steel tube web is delayed if
P /P increases. The comparison of Equations 3.57 and 3.58 with the experimental
results is presented in Figure 3.43 and a good correlation can be seen.

The damage level at local buckling of the steel tube web was also studied for MIII

type beam-column specimens. In Equation 3.59 and 3.60, the correlation of d,,, /d,with

D : .
respect to the parameters " /% and P/ P, was studied.

- d i
prerr gem _ Ziw _ 0.632 s +0.33 (P/ P, <0.40) (3.59)
d, t \E,
, d
DRCFT_Bem _ ;w =1.88 (P/ P, > 0.40) (3.60)

o

For the specimens in the database, it was found that if the tests are performed under high

axial load level, the value of d,,, /d  did not show significant variation. On the other

hand, if the axial load level is low, d,,, /d, exhibited an increasing trend as b Ig—} gets
t

larger. The R’ of Equation 3.59 was determined as 0.46 while no R’ was calculated for

Equation 3.44 since d,,, /d, was assumed to remain constant. However, the mean and
standard deviation of d,,, /d  for the specimens with high axial load was calculated as

1.88 and 0.20, respectively. Equation 3.59 and 3.60 were compared with the
experimental results in Figure 3.44 and a good correlation was achieved.
The damage level at local buckling of the steel tube was also quantified using the

energy-based damage function for MIII type beam-column specimens. Similar to the
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deformation-based damage indices in Equations 3.59 and 3.60, two parameters including

D |f

— E_y and P/ P, were considered to affect £, /E,,, and Equation 3.61 was derived to

tfota,

t N
calculate £,/ E,,, . The R’ of Equation 3.61 was calculated as 0.38.
> E i
E T pem :ﬂ:O.ZS2 f—)+1.42£—0.38 (3.61)
total t Es })0
. . .D |f,
E, . /E,. wasfound to have an increasing trend if — o or P/ P gets larger. The
t

comparison of Equation 3.61 with the experimental results is shown in Figure 3.45.
Despite the low Rattained by Equation 3.61, computational and experimental results
exhibited a good agreement.

The summaries of the equations for the displacement-based and energy-based
damage functions of the monotonic beam-column tests are given in Table 3.3 and Table
3.4, respectively, including appropriate statistical information and bounds on the
independent variables for all the equations based upon the range of values available from

the experimental research.

3.4 Cyclically Loaded RCFT Beam-Columns

Cyclically loaded beam-columns in the database can be categorized into two
groups depending on the type of loading. In the first group, the specimens are subjected
to double curvature bending under constant axial load and cyclic lateral load. In the
second group, cantilever specimens are tested in single curvature under constant axial
load and cyclically applied lateral loading. However, the former group of specimens can
be idealized as two cantilever beam-columns under single curvature bending. This
idealization eliminates the need to investigate the type of loading as a parameter while
studying the damage levels.

The damage levels observed in the cyclic beam-column tests are the same as their
monotonic counterparts. The damage observed during both directions of the loading was

examined.
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In the cyclic beam-column tests available in the database, the authors provided
limited amount of damage levels in their reports. Therefore, an alternative method was
needed to extract more damage points from the experimental hysteresis curves of the
specimens. The concrete cracking, steel compression flange yielding, and steel tension
flange yielding damage levels were computed with the help of a moment-curvature
analysis program developed for rectangular RCFT cross sections (see Appendix A). The
purpose of investigating the moment-curvature response of the RCFT members was to
calculate the moment levels at concrete cracking, steel compression flange yielding, and
steel tension flange yielding. First, the cross-section analysis program was executed for
several MIII type monotonic beam-column tests from the literature, including tests by
Tomii and Sakino (1979a), Varma (2000) and Varma et al. (2002a, 2002b). For the tests
by Tomii and Sakino (1979a), the constitutive material models of steel and concrete
developed by Gourley and Hajjar (1994) and Hajjar and Gourley (1996) were used, while
the specimens by Varma (2000) and Varma et al. (2002a, 2002b) were analyzed by
employing the constitutive models provided by Varma (2000) and Varma et al. (2002b).
The range of parameters for these specimens included D/f ranging from 24 to 48 and P/P,
ranging from 0 to 0.57. With respect to the material parameters, f, ranged from 284.5 to
552 MPa and f°, ranged from 19.8 to 110 MPa. Figures 3.46 to Figure 3.51 show the
comparison of experimental and analytical moment-curvature graphs of typical
specimens from the tests by the aforementioned researchers. For both sets of tests, it can
be seen that the cross-section analysis program reproduced the experimental response of
the majority of specimens accurately. However, it is evident in Figure 3.48 and Figure
3.51 that the degree of accuracy in the post-peak region is not satisfactory when both the
D/t and P/P, ratios of the specimens are large. On the other hand, the pre-peak response
of all the specimens was estimated accurately. In the monotonic beam-column database,
it was found that the three damage levels of concrete cracking, steel compression flange
yielding, and steel tension flange yielding take place either before or very near the
occurrence of peak load. Therefore, the cross-section analysis program can be used to
estimate accurately the moment levels of concrete cracking, steel compression flange
yielding, and steel tension flange yielding. Varma (2000) and Varma et al. (2002a,

2002b) also provided steel compression flange yielding and steel tension flange yielding
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points of the specimens obtained from strain gage data. The same specimens were
analyzed by the cross-section analysis program and the moment levels at steel
compression yielding and steel tension yielding were compared in Figure 3.52 and Figure
3.53, respectively. In these figures, computational and experimental steel yielding points
showed good correlation.

The well-developed damage functions in the literature (e.g., Park and Ang, 1985;
Mehanny and Deierlein, 2000, 2001), as discussed in Section 3.1.1.2, involve the
integration of the experimental hystresis curves. In order to apply these types of damage
functions for the RCFT beam-columns, either points in an experimental hysteresis curve
are required at a refined level of detail, or an analysis program simulating the cyclic pre-
peak and post-peak response of the tested specimens is needed. However, both of these
options are not available at the current stage of this research. Therefore, a new and
simpler damage function is proposed to calculate the damage levels of the RCFT
members at the occurrence of concrete cracking, steel tube yielding, and steel tube local
buckling. The proposed damage function given in Equation 3.38 is based on the damage
function first developed by Kradzig et al. (1985) and later modified by Mehanny and
Deierlein (2000, 2001).

[ RCFT_Be_c _ & (3.62)
E

where:

E ., = area under the cyclic back-bone curve until the specified damage level

E,, = area under the complete cyclic back-bone curve
The graphical representations of £ and E,, are shown in Figure 3.54 and Figure 3.55,
respectively. It was assumed that the damage is mainly caused by primary half cycles in
the loading history and the secondary half cycles are assumed to be negligible. This is a
reasonable assumption, as the proposed damage function was only used to quantify the
damage levels that are relatively independent of cyclic load history (e.g., concrete
cracking, steel tube yielding, and steel tube local buckling). These damage levels often
occur either before or very near the occurrence of peak, where the damage due to cyclic
load reversals is not significant. For small D/f ratios, steel tube local buckling might also

take place at the post-peak region. In that case, the damage function given in Equation
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3.63 may not be appropriate. However, for the specimens in the cyclic beam-column
database, local buckling always took place either before or very near the occurrence of
peak.

The cyclic back-bone curves of the specimens were scaled from the experimental
hystresis curves as shown in Figure 3.54. The monotonic moment (M) vs. chord rotation
(R) curve for RCFT beam-columns consisted of three regions including elastic, elasto-
plastic and softening. In the elastic region of the M-R curve, both concrete and steel were
assumed to be free of permanent strains and the reduction in stiffness for concrete
cracking was neglected. The initial stiffness was adopted from the hystresis model
developed by Fujinaga et al. (2000) for rectangular RCFT beam-columns. In the given
model, the initial stiffness of the RCFT beam-columns was assumed to have two parts,
including bending stiffness (Kj) and shear stiffness (K) presented in Equations 3.63 and
3.64, respectively.

. Pk (3.63)
tan(kL ) — kL,
x,.A K,.A
KS — GS KS Sl—l: GC KC C (3.64)

where:

P —axial load

L — shear span

K—-P/(E,. I,+E..1I)

G, G. — shear modulus of steel and concrete, respectively

K, k. — shape coefficient of steel tube and concrete, respectively (0.436, 0.843)

The bending stiffness is a function of the axial force (taken as positive in
compression for these formulas) to account approximately for the effects of geometric
nonlinearity on the cyclic back-bone curve. The bending stiffness and shear stiffness
were combined to obtain the total lateral stiffness (Ky) of the RCFT beam-columns in
Equation 3.65 as follows:

1 1.
K, = 0.85.(K— +K—) !

b K

(3.65)
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The initial stiffness of the moment-chord rotation curve of Figure 3.55 (Kj) is
defined as the amount of required moment for a unit chord rotation. Therefore, Ky was
converted into K, using Equations 3.66 and 3.67 as given below:

M=HxL+PxA (3.66)

K, =K, xL'+PxL (3.67)
where:

M — moment

H — horizontal load

A - lateral deflection

Fujinaga et al. (2000) assumed that the elastic region of the M-R curve for RCFT
beam-columns ends at one third of the peak moment. The same elastic limit proposed by
Fujinaga et al. (2000) was also used in this study.

The elasto-plastic region of the monotonic M-R curve was taken as linear between
the peak point and the end point of the elastic region. The next point on the M-R curve to
be identified is the peak point. The peak moment values are also obtained using the
cross-section analysis program that was utilized for assessing the local damage of
monotonic RCFT beam-columns. For the chord rotation at the peak load level (R,),
Equation 3.68 proposed by Kawaguchi et al. (1998) has been utilized. Equation 3.68 was
derived from regression analysis of experimental results of monotonic beam-column
tests:

R = 5.61—7.30.(§)+(—0.10+0.16.(§)).? (3.68)

The post-peak region of the moment rotation curve followed a linear part until the
peak point. The failure point of the M-R curve was identified by the ultimate moment
and ultimate chord rotation. The ultimate moment (A/,) was calculated from the
experimental data in the monotonic beam-column database by performing a multi-linear
regression analysis. Figure 3.56 indicates that M, / M, is mainly affected P/P, and it
takes smaller values with an increase in P/P,. In addition, a decrease in M, /M, is also
evident for large D/t ratios. Equation 3.69 was developed to calculate M, with an R’ of

0.75.
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M, = Mg.(—0.008.€—§+ 1.5) (3.69)

o

In the monotonic RCFT beam-column tests, typically, the specimens exhibit large
ductility levels if the axial load acting on the members is not significantly high.
However, once the member is subjected to excessive deflection, it can still be considered
as failed even though there is not significant strength degradation. To locate the failure
point of the monotonic beam-column tests, an ultimate rotation (R,,) value should be
calculated. Based on the tests conducted by Tomii and Sakino (1979b) and Sakino and
Ishibashi (1985), a constant R, value of 6% was selected. Note that these monotonic tests
are being assumed here to provide appropriate values for the cyclic back-bone curve.
This assumption was also verified by Varma (2000) and Varma et al. (2002b) in the
monotonic and cyclic tests of equivalent beam-column specimens. After obtaining the
experimental back-bone curves and computational M-R curve of the specimens, the
damage function given in Equation 3.62 was applied to the available cyclic beam-
columns specimens in the database. Analytical expressions were then investigated to
relate the damage index values at specific local damage levels to RCFT properties.

In the cyclic beam-column tests stored in the database, the experimental load-
deflection data of the specimens was given in two different forms, including M vs. R or
horizontal load (H) vs. lateral deflection (A4). In order to apply the damage function in
Equation 3.62, the H vs. A graphs should be converted into M vs. R type curves. As also
recommended by Fujinaga et al. (2000) and Kawaguchi (2000), the following
conversions were used for H to M and 4 to R in the Equation 3.70 and Equation 3.71 as
follows:

M=HxL+PxA (3.70)

R=A/L (3.71)
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Concrete Cracking

Concrete cracking is the first damage level to be observed in the cyclic beam-
column tests. As tensile strains start to develop at the outermost fibers of the concrete
core, concrete cracking initiates. Cracking in the concrete section might cause an initial
small degradation in the stiffness of the member.

As mentioned previously, the concrete cracking moment level was first
determined using the cross-sectional analysis program developed for rectangular RCFT
sections. As the thickness of the steel tube is small compared to the depth of the concrete
core, cracking in the concrete was assumed to occur when the strain at the outermost steel
fiber reaches the cracking strain of concrete. Once this moment was computed, the point
corresponding to that moment on the actual experimental back-bone curve for a given
specimen was identified from the available experimental data. The numerator value E,,
was then computed from that experimental back-bone curve. The formulas above were
then used to compute E,, for the specimen, and the damage index at concrete cracking

(EFT-Pe< = E /E, ) was computed. The concrete was assumed to behave linearly

until its rupture strength and the concrete modulus in tension was taken as equal to that in
compression. The rupture strength of concrete was calculated by the Equation 3.72

proposed by Carreria and Chu (1986a).
S, =0541". (3.72)

Therefore, the rupture strain of concrete (¢,) was determined by dividing £, with the

elastic modulus of concrete as given in Equation 3.73.
g, = Jr (3.73)

The available data for tension cracking of concrete indicates that the ratio of
E_ /E increases when P,/P, ratios get larger. This might be attributed to the fact that
concrete dominates the response of the specimens in the case of large P./P, ratios. High
axial loads cause more compressive strains on concrete and delay concrete cracking.

Using the available data in the database, Equation 3.74 was developed to estimate
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E_ /E, by linear multivariate regression. The R’ for Equation 3.74 was calculated as

0.53.

Ej,CFT_BC_c(%) —

E P
(%) =3.21P£+0.30 < _0.52 (3.74)

Figure 3.57 exhibits the comparison of computational and experimental values
of E, /E, . Forlow values of P/P,, Equation 3.74 produces negative values, which does
not have any physical significance. Therefore, for P/P, values smaller than 0.1, it is not

recommended to use Equation 3.74 to estimate £, / E .

Yielding of Compression Flange of Steel Tube

The steel tube flanges of the cyclic beam-column specimens are subjected to
compression strains due to axial load and bending moment, simultaneously. Therefore,
steel compression flange yielding is expected to occur after concrete cracking. Following
steel compression flange yielding, a reduction in stiffness of the columns takes place.

Compression steel yielding points for the cyclic beam-column specimens were
determined using two methods. For the first method, points were directly scaled from the
experimental curves if they were made available. For the second method, the cross-
sectional analysis program was used to determine the moment level for compression steel
yielding and then the chord rotation corresponding to the calculated yield moment was
scaled from the experimental curves. E,. was then calculated directly using the results
from either approach. Steel yielding at the compression flange of the specimens was

assumed to occur when the strain at the most extreme steel fiber reaches its yield strain.
The energy-based damage index (E " -*-° = E, / E, ) values gathered from the
experimental data exhibit a decrease when the axial load acting on the specimens

increases. This is an expected trend as the compressive strains on the steel tube get larger

for high axial loads. On the other hand, an increase in £,/ E, is also evident in the

gathered data if the ratio of Py/P, gets larger. An increase in P,/P, augments both the
strength and stiffness of the specimens. This causes a delay in compression steel yielding

and £, /E, increases. In Figure 3.58, the variation of E_ / E, with respect to Py/P, for
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different values of P/P, can be seen. Using the data presented in Figure 3.58, Equation

3.75 was derived to estimate £,/ E, by performing multi-linear regression analysis.

The R’ for Equation 3.75 was found as 0.56.

E P
ERCT Bec 2 0 — 015 o1 40038 (3.75)
E

m o o

Figure 3.59 shows that Equation 3.75 shows good correlation with experimental £, / E,

values.

Yielding of Tension Flange of Steel Tube

Tension yielding at the flange of the steel tubes was defined as the third damage
level for the cyclic beam-columns. Steel tension flange yielding occurs after steel
compression flange yielding as long as the yield stress in tension and in compression do
not differ from each other significantly. It is also common that steel yielding takes place
close to the peak point.

Similar to steel compression flange yielding, the occurrence steel tension flange
yielding was determined either directly from the experiments or it was calculated with the
cross-sectional analysis program.

The data from the experiments show that £, /E,, is mainly correlated to the
parameter P, / P,. According to the data points, £, /E,, gets larger as P, / P, ratios

increase. This might be attributed to the fact that for large P, / P, ratios, the specimens
have tension flange yielding delayed. The other parameter that is expected to affect steel
yielding was P/P, and two different equations were proposed depending on the axial load

acting on the specimens. Equations 3.76 and 3.77 were developed to estimate £, /E,, .

The R’ for Equations 3.76 and 3.77 was found as 0.66 and 0.56, respectively. While
deriving the equations, outlier points were eliminated when the ratio of the residual to the

predicted ratio was greater than 1.0.

E, P
EROT Bec - E_ﬂ =0.56 PS ~0.059 (P/ P, <0.20) (3.76)

m o
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E
EROT Bec - Ey’ =024 11} —0.024 (P/ P, > 0.20) (3.77)

m o

The comparison of experimental and computational values of £, / E, canbe

seen in Figure 3.60. Figure 3.60 shows that Equation 3.76 and 3.77 achieve a fairly good

accuracy in predicting £, / E, .

Concrete Crushing

Initiation of concrete crushing causes strength degradation in the RCFT beam-
columns. Concrete crushing is usually affected by the cyclic loading protocol of the
specimens. Therefore, concrete accumulates damage throughout the loading history.

To quantify the amount of damage at the time of concrete crushing, the cyclic
load effects should be taken into account. However, this requires either test data or a
calibrated analysis model, both of which are not available at the current stage of the
research. Therefore, the energy-based damage index (E) proposed by Kradzig et al.
(1989) given in Equation 3.78 was applied only to a representative specimen from Varma
(2000) and Varma et al. (2002a, 2002b).

ZESi + Z Ei

=+t 1 3.78
Eu+in ( )

where:

E; - energy dissipation during primary half cycles

E; - energy dissipation during secondary half cycles

E, - energy dissipation in monotonic loading
The data required to calculate £ was scaled from the experimental report by Varma
(2000) and Varma et al. (2002a, 2002b) and E was calculated for both directions of
loading. Figure 3.61 shows the evolution of damage for the specimen CBC-32-46-20 by
Varma (2000) and Varma et al. (2002a, 2002b). The value of £ at the time of concrete
crushing was found to be 0.29 and 0.34 for the positive and negative directions of
loading, respectively. At the end of test the value of £ was close to 1.0, indicating

failure.
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Local Buckling of Steel Tube Flange

As the compressive strains at the flange of the beam-columns increase, local
buckling might take place either in the pre-peak or post-peak region of the load-
deflections curves. If the D/t ratio of the steel tube is large enough, local buckling causes
a reduction in both strength and stiffness of the RCFT beam-columns. For the specimens
in the cyclic beam-column database, local buckling either took place at the same time or
before reaching the peak load.

The correlation of the energy based-damage index at local buckling given in
Equation 3.79 with respect to the variables ?x \/% and P/P, was investigated in Figure
3.62.

Eu - =E, |E, (3.79)

where:

E- energy absorption until local buckling of the steel tube flange

The trend in the data indicates that as the b X 1 /% values get larger, the specimens
t

experience local buckling earlier. This is because the steel tubes with large b X 4 /%
t

ratios are more susceptible to local buckling. The second parameter that is effective in
local buckling of the steel tubes was taken as the axial load ratio (Kawaguchi, 2000;
Kawaguchi and Morino, 2001). Although the data in Figure 3.62 is poorly correlated to

P/P,, it is still possible to see a trend that as P/P, increases, as E,, / E, gets smaller.

Ibf

Equations 3.80 and 3.81 were developed to estimate E,,, / E, with R’ values of 0.38 and

0.54, respectively. The comparison of computational and experimental values of

E, / E, canbe seen in Figure 3.63.

E /
Ep TP = % = —0.067? g—) +0.32 (for P/ P, <0.20) (3.80)

m
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E. .
EFOrTbee — E”’f = —o.zo? % +0.49 (for P/ P, > 0.20) (3.81)

m N

Local Buckling of Steel Tube Web

The last damage level investigated for the cyclic beam-columns is local web
buckling. For the data collected in the cyclic beam-column database, this damage level

was quantified using the energy-based damage index given in Equation 3.82.

E
E;ZSFT*BC*C — Elbw (382)

total
where:

Ej,— energy absorption until local buckling of the steel tube web

E, !E,, wascorrelated to the parameter b X 4 }% only since the axial load
t

level for the majority of the specimens remained constant. Equation 3.83 was developed

to calculate E,, /E,,, and the R’ for Equation 3.83 was determined as 0.41.

E F.
i _ 0242 |50 401 (3.83)
E, t \E,

As can be seen from Equation 3.83, £, /E,,, was found to get smaller for the

specimens with thin-walled or high strength steel tubes. The comparison of Equation
3.83 with the experimental results is presented in Figure 3.64 and good agreement can be
seen.

The summaries of the equations for the energy-based damage functions of the
monotonic beam-column tests are given in Table 3.5, including appropriate statistical
information and bounds on the independent variables for all the equations based upon the

range of values available from the experimental research.

3.5 Monotonically Loaded RCFT Panel Zones
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The damage levels of the concrete and steel portions of the RCFT panel zones
were investigated separately. The shear load vs. shear deformation graphs of the
specimens were examined to capture the damage levels. This was achieved using both
pure empirical data or semi-empirical methods supplemented with analysis. Both
deformation-based damage indices and energy based-damage indices were employed to
quantify the damage. It was determined that the specimens would be deemed as having
failed when they achieved a displacement ductility ratio of 6.0.

In order to facilitate the development of the panel zone damage indices, models
relating shear load to shear deformation were required so as to relate experimental shear
load-shear deformation results to other quantities needed for the damage indices.
Kawaguchi (2000) provided shear load vs. shear deformation relationships for the
concrete core and steel tube portions of CFT panel zones. The shear force-deformation
relation for the steel panel can be seen in Figure 3.65. The steel tube was assumed to
follow a linearly elastic region with a slope equal to its shear modulus (G;), followed by a
perfectly plastic region. The shear modulus (G;) and yielding shear force (V) were
calculated as given in Equations 3.84 and 3.85:

ES
G = X (3.84)

A, 1,
o=
y 2 \/g

where:

(3.85)

v - Poisson’s ratio of steel (0.3)

A, — Area of steel tube
The shear force-deformation relation for the concrete panel proposed by Kawaguchi
(2000) is shown in Figure 3.66. It was assumed that concrete exhibits a tri-linear load
deformation behavior. The shear force is assumed to increase linearly until cracking
occurs, with a slope equal to shear modulus of concrete (G.), which can be taken as 40%
of its elastic modulus (Ersoy, 1997). After cracking, the stiffness of the concrete panel
decreases and again follows a linear path until the maximum shear force (V,.) is achieved.

The behavior of the concrete panel is then assumed to become perfectly plastic. The
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shear force at concrete cracking (V,,) is calculated as given in Equation 3.86 (Kawaguchi,
2000; Kamba et al., 1991).

I/'cr = Ac X Ter
fley 100,
9.81)’ 9.81 T

, (3.86)
7. =0.0981xmin| 3.0(5.0 +

where:

7. — cracking stress of concrete (MPa)

A, — area of concrete core

As recommenced by Ricles et al. (1995) and Koester (2000), V.. can be calculated
from ACI (2002) as given in Equation 3.87 by assuming that concrete core is adequately

confined.

V, =20x,[f" x4, (3.87)
The last parameter required to define the load deflection behavior of concrete is the
shearing strain (y..) when V. is achieved. The formula for j.. was adopted from

Kawaguchi (2000) as given in Equation 3.88:

Cec (3.88)

7« = Sin(0) cos(0)
where:
&. — crushing strain of concrete (0.002)

0 - angle between the width and diagonal of the panel zone region

Concrete Cracking

Concrete cracking in the panel zone of the specimens occurred at the early stages
of the tests. The concrete cracking points were extracted from the experimental data by
superimposing the assumed load-deflection behavior of the steel tube and concrete core
in Figures 3.65 and 3.66, respectively.

First, the concrete cracking shear force was calculated using Equation 3.86. Then,
V.- was divided by G, to calculate the shearing strain corresponding to concrete cracking
(7r). The shearing strain in the steel tube at concrete cracking was also assumed to be

equal to ., and based on the load-deflection behavior given in Figure 3.65, the shear
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force in the steel tube was calculated. Finally, the sum of the shear force in the steel tube
and concrete core at ., gave the shear force of the composite section at the initiation of
concrete cracking.

The damage level at concrete cracking was quantified by using the deformation-

based damage index (D “"-"*-" =d_ /d ) which is defined as the ratio of the
deformation at concrete cracking (d ) to the deformation at the peak load (d,). The

parameters L, /D and P,/ P, were correlated to d,, /d, and Equation 3.89 was
formulated to calculated,, /d, . The R’ of Equation 3.89 was determined as 0.74.

DiCFT7P27m = C:;i =0.050

o o

P

L
+O.0623”—0.031 (3.89)

where:
L, — length of panel zone

Equation 3.89 shows that d_, /d, increases when P, /P, gets larger. This can be
attributed to the fact that any increase in P, / P, ratio improves the resistance of concrete
core to cracking. The available specimens with large L,/ D ratio had more energy

absorption due to their low stiffness and they underwent more deformation before

cracking occurred. This type of response causes an increase in d,, . As shown in Figure

3.67, Equation 3.89 achieves good correlation with the experiments.

The energy-based damage (E*“""-"*-" = E_ /E ) index was calculated as the

total
ratio of energy absorption until concrete cracking (E,,) to the total energy absorption
(Etom) (1., when a displacement ductility of 6.0 was achieved). The two parameters
affecting the occurrence of concrete cracking were taken as L,/D and P./P,. A multi-
linear regression analysis was performed and Equation 3.90 was derived to

estimate £, / E The R’ for Equation 3.90 was found as 0.87.

total *

E L P
ERCIT P o T o 0.00253”+0.0034 =—0.0037 (3.90)

total 0
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Similar to the deformation-based damage index in Equation 3.89, Equation 3.90 shows

that £ /E,,, increases when P. /P or E_/E,, , getslarger. Equation 3.90 achieves

tota total

good correlation with the experiments as can be seen from Figure 3.68.

Steel Yielding

Similar to concrete cracking, the steel yielding points in the experimental tests
were found by superimposing the load-deflection behavior of the steel tube and concrete
core given in Figures 3.65 and 3.66, respectively.

The shearing force acting on the steel tube at steel yielding was calculated from
Equation 3.85. The shear force carried by the concrete core at steel yielding was then
determined based on the shear deformation compatibility of the steel tube and concrete
core. First, the shear deformation of the steel tube at yielding () was determined by
dividing V), by G,. Then, the shear force carried by the concrete core at y, was calculated
from the shear force-deformation relationship of the concrete core given in Figure 3.66.
When the shear forces carried by the steel tube and concrete core were summed, the shear
force acting on the composite section at steel tube yielding was obtained. Finally, the
steel yielding points were scaled from the experimental curves based on the calculated
values of V.

In Equation 3.91, the deformation-based damage index at steel yielding

(DfCFT*BC*'” =d,/d,) was given as a function of P,/P,andL,/D. d /d,6 was

predicted with an R*>of 0.67 in Equation 3.91.

d L
DrT-Ben =d—y=o.185+0.373"—0.z7 (3.91)

o o

It was found that increasing P, / P, or L,/ D delays steel yielding and causes d , /d,, to
attain large values. As shown in Figure 3.69, Equation 3.91 matches with experimental
results satisfactorily.

The energy-based damage function at steel yielding ( £ f T bem | o By ) WS

total

also evaluated for the panel-zone specimens available in the database. £, /E,,, was

151



correlated to the parameters P,/ P, and L, / D in Equation 3.92. The R’ of Equation 3.92

was determined as 0.77.

E P L
E;Trm = 2 = 0.020—- +0.053—2 - 0.058 (3.92)
total 4 D
The trend of £/ E,,, was similar to d  /d, given in Equation 3.91. It was found that

E,/E,,, increases for large values of P, /P andL,/D . The comparison of Equation

3.92 with the experimental results is shown in Figure 3.70 and good correlation is

attained.

Concrete Crushing

While tracking concrete crushing points on the experimental-deflection curves, it
was assumed that concrete crushing occurs when the level of shear force carried by the
concrete core reaches V... V. is determined using Equation 3.87. The shearing strain
level at concrete crushing (y..) is then calculated from the load-deflection relationship
given in Figure 3.66. Assuming shear strain compatibility between the steel tube and
concrete core, the shearing force acting on the steel tube at concrete crushing was
calculated from shear load-deflection relationship for the steel tube given in Figure 3.65.
The total shear force acting on the composite section was determined by adding the shear
forces acting on the steel and concrete components. After that, concrete crushing points
were scaled from the experimental plots.

The damage level at concrete crushing was evaluated using the deformation-based

DRCFTiPzim
c

damage index ( =d,_/d ) and the formulation in Equation 3.93 was derived

as a function of P, /P,and L /D to estimated,/d,. The R’ of Equation 3.93 was

calculated as 0.41. While deriving Equation 3.93, outlier points were discarded if the

residual to predicted ratio is greater than 1.0.

L
premren Z9e L0980 048
d D

o o

P

+0.38 (3.93)
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The trend in Equation 3.93 shows that the panel zone specimens having a larger

L,/ D ratio has concrete crushing delayed and for these specimens d, /d, values are

larger. On the other hand, d_/d  values are found be smaller when P, /P, gets larger.

Equation 3.93 is compared the experimental results in Figure 3.71 and a good correlation
can be seen for the majority of the specimens.
Similar to steel yielding, the energy-based damage index

(Ef"-7-" = E_|E,,,) was correlated to the variables P, /P,and L,/D . The trend in
the available data shows that £/ E,,,, gets larger values if L ,/ D ratio increases. On the
other hand, a reduction in E_/E,,, was evident when P, /P ratio gets larger. Equation

3.94 was developed to estimate E, /E, ., and the R’ of Equation 3.94 was found to be

tota
0.53. While deriving Equation 3.94, outlier points were discarded if the residual over
predicted ratio is greater than 1.0. Equation 3.94 is compared with the experimental

results in Figure 3.72 and a fairly good correlation is achieved.

L
EROFT Pam E, =0_0603"—0.14P‘* +0.041 (3.94)

total o

Local Buckling

In the monotonic panel zone database, local buckling points were reported in a

limited number of specimens. Both deformation-based (D" -"*-" =d, /d, ) and
energy-based damage indices (£, -*-" = E, / E,,,,) were investigated.

The available data in the database showed that both d,, /d, and
E,/E,, remained almost constant. The average value of d, /d, was found as 0.25

with a standard deviation of 0.01. The average value and standard deviation of

E,/E,, were0.011 and 0.001, respectively. Local buckling was observed for the

total
specimens with D/f ratios above 30. The damage indices attained lower values for local
buckling as compared to the corresponding values for RCFT beam-columns. Therefore,
it may be concluded that the steel tube is more susceptible to local buckling under high

shear.
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The summaries of the equations for the and deformation-based and energy-based
damage functions of the monotonically loaded panel zone tests are given in Tables 3.6
and 3.7, including appropriate statistical information and bounds on the independent
variables for all the equations based upon the range of values available from the

experimental research.

3.6 Monotonically Loaded Steel Girder-to-RCFT Column Pinned Connections

In this section, the damage assessment of monotonically loaded pinned
connections is reported. The specimens with loading schemes PCIb, PCIla and PCIIb
were investigated. There was insufficient experimental data in the database to study
specimens loaded by loading scheme PCla.

The pinned connection specimens were assumed to consist of three main parts
including RCFT beam-columns, steel girders, and connection components. The damage
levels at each of the aforementioned components were studied by relating this damage
directly to the overall load-deformation response of the connection. The occurrence of
the damage levels were tracked using either pure experimental data or by using analytical
methods.

For the specimens with loading schemes PCIb and PClla, the end of the tests was
decided as the point at which flexural buckling of the RCFT beam-columns occurred.
However, PCIIb type specimens exhibited a hardening type of behavior and the failure
point of the specimens was taken as the point at which a displacement ductility of 6 was
attained.

The RCFT cross-sectional analysis program initially developed for constant axial
loads (see Appendix A) was modified to analyze RCFT cross-sections having variable
axial loads. For this purpose, for each damage level, the corresponding strain of the
outermost steel fiber of the RCFT cross section held fixed during the analysis. The axial
load was then increased incrementally until the failure load of the specimen given the
reports is reached. At each increment of axial load, the cross-sectional moment was
calculated and compared to the applied moment from the girders. As the axial load on
the column and steel girder are proportional, the moment acting through the girder can be

calculated by multiplying a fraction of the axial load with the given eccentricity. The

154



analysis stops when the RCFT cross-sectional moment and the applied moment are equal
within a tolerance for equilibrium. The final cross-sectional moment value from the
analysis gives the moment level at the occurrence of the desired damage level. This
value is used in the experimental load-deformation plots and the occurrence of the
desired damage level is detected. This method is only applied to the specimens with
PCIb and PClla type loading, where the axial load and shear force are proportionally
applied. On the other hand, for the specimens having PCIIb type loading, the cross-
section analysis was used as it is originally developed in Appendix A. First, the moment
level for the local damage condition was calculated for a constant amount of axial load,
and then the points corresponding to the damage level were scaled from experimental
plots. For the specimens in the monotonically loaded pinned connections database, the
material strength ranges were within the limits of the constitutive models given by
Gourley and Hajjar (1994) and Hajjar and Gourley (1996). Therefore, in all of the cross-
section analysis performed in this section, the steel and concrete material models by

Gourley and Hajjar (1994) and Hajjar and Gourley (1996) were used.

3.6.1 Beam-Columns

The beam-columns of the pinned connection specimens are subjected high axial
loads and also a certain amount of bending moment, simultaneously. Therefore, damage
levels specific to columns and beam-column can be observed. For the available
specimens in the database, two damage levels were investigated, including concrete
cracking and steel yielding in compression.

No concrete crushing was reported for specimens with loading scheme PCIb and
PCllIa in the database. This result is consistent with the monotonic column tests where no
crushing is observed for high L/D ratios. Using the modified version of the cross-section
analysis program, discussed in Appendix A, the concrete crushing moment levels were
calculated. As no crushing was reported in the pre-peak region, the moment level from
the analysis program was decided to occur in the post-peak region where no experimental
data was given. Local crushing due to bolt rotation was noted for the specimens with

loading scheme PCIIb. However, no information was given about the load or
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deformation level of concrete crushing, and it could not be calculated by analytical
means.

Local buckling of the steel tube was not reported with sufficient detail for any of
the specimens. At this stage of the research, it was not possible to estimate the
occurrence of local buckling by analytical means. Therefore, this damage level also

could not be investigated.

Concrete Cracking

Despite the fact that the moment level carried by the pinned-connections is not
significant, concrete cracking is still possible if the specimens are tested under low axial
load. Therefore, concrete cracking is presented as a damage level for the pinned-
connections.

Type PCIb and PClla specimens were all subjected to high axial load levels. The
results from the modified version of the cross-section analysis program described in
Appendix A indicated that concrete cracking took place in the post-peak response.
However, the tests were stopped when flexural buckling of the RCFT beam-column took
place, and the post-peak data of the tests was not available. Therefore, the damage level
at concrete cracking could not be quantified for the specimens with loading schemes
PCIb and PClla.

The specimens tested with the loading scheme PCIIb experienced concrete

cracking in the early stages of the loading. The damage evaluation was performed by

RCFT _Pc_m
cr

both employing deformation-based ( D =d, /d,) and energy-based

RCFT _Pc_m
(Ecr

=FE_ /E,,, )damage indices. It was found that as the depth of the girder

framing into RCFT beam-column increased, the specimens showed a stiffer and stronger
response. This causes the damage index values at concrete cracking to decrease.

Consequently, both d_, /d, and E_ /E,,, were correlated to girder depth (d,) over D

ratio, and Equations 3.95 and 3.96 were derived with R’ values 0.84 and 0.97,
respectively.
d d
DCIiCFT_Pc_m — Yo _ 1_0048(_8)—3-70 (395)
d D

o
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E d,
ECIiCFT’PC’m — (A 0.22(_&)—6409 (396)
total D
The comparison of the Equations 3.95 and 3.96 with the experimental results is
shown in Figures 3.73 and 3.74, respectively. Both of the equations achieved good

correlation to the experiments.

Yielding of Compression Flange of Steel Tube

Compression yielding of the steel tube was detected from the cross-section

analysis program for the specimens tested with loading schemes PCIb and PCIla. Both

deformation-based (DCI;CFT*PC*’” =d, /d,) and energy-based (£ CI;CFT*PC*'” =E, /E..)

damage indices were used to quantify the damage. The ratiosof d,, /d, and £,/ E,,,

were correlated to the eccentricity (e) over D ratio and axial load (P) over shear load (V)
ratio as given in Equations 3.97 and 3.98, respectively. The trend in the data showed that
both of the damage indices get larger for high e/D and P/V ratios. This is because high

values of e/D and P/V ratios cause d, and E,,;,;to decrease.

d,
DI = =0.097%+0.o42§+0.021 (3.97)
E
gromoren - Lo 6053¢ 40055220077 (3.98)
ye D V

total

The R’ of Equations 3.97 and 3.98 was found as 0.77 and 0.79. Equations 3.97 and 3.98
exhibit good correlation to the experimental results, as can be seen in Figures 3.75 and
3.76, respectively.

The majority of the specimens tested with loading scheme PCIIb did not attain the
moment level to initiate steel yielding. However, for only one specimen, steel yielding in

compression occurred in the post-peak region. The values of d,, /d,and

E,/E,, werefound as 0.64 and 0.57, respectively.

3.6.2 Steel Girders
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No local buckling and plastic hinging was reported in the tests. In addition, the
yield moment levels calculated for the girders showed that the applied moment levels are
not sufficient to initiate yielding. This shows that steel girders remained elastic during

the tests.

3.6.3 Connection Components

The connection components used for the pinned connections included tee-stubs
and end-plates. It was reported that these specimens underwent deformation and yielding
during the tests. However, the occurrences of the local damages on the connection
components were not reported. Therefore, the damage evaluation of the connection

components could not be made.

The summaries of the equations for the deformation-based and energy-based
damage functions of the monotonically loaded pinned connection tests are given in
Tables 3.8 and 3.9, including appropriate statistical information and bounds on the
independent variables for all the equations based upon the range of values available from

the experimental research.

3.7 Monotonically Loaded Steel Girder-to-RCFT Column Moment Connections

Monotonically loaded moment connections were considered to consist of four
parts including RCFT columns, panel zone, steel girders, and connection elements. The
damage levels observed at each of these components during monotonic tests were
investigated in this section. The occurrence of the damage levels on the load-deflection
curves was tracked either by using the data provided in the experimental reports or by
analytical means through the use of cross-section analysis of the CFT columns and steel
girders. Only energy-based damage indices were used to quantify the damage. Two
specimens were available for this study. All the specimens had a hardening type load-
deflection curve, and the peak displacements were thus not clear. Therefore,

deformation-based damage indices were not used for the monotonic moment connection
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tests in the database. The end of the tests was signified by failure of the bolts, as reported

by the researchers.
3.7.1 Beam-Columns

The columns of the connection tests are subjected to axial load and bending
moments. Therefore, it is probable that the local damage observed in isolated beam-
columns tests may occur in the beam-columns of moment connection tests. The
specimens in the monotonic moment connection database were blind-bolted connections.
The authors did not provide any data regarding the damage that occurred in the beam-
columns, except that it was reported that steel yielding was observed in the beam-
columns.

The cross-section analysis program developed for the beam-columns was used to
obtain the damage levels of concrete cracking, steel yielding, and concrete crushing in the
columns. The steel and concrete constitutive models used in the cross-section analysis
program were taken from Gourley and Hajjar (1994) and Hajjar and Gourley (1996).

The experimental results were given as in the form of moment vs. girder rotation
graphs. Therefore, after the moment values of concrete cracking, steel yielding, and
concrete crushing were obtained using the cross-section analysis, the rotations
corresponding to these local damages were scaled from the experimental moment vs.

rotation curves.

The energy-based damage index at concrete cracking (EX""-"-" =F /E )

was found to be on the order of 0.0001 for the two available specimens. This indicates

that concrete cracking has negligible effect on the behavior of the connection assembly.
The value of the damage index at steel yielding in compression ( £ ;;,CF fMem =g v E o)
was found to be 0.0056 for the connection specimen with 275 MPa steel tube. When the
yield strength of the steel tube increased to 355 MPa, the value of damage index at

compression steel yielding decreased to 0.0046 because the specimen with 355 MPa steel

tube had a stiffer response. The damage index at tension yielding in the steel tube

(E;T-YMe" = E | E,,,) was 0.015 for the 275 MPa steel tube and it was equal to 0.16
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when 355 MPa steel was used. These results demonstrate that after steel yielding in the
columns, the connections still have considerable reserve capacity. In addition, the
compressive steel yielding and tension steel yielding occur with comparable values of

damage indices. When concrete crushing was studied, the energy-based damage index

(EXT-Me-m=E_|E,,) was found to be 0.17 and 0.27 for the 275 MPa and 355 MPa

specimens, respectively.

3.7.2 Panel Zone

High shear forces transferred from the girder flanges to the panel zone of the
specimens cause damage in the panel zone region. The types of damage expected in this
region include concrete cracking, steel yielding, concrete crushing, and local buckling.
No concrete crushing or local buckling was reported for the specimens. However, both
concrete cracking and steel yielding were evident by the end of the tests. The given
moment vs. rotation curves in the experimental reports were converted into shear force
vs. rotation curves. For this purpose, the moment arm of girder flange forces was
assumed to be equal to the depth of the girder (d,), and the moment values were thus
divided by d,. The resulting force was assumed to be equal to the shear force transferred

to the panel zone.

Concrete Cracking

Concrete cracking at the panel zone of the specimens occurred at the early stages
of the tests. The concrete cracking points were extracted from the experimental data by
superimposing the assumed load-deflection behavior of the concrete core and steel tube

in Figures 3.45 and 3.46, respectively as described in Section 3.5.

RCFT _Mc_m

The energy-based damage index (£, =FE, /E,, ) was calculated as the
ratio of energy absorption until shear cracking in concrete (E,,) to the total energy
absorption (E). The average value of the damage index (EC,RCFT*MC*'”) was 0.00029

with a standard deviation of 0.00003, indicating that concrete cracking in the panel zone

has an insignificant effect on the response in these moment connections.
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Steel Yielding

Similar to concrete cracking, the steel yielding points in the experimental tests
were found by superimposing the load-deflection behavior of the steel tube and concrete
core given in Figures 3.65 and 3.66, respectively as described in Section 3.5.

For all the specimens in the database, it was found that the shear forces acting on
the panel zones are not large enough to initiate steel yielding. This shows that yielding
reported during the tests for the steel tubes was not a consequence of shear force acting at

the panel zone.

Concrete Crushing

While tracking the concrete crushing points on the experimental load-deflection
curves, it was assumed that concrete crushing occurs when the level of shear force carried
by the concrete core reaches V... Concrete crushing points were identified in the same
way as in Section 3.5.

It was found that for none of the specimens in the database, the shear forces were
large enough to initiate concrete crushing. This theoretical observation is also justified

by the experimental observations.

3.7.3 Steel Girder

The potential damage levels for the steel girders include steel yielding and local
buckling at the flanges. In the moment connection tests, no local buckling at the flanges
took place. Therefore, only steel yielding was investigated in this section.

The moment level at steel yielding was taken from the BS5950 (1993) design
specifications. However, it was found that for all of the specimens the theoretical yield
moment of the steel girder was 1% to 21% larger than the applied moment although,
severe steel yielding at the flanges of the steel girders was noted in the experimental

reports. This inconsistency between theoretical and experimental results might be
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attributed to any possible variation in the measured and nominal yield strength of the

steel girders, as well as localized strain concentrations in the stress transfer region.

3.7.4 Connection Components

The connection elements used for the specimens in the monotonic connection
database were endplates. At the end of the tests, no damage was reported to the
endplates, although bolt pull-out was observed at the end of the tests, which corresponds
to a damage index value of 1.

The summaries of the energy-based damage functions of the monotonically
loaded moment connection tests are given in Table 3.10, including appropriate statistical

information based upon the range of values available from the experimental research.

3.8 Cyclically Loaded Steel Girder-to-RCFT Column Moment Connections

The majority of the moment connection tests in the database were tested under
cyclic loading. All the specimens were cruciform frames where two steel girders framed
into the RCFT beam-columns at mid-height. The specimens were tested under either
zero or constant axial loads. In all of the tests existing in the database, cyclic lateral
loading was applied in such a way that the RCFT beam-columns undergo double
curvature bending. This was achieved by applying shear forces in opposite directions at
the tips of the girders or by generating a shear force at the top of the RCFT beam-
columns.

The damage levels observed in the RCFT beam-column, panel zone, steel girders,
and connection components were investigated. The energy based-damage function given
in Equation 3.62 was used to quantify the damage. The occurrences of damage levels on
the experimental curves were either provided in the experimental reports or they were
calculated by analytical methods. In order to utilize Equation 3.62, it is required to
calculate the E,, (the area under the complete cyclic back-bone curve) for each test setup.
The complete back-bone curve of each specimen in the database was obtained by

analyzing the specimens using CFT-Macro, as developed by Gourley and Hajjar (1997a,
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1997b). As CFT-Macro does not have a connection element, only the specimens
designed for weak-column or weak-girder response were examined. If the complete
back-bone curve from CFT-Macro and experimental cyclic back-bone curve of the
specimens show good correlation, then the damage evaluation of these specimens was
performed. Otherwise, they were not considered further at this stage of the research.
Figures 3.77 to 3.79 show the computational and experimental results of some of the
representative specimens that were found as appropriate for damage evaluation using
Equation 3.62.
The experimental results were reported in three different forms as given below:

o lateral load (H) vs. lateral displacement (4)

e girder shear (V,) vs. lateral drift (R)

e panel zone shear (V) vs. lateral drift (R)

Depending on which part of the connection was being investigated, the three
types of experimental results were converted to one another by simple calculations. The
schematic representations of force (#, V) and displacement (4, R) quantities may be seen
in Figure 3.80 for the test setups in the cyclic moment connection database.

The damage levels investigated for the RCFT beam-columns included concrete
cracking, yielding of the compression flange, yielding of the tension flange, and local
buckling of the compression flange. These damage levels often occurred either before or
very near the occurrence of the peak, which indicates that the damage function in
Equation 3.62 is applicable. Concrete crushing and local buckling of the steel tube web
could not be studied, as these damage levels are susceptible to the cyclic load history,
which is not taken into account by Equation 3.62. The occurrence of the damage levels
of the RCFT beam-columns was captured with the use of the cross-section analysis
program discussed in Appendix A. First, all the experimental results were converted into
M vs. R graphs. After that, the cross-section analysis program was run and the moment
levels corresponding to the damage levels were calculated. Finally, the calculated
moment levels were entered into the experimental curves, transformed into M vs. R
format. Equation 3.99 was utilized while converting H vs. 4 to M vs. R graphs.

M:Px%+H><§ (3.99)
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In Equation 3.99, it was assumed that the ratio of the lateral mid-height deflection of the
RCFT beam-column is equal to the half of the total lateral deflection. This assumption is
also verified in CFT-Macro by analyzing a representative specimen. The computational
result in Figure 3.81 shows that the ratio of deflection at the top the RCFT beam-column
(4) to the deflection at its mid-height (4,,) do not deviate from 2.0 significantly. While
converting Vg vs. 4 graphs to M vs. R graphs, Equation 3.100 was used.

M=Vgx§ (3.100)

In Equation 3.100, it was assumed that the moment at the girders and beam-column at the
connection region is equal to each other. This assumption is also verified for a
representative specimen by analyzing it using CFT-Macro. The results from CFT-Macro
in Figure 3.82 show that the ratio of girder moment (/) and the beam-column moment
(M) and do not deviate from 1.0, significantly. The V), vs. R graphs were transformed
into the M vs. R graphs through Equation 3.101, which is adopted from Gupta and
Krawinkler (1999) by assuming the moments and shears of the RCFT beam-columns
above and below the connection region are equal to each other:
_ Yt X, (3.101)
2
The equality of the shear forces of the RCFT beam-columns above and below the
connection is trivial due to equilibrium because the support conditions at the girder ends
are either roller or free. In Figure 3.82, as the equality of M, and M is already verified,
the symmetry and equilibrium of the specimens require that the beam-column moments at
the top and bottom of the connections should be equal to each other.

The damage levels of the steel girders were either taken from the experimental
results or they were determined based on the moment levels that the steel girders were
subjected to. Initiation of steel yielding, plastic hinging, and local flange buckling
constitute the damage levels investigated for the steel girders. As it was already verified
that the girder moments and beam-column moments were equal to each other, all of the
experimental data reported were transformed into the form of M vs. R. After that, the

computational values of the yield moment and plastic moment of the girders were entered
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to the M vs. R curves. The occurrence of local buckling of the steel girder flanges was
already provided in the experimental results and required no analytical calculation.

For the panel zone regions of the cyclic moment connections, the damage levels
including concrete cracking and steel yielding were investigated. Concrete crushing
could not be examined because for all of the specimens the computational value of
crushing shear was reached in the post-peak response and the damage function in
Equation 3.62 was not suitable for the damage levels occurring in the post-peak response.
Similarly, panel zone buckling also occurred in the post-peak region for the majority of
the specimens and it could not be examined. The shear load levels at concrete cracking
and steel yielding were all calculated analytically based on the constitutive relations of
the steel tube and concrete panel given in Figures 3.65 and 3.66 as described in Section
3.5. All the available experimental data were converted into the form of V), vs. R. H vs. 4
plots were first transformed into M vs. R form using Equation 3.99 as described before.
After that, Equation 3.102 was used to get the V), vs. R data (Equation 3.102 is a different
form of Equation 3.101):

v = 2 :’ M

g

-H (3.102)

To get V), vs. R data from the V; vs. R plots, Equation 3.103 was utilized:
L
szzx(Vgxzj/dg (3.103)

where the moment level at one girder was obtained by ¥, x (L/2)and this moment value

was divided by the girder depth to get the shear force transferred from the girder flange to
the panel zone. As there are two girders at both sides of the connection, the resulting
shear force is multiplied by two. For the specimens where the conversion from ¥V, vs. R
to V, vs. R was performed, the RCFT beam-columns were not subjected to any lateral

load. Therefore, Equation 3.103 is free of column shears.
3.8.1 Beam-Columns

In this section the damage levels including concrete cracking, compression flange

yielding, steel flange yielding, and local flange buckling will be investigated for the
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beam-columns of the cyclically loaded cruciform connection specimens available in the
database. The cross-sectional analysis program was utilized to detect the occurrence of
the first three damage levels. In the cross-sectional analysis program, steel and concrete
constitutive models developed by Gourley and Hajjar (1994), Hajjar and Gourley (1996)
were adopted. For the occurrence of compression flange buckling, no computation was

performed, as it was already reported by the researchers.

Concrete Cracking

The data obtained from the tests showed that the energy-based damage function at

concrete cracking (E*“"-*-< = E_/E ) correlates to the parameter P/P,. The trend in

the data indicates that concrete cracking is delayed when P/P, gets larger. The data
exhibited a decreasing trend with respect to the parameter P./P,. This might be due to
lower stiffness of the specimens with high P./P, ratios, which makes the specimen more
susceptible to cracking. In Figure 3.83, the results from Equation 3.104 are compared
with the experiments and for the majority of the tests good correlation was obtained. The
R’ for Equation 3.104 was found to be 0.97. It should also be noted that Equation 3.104

might give negative values for the specimens with zero axial load level.

E P
ERCIT Me < =E—”’= 0.040£—0.056 =+0.026 (3.104)

m o o

Yielding of Compression Flange of Steel Tube

. RCFT _Mc ¢ . . .
The energy-based damage function (£, -"*-“ = E_ /E, ) at yielding in the

compression flange of the steel tube exhibited a decreasing trend for high P/P, ratios.
This is an expected result as under high axial loads, it is easier for the steel tube to yield.
When the data investigated for the variation of the parameter Py/P,, it was observed that

the values of E o / E, are getting smaller as Py/P, ratios increase. The reason for this

trend is that the rate of increase in E,, for high P/P, is greater than the rate of increase of
E., values. Using the parameters P/P, and P,/P,, a multi-linear regression was performed

to estimate £, / E, and Equation 3.105 was developed with an R’ value of 0.65. A
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single data point that has an unexpectedly high value of £, / E, was treated as an

outlier.

E P
:E—W=—0.093£—0.042 = +0.13 (3.105)

m o o

ERCFTiMcic
cy

The comparison of Equation 3.105 with the experiments was performed in Figure 3.84

and good correlation was achieved.

Yielding of Tension Flange of Steel Tube

For the specimens with high axial load levels, the results from the cross-section
analysis program indicated that yielding in the tension flange of the steel tube took place
in the post-peak region. For these specimens, due to the limitations of the damage
function in Equation 3.62, tension steel yielding points could not be studied. Using the

remaining data, Equation 3.106 was derived to estimate the energy-based damage

function at tension flange yielding (£ "~ =E , / E,)). The R’ for Equation 3.106

was found to be 0.57.

E. P
E;;CFLML-J :E_ﬂ=0.20£_0.21_5+0_19 (3.106)

Equation 3.106 showed a fairly good correlation with the experiments as can be seen in

Figure 3.85.

Local Buckling of Steel Tube Flange

In the cyclic moment connection database, the majority of the specimens were
reported to undergo local buckling in the steel tube compression flange. However, the
occurrences of the local buckling damage level were provided only for a limited number
of tests. Despite the fact there are few data points to be studied for local buckling of the
steel tube flange, the available data shows a strong correlation with respect to the

parameter P./P,. Therefore, Equation 3.107 was developed to estimate the energy-based
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damage function at local buckling of the steel tube flange ( £ ,Z,CFT*MC*C =E, /E,). The

R’ for Equation 3.107 was found as 0.98.

P
BTt ==2.09- 2+ 112 (3.107)

o

According to Equation 3.107, as the values of P./P, increases the steel tube becomes

more susceptible to local buckling and the value of £, / E, decreases. The experimental

and computational results from Equation 3.107 are compared in Figure 3.86 and good

correlation was obtained.
3.8.2 Panel Zone

The damage levels for the panel zones of the cyclically loaded moment
connections, including shear cracking of the concrete and steel tube yielding in shear are

studied in this section.

Concrete Cracking

The energy-based damage index at shear cracking of concrete in the panel zone

RCFT _Mc _c
(Ecr

=E,_ /E,) was estimated by Equation 3.108, which was derived by
correlating £ / E,, to the variables do/D and P./P,. Equation 3.108 shows that there is
anincrease in £ /E, as the aspect ratio of the panel zone (ds/D = L,/D) increases. This

is because the panel zone becomes susceptible to flexure rather than shear if its aspect
ratio increases. Therefore, shear cracking is delayed. According to Equation 3.108,

E_ /E  increases as P./P, gets larger because large P./P, ratios improve the resistance of

concrete core to cracking.

E d, P
ERCIT Mo = E—” = 0.0423‘2" +0.00027 —-0.053 (3.108)

m o

The R’ for Equation 3.108 was found as 0.75. The experimental and computational

values of £, /E, exhibits good correlation as can be seen can be seen in Figure 3.87.
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Yielding of Steel Tube

The data from the experiments for the energy-based damage function at steel tube

yielding in the panel zone ( E;?CFTchfC

= E, /E,) was correlated to the parameters dg/D
and P,/P,. This correlation gave Equation 3.109 to estimate E ’ /E,. The R’ for Equation

3.109 was calculated as 0.80.

E d P
EROT Mo 2 2 o 1.243‘°’+0.72 *_2.05 (3.109)

m o

The trend of the data as reflected in Equation 3.109 exhibits an increase in

E,/E, when the parameters do/D and Py/P, get larger. Large values of dy/D make the

panel zone less susceptible to shear and also the specimens with large values of P/P,
values become more resistive against yielding. Therefore, both of these effects delay

steel yielding in the panel zone regions and cause £, / E,, to increase. The comparison of
experimental and computational values of £,/ E, is shown in Figure 3.88, where good

agreement was achieved.
3.8.3 Steel Girders
The major damage levels reported for the steel girders during the cyclic moment

connection tests were yielding at the girder flanges, plastic hinging, and local buckling of

the girder flanges. These three damage levels are investigated in this section.

Yielding of Girder Flange

The moment level at yielding of the girder flanges was determined by multiplying
the elastic section modulus of the steel girders (S) with their measured yield strengths (7).

After that, this moment level was entered to the experimental curves and the energy-
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based damage function at girder flange yielding ( £ ;CFT*MC*C =E, /E, ) was calculated,

where E,, represents the energy absorption at the initiation of yielding at the girders.

The collected data showed that £, / E, decreases when the ratio of nominal axial

strength of steel girder (P,) over nominal axial strength of RCFT beam-column (£,)
increases. In the cyclically loaded moment connection database, the specimens with a

larger girder section had often a larger value of E,,. Therefore, a reductionin £,/ E,
was observed for large Pg/P, ratios. Equation 3.110 was developed to estimate £, / E,, .

The R for the developed equation was found as 0.67.

E P
ERCFT_Me_e _ @ __( 6578 1035 (3.110)
& E, P,

Equation 3.110 is compared with the experimental results in Figure 3.89 and the

correlation was fairly accurate.

Plastic Hinging

Plastic hinging of the girders was detected by entering the plastic moment level of
the steel girders to the experimental curves. The plastic moments were calculated by
multiplying the plastic section modulus of the girders (Z) with their measured yield
strengths (f)).

From the experimental data, it was found that the energy-based damage function

Cele . . : : RCFT _Mc_c
at the initiation of plastic hinging (£,

=E,, /E,) exhibits a decreasing trend for
high values of Py/P,ratio. Equation 3.111 was developed to estimate £, / E, and the R
was determined as 0.44. The comparison of Equation 3.111 is presented in Figure 3.90

and a good correlation was attained for the majority of the specimens.

E P
Eé};CFT_Mc_c =E—gp=—0_65—g+0_43 (3.111)

m o

Local Buckling of the Steel Girder Flange
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Among the available specimens in the database, local buckling of the steel girder
flange was often observed during the tests. However, the occurrence time was reported
only for one specimen, where the value of the energy based-damage function when local

ERCFTiMcic

buckling of the girder flange takes place ( £, = E,, / E, ) was found to be 0.23.

3.8.4 Connection Components

The connection elements used for the specimens in the cyclically loaded moment
connection database included tee-stubs and stiffeners. At the end of the tests, yielding
and local buckling of connection components were reported. As the specimens were
selected in a manner that the failure occurred either at the girders or at the RCFT beam-
columns, the connection components are subjected to any damage at the very post-peak
response. Therefore, the damage evaluation of the connection components could not be
investigated.

The summaries of the equations for the energy-based damage functions of the
cyclic moment connection tests are given in Tables 3.11a, 3.11b and 3.11¢, including
appropriate statistical information and bounds on the independent variables for all the

equations based upon the range of values available from the experimental research.

3.9 Monotonically Loaded RCFT Frames

The intent of the monotonically loaded RCFT frame tests is typically to
investigate the load and deformation capacity of RCFT beam-columns and connections.
Depending on the design of the test specimens, the behavior of the frame is governed by
the weakest of these components. In the monotonically loaded RCFT frame database,
only the specimens with strong connections and weak beam-columns were stored.
Therefore, the purpose of this section is to investigate the effect of the damage levels of
the RCFT beam-columns to portal frames. Note that the monotonically and cyclically
loaded RCFT frame tests could possibly be used to verify the damage indices for

members and connections derived earlier. However, the loading, material, and geometric
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parameters of the frame tests tended to place them outside the applicable range of
parameters for several of the damage indices derived earlier, and so new damage indices
for these members and connections are derived for the frame tests. Therefore, the
damage levels of the beam-column members were investigated as story-based limit states.

All of the monotonically loaded RCFT frame tests existing in the database were
tested by Matsui (1986). The damage levels reported in these tests included local
buckling of RCFT beam-column flange and local buckling of beam-column web. The
remaining damage parameters including concrete cracking, yielding of compression
flange, and yielding of steel flange were calculated with the use of cross-section analysis
program. The failure point was taken as 6% percent drift for all the specimens. The steel
and concrete material models proposed by Gourley and Hajjar (1994) and Hajjar and
Gourley (1996) were employed for the analyses, since the ranges of material and
geometric properties in the monotonically loaded frames fall within the limits of the
material models proposed by Gourley and Hajjar (1994) and Hajjar and Gourley (1996).
In order to utilize the cross-section analysis program, the experimental results given as
horizontal load (H) vs. lateral deflection (4) plots were converted to moment (M) vs.
lateral deflection (A4) plots. For this purpose, the moment was calculated as given in
Equation 3.112 by assuming the inflection point of the columns to be at the middle and
the shear load is equally shared among the two columns of the portal frames. The

verification of the validity of Equation 3.112 will be given in Section 3.10.
M:%xéjthA (3.112)

The specimens all had the same material and geometric properties. However, their
connection details were different. Two types of fully-restrained connections were used.
The first type of connection detail included external stiffeners, while the second type

connection detail was through-diaphragm.

Concrete Cracking

The moment at concrete cracking was determined using the cross-sectional

analysis program developed for RCFT cross sections. Cracking in the concrete was
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assumed to occur when the strain at the outermost steel fiber reaches the cracking strain
of concrete. Once the cracking moment was computed, the point corresponding to that
moment on the monotonic experimental curve for a given specimen was identified from
the available experimental data.

The damage level when tension cracking of the concrete occurred was quantified

RCFT _Fr_m
cr

using the displacement-based damage index (D =d_ /d,). For the monotonic

frame specimens the value of d,, /d, remained almost constant and did not show any

variation. The average value of d_, /d_ was found to be 0.069 with a standard deviation

of 0.0089.

If the damage level at concrete cracking is quantified using the energy-based

RCFT _Fr_m
Ecr

damage index ( =E_/E,,, ) similar to the deformation-based damage index,

the value of £, /E,,, remained almost constant with an average value of 0.0031 and a

standard deviation of 0.00044.

Yielding of Compression Flange of Steel Tube

The cross-section analysis program was used to capture the compression steel

. . . . : RCFT _Fr_m
yielding points. For the deformation-based damage index (D, -"-" =d,, /d,), the

main parameter for the monotonic beam-column tests, the P./P, ratio, was used to

correlate d,, /d, by linear regression. Equation 3.113 was developed to estimate

DET-F-m The R for Equation 3.113 was found as 0.75.

d
DREFT_From _ Za 0485 _0.10 (3.113)
Y d P

Figure 3.91 shows the comparisons of Equation 3.113 with the experimental
results. Equation 3.113 achieves a good accuracy to predict d.,/d,. According to the
trend in Equation 3.113, d.,/d, increases when P./P, gets larger values. This attributed to
the fact that as concrete contribution to the response improves, steel yielding is delayed.

ERCFT7F1*7m
<y

The energy-based damage index ( =E, /E,, ) at compression flange

yielding was also investigated. It was found that the value of £, / E,,, remains constant

tota
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for the majority of the specimens. The average value of £,/ E,,,, was found to be 0.025

tota

with a standard deviation of 0.0026.

Yielding of Tension Flange of Steel Tube

In the monotonically loaded frame tests, similar to concrete cracking and
compression steel yielding, the moment level at tension flange yielding was determined
from the cross-sectional analysis program. After that, the tension yielding points were

scaled from the experimental graphs.

The displacement-based damage function (D;CF rfrom—d w/d,) was utilized to

quantify the damage. The ratio d , /d, was correlated to P./P, and Equation 3.114 was
derived to calculated , /d,. The trend in Equation 3.114 also shows a decrease in d,/d,

as P./P, takes larger values. This is because as concrete contribution to the response gets

larger, less load is transferred to the steel tube.

) d, P
D;Q;CFTfF:Jn _ dy —125%¢ _038 (3.114)

Equation 3.114 was compared with the experimental results in Figure 3.92 and Equation

3.114 achieved a good correlation with an R’ of 0.94.

RCFT _Fr_m
E,

The energy-based damage index ( =E,/E,, ) attained almost a
constant value for the specimens. The average value of £,/ E,,,, was found to be 0.087

with a coefficient of variation of 0.016.

Local Buckling of Steel Tube Flange

Local buckling took place at both ends of the beam-columns of the frames.
However, local buckling at the bottom of the beam-column occurred earlier. This is
likely due to fact that the connections were not as rigid as the girder, and thus the
maximum moment occurred at the bottom of the beam-columns. While evaluating the

damage level at local buckling, the first occurrence of local buckling was investigated.
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The damage at local buckling was quantified using both the deformation-based

damage index (D, -""-" =d,,, /d,) and the energy-based damage index

(Ep ' -""-" =E,, | E,.,). The available data indicated that d,, /d, and

E, | E,, values decrease for large values of P./P,. RCFT members with thin-walled

steel tube are susceptible to local buckling and for the tests in the monotonic frame
database, the specimens with large values of P./P, also have thin-walled steel tubes.
Equations 3.115 and 3.116 were developed to estimate the damage functions in terms of
the parameter P./P,. The R’ for the aforementioned equations were found to be 0.95 and

0.74, respectively.

d P
DjerT -t =—d”?f =—0.33--+0.56 (3.115)
E. .
prom oo _ 243k g9 (3.116)
Ibf E
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Equations 3.115 and 3.116 were compared with the experimental results in Figures 3.93

and 3.94. For both of the equations good correlation was achieved.

Local Buckling of Steel Tube Web

Local buckling of the steel tube web was reported in the monotonically loaded
RCFT frame tests as the second damage level following local buckling of the steel tube
flange. For all the specimens, local buckling of the steel tube web occurred in the post-
peak region. In the frame tests, no sudden change in the load-deflection response was
observed after the steel tube web buckled. This might be due to fact that the frames were
already in the softening region that was initiated by the other major damage levels,
including concrete crushing and local buckling of the steel tube.

The damage level of the steel tube web buckling was quantified using the

deformation-based (Dj."-""-" =d,, /d ) and energy-based damage indices
(EFr-fr-m =g, |E,,,). The strain level at local buckling of the web was high for all
the specimens, as can be seen from the average value of d,,, /d, calculated as 1.60 with

a standard deviation of 0.15. The average value of £,/ E, ,, was found to be 0.57 with
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a standard deviation of 0.10, indicating that significant reduction in energy absorption
capacity was caused prior to buckling of web. No equation was proposed to estimate the
damage functions due to low correlation.

The summaries of the equations for the displacement-based and energy-based
damage functions of the monotonic RCFT frame tests are given in Table 3.12 and Table
3.13, respectively, including appropriate statistical information and bounds on the
independent variables for all the equations based upon the range of values available from

the experimental research.

3.10 Cyclically Loaded RCFT Frames

Similar to the approach taken for assessing damage in the cyclically loaded RCFT
beam-column tests, a semi-empirical method was developed to extract local damage
levels from the experimental load-deflection curves given in the reports. This method is
similar to the one used for the cyclically loaded RCFT beam-column tests. The cross-
section analysis program and the experimental load-deflection curves were used, together
to examine the damage evolution of the cyclically loaded RCFT frames. As in the case
of monotonic frame tests, the local damage of the beam-column members was used to
investigate story-based limits states of RCFT frames.

In the literature, the experimental load-deflection curves were given in terms of
lateral load (H) and chord rotation (R) of the frames. The approach taken to assess
damage was to calculate the moments acting on the individual RCFT members from the
H vs. R graphs. This requires, first, to determine the amount of horizontal force carried
by each beam-column of the portal frame. As the portal frames were symmetric
structures, the horizontal load was assumed to be equally-shared by the windward and
leeward columns. The next—step was to determine the location of the inflection point of
the columns. For this purpose, the analysis program CFT-Macro (Gourley and Hajjar,
1997a, 1997b) was used. As referenced in Kawaguchi (2000), Kato et al. (1969) showed
that the monotonic load-deflection curves of RCFT members envelope their cyclic
response. Therefore, monotonic analysis in CFT-Macro was used to estimate the back-

bone curve of the specimens.
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The portal frames tested by Kawaguchi et al. (1997) and Kawaguchi (2000) were
compared with the results from CFT-Macro. The analysis model input to CFT-Macro
can be seen in Figure 3.95. Only one-half of the frames was modeled, taking advantage
of the symmetry of the frames, and the analysis was run under monotonic loading. The
results from the CFT-Macro and the experimental back-bone curves can be seen in Figure
3.96 through Figure 3.98. These figures show that the both the computational and
experimental results match with a reasonable accuracy up to the peak response (CFT-
Macro does not capture softening response). This proves that CFT-Macro reproduces the
experimental results for the RCFT frame structures and it is reliable to determine the
location of the inflection points of the frame members. Figure 3.99 to Figure 3.101
exhibit the final moment distribution at the end of the analysis along the height of the
windward column of the RCFT frames analyzed by CFT-Macro. In all of the cases, the
moment was found to vanish at approximately the mid-height, indicating that the location
of the inflection point remains constant.

The RCFT beam-columns in a portal frame undergo double curvature bending if
the frame is subjected to a horizontal load. With this fact in mind, the free-body diagram
of the upper portion of the windward column is shown in Figure 3.102 as an illustration
of the calculation of the bending moment transferred to the columns. Taking the
moments of the forces in Figure 3.102 with respect to the inflection point and then
equating the sum of the moments to zero, the moment (M) at the top of the column can be
calculated using Equation 3.117. The lateral displacement (A4) can be determined by
multiplying the whole length of the column (L) with the amount of chord rotation (R).

=L, pA 3.117)
2 2T

When conducting the calculations for assessment of the damage levels in RCFT
frames, it was required to use accurate constitutive models for the steel and concrete. In
the reports of the frame tests by Kawaguchi et al. (1997) and Kawaguchi (2000), the
information given on the constitutive models for steel and concrete was not
comprehensive. However, the selected ranges of the material strengths for both steel and
concrete were found to be within the limits of the constitutive models provided by

Gourley and Hajjar (1994) and Hajjar and Gourley (1996). Therefore, while using the
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cross-section analysis program to determine the moment levels corresponding to the local
damages, the constitutive models recommended by Gourley and Hajjar (1994) and Hajjar
and Gourley (1996) were used.

The damage levels observed for the cyclically loaded RCFT frames are similar to
the cyclically loaded RCFT beam-columns, except for the cyclic frames, concrete
crushing and local buckling of the steel tube web were not studied as there is no data
available for these damage levels. The damage function given in Equation 3.62 was also
utilized for the cyclically loaded frame specimens. The monotonic energy absorption
capacity required in the damage index was calculated by analyzing the specimens using
CFT-Macro. The end of the analysis was taken as 6% drift as in the case of beam-
column specimens. However, CFT-Macro gave only pre-peak response of the specimens.
In the post-peak range, as recommended by Kawaguchi (2000), rigid plastic behavior was

assumed.

Concrete Cracking

A semi-empirical method was used to estimate the occurrence of the tensile
cracking of the concrete. The moment level when the concrete cracking strain is reached
was calculated using the cross-section analysis program described earlier. The
corresponding chord rotation (R) was then determined from the RCFT beam-column
experimental M vs. R graphs, which were converted from the experimental H vs. R
graphs of the frames.

The data extracted from the experimental curves indicated that the energy-based

RCFT _Fr_c
Ecr o

damage index at concrete cracking ( =E_ /E, ) shows strong correlation with

respect to P/P,. The trend in the data indicates that for high axial load ratios, concrete

cracking is delayed and the value of £ /E, increases. Under high axial load ratios, the

effect of the D/ ratio on concrete cracking is suppressed. For the specimens with high

P./P, ratios, the value of E,, exhibits an increasing trend. This also affected £, / E, and

it was found that £_ / E  is decreasing when P./P, values get larger. A multi-linear
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regression was performed and Equation 118 was developed to estimate £, / E, . The R’

for Equation 3.118 was found as 0.77.

) E P
ERCITfrc =E—" = 0.024£—0.0033 =—0.0031 (3.118)

m o o

Equation 3.118 is compared with the experimental results in Figure 3.103. It should be
noted that for low axial load values Equation 3.103 gives negative values. Therefore, it is
recommended that for axial load values smaller than 0.15, Equation 3.103 should be

avoided to be used.

Yielding of Compression Flange of Steel Tube

Points corresponding to yielding of the compression flange of the steel tube for
cyclically loaded RCFT frames were also determined using the semi-empirical approach.
Similar to concrete cracking, the moment level for yielding of the compression flange of
the steel tube was determined from the cross-sectional analysis program. After that, the
corresponding chord rotation value, R, was scaled or interpolated from the experimental
data.

When the available data for compression steel yielding was examined, it was
. RCFT _Fr_c¢ __ . .
found that the energy based-damage function (£, - -“ = E_, / E, ) is mainly affected
by Py/P, ratios. A clear trend in Figure 3.104 shows that £ o /E , increases for high P/P,

values. For low values of Py/P,, the effect of P/P, on steel yielding is suppressed.
However, when Py/P, increases, the steel tube takes more axial load and yielding occurs

earlier. Equation 3.119 and 3.120 were proposed to estimate £, /E, . The R’ for

Equation 3.119 and 3.120 were found as 0.82 and 0.65, respectively.

. E, P
E3T-Fr-c = E—y = 0.070;‘ ~0.035 for P/P,=0.15 (3.119)
E, P
ESTT-T-¢ = E—J =0.028 PS —0.0063 for P/P,>0.30 (3.120)

Figure 3.105 exhibits the comparison of Equations 3.119 and 3.120 with the experimental

results. For both of the equations a good correlation was obtained.
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Yielding of Tension Flange of Steel Tube

Yielding of the tension flange of the steel tube in the RCFT frames was
investigated in the same way as yielding of the compression flange of the steel tube.
Using the semi-empirical approach, the tension flange yielding points were extracted

from the experimental load-deflection curves. Then, the energy-based damage index at

RCFT_Fr_c _ E, / E ) was investigated to

yielding of the tension flange of the steel tube (£,

determine a correlation between the structural parameters of the RCFT beam-columns.
When the available data for tension steel yielding was examined, it was found that

E, / E, is mainly affected by P/P, ratios. A clear trend in Figure 3.106 shows that

E, / E, increases for high P/P, values. However, no definite trend for Py/P, to affect
E, /E, can be observed from Figure 3.106. Due to low correlation, no equation was
developed to estimate £, / £, . The average value of E, / E, was found as 0.068 with a

standard deviation of 0.048.

Local Buckling of Steel Tube Flange

Among the specimens in the database, local buckling was first initiated at the
bottom and then at the top of the columns. Local buckling points were available for both
directions of loading. Therefore, each specimen was considered as two specimens. The

energy-based damage index at local buckling of the steel tube flange

(Ep-""-¢ = E, | E, ) was found to correlate to the P/P, ratio. The other parameters
including P./P, were constant for the specimens where local buckling was reported. The

trend in the data showed that for large axial load levels, £, / E, increases. This is

because any increase in axial load ratio causes a reduction £,,. Equation 3.121 was

developed to estimate £, / £, . The R’ for Equation 3.121 was found as 0.96.

P

E
EpcrT-free =%=0.10—+0.25 (3.121)
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Equation 3.121 was compared with the experiments in Figure 3.107 and good correlation
was obtained.

The summaries of the Equations for the energy-based damage functions of the
cyclic RCFT frame tests are given in Table 3.14, including appropriate statistical
information and bounds on the independent variables for all the equations based upon the

range of values available from the experimental research.

3.11 Ductility of RCFT Members

Ductility is defined as the ability of RCFT members to undergo inelastic
deformation without a sudden decrease in strength. Ductility (z) can be quantified with

the use of a ductility factor defined as in Equation 3.91.

= Zu 3.122
H=- ( )

y

where:

d, — yield displacement

d, — displacement at failure

The ductility of RCFT members were investigated in this section. For each type
of specimen in the database, the available ductility was calculated and correlated to the

material and geometric properties.

3.11.1 Monotonically Loaded Columns

Two main types of load deflection curves were identified for the monotonic
column specimens as shown in Figure 3.7. Different procedures were used to determine
d, and d, to calculate ductility depending on the type of load-deflection curve.

For all the column specimens, d, was defined as the deflection where the axial
load level reached 90% of its maximum value. The 90% load level was based on the
experimental results by Schneider (1998), where an average value of 0.91 with a standard

deviation of 0.10 was obtained.
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Three different methods were employed in detecting the failure point of the

specimens. For RCFT columns having a softening type of post-peak behavior, d, was

assumed to be reached when the reduction in the axial load level was 15%. The 15%

limit was also used for reinforced concrete columns that exhibit a sudden decrease in the

strength following the peak load (Rao et al., 1998). If RCFT columns underwent

hardening, the failure point was assumed to take place at the end of the hardening region

(Elchalakani et al., 2001). On the other hand, if the post-peak response of the specimens

was close to perfectly plastic, a limiting strain value of 0.015 was selected for the

concrete core, and the instant when a 0.015 axial strain was reached was assumed to be

the failure point. A 0.015 strain value was taken from the constitutive model for the

concrete core of RCFTs by Tomii and Sakino (1979b), as shown in Figure 3.85. A

similar type of failure definition was also employed by Mehanny and Deierlein (2000) for

reinforced-concrete members. For the slender specimens that have high L/D ratios, if the

post-peak response is close to perfectly plastic, the failure point was decided based on a

interstory drift limit of 6%. The 6% drift limit was also used for the beam-column tests

as will be presented later.

Using the available data in the data in the monotonic column database, Equations

3.123/3.124 and 3.125 were derived to estimate the ductility of the specimens with R’

values 0.51 and 0.90. In deriving Equation 3.123/3.124, outlier data was eliminated if the

residual over predicted value was greater than 1.0. Among the stocky specimens (L/D <

12), the ductility was found to remain approximately constant at an average value of 1.84

with a standard deviation of 0.57 if /°./f, ratio was above 0.20.

for L/D <12
MU= —22.23%—0.172+3.59%+2.60 —if f'./f, <0.20 (3.123)
p )
y
,u=l.84—iff'€/fy >0.20 (3.124)
for L/D > 12

L

P
H=0135+138-+1.20 (3.125)
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For stocky specimens with low L/D ratios, it was found that the ductility of the
specimens decreases when the concrete contribution to the response increases. This trend
can be seen in Equation 3.123, where a decrease in ductility can be noticed as D/ and /.
get larger. However, for the slender specimens, the experimental results exhibited an
opposite trend and ductility increased when P./P, values got larger. For all the specimens
whether they are stocky or slender, ductility was found to improve if the L/D ratio gets
larger (i.e., even specimens that buckled due to large L/D were often found to be able to
retain their strength through further deformation thereafter).

The comparison of Equation 3.123 through 3.125 with the experimental results
can be seen in Figure 3.109. A fairly good correlation between the experimental and

computational values can be seen.

3.11.2 Monotonically Loaded Beam-Columns

The ductility of the monotonic beam-columns was investigated in three groups
based on the type of loading. The ductility for each group of specimens was calculated
and the correlation of ductility to the material and geometric properties was studied.

For each specimen in the monotonic beam-column database, the yield
displacement was defined in the same way. The calculation of yield displacement was

adopted from Varma (2000) and it is presented in Equation 3.126 and in Figure 3.110.

d =t (3.126)

where:

L, — peak load

K. — secant stiffness at 0.60L,

However, different methods were employed to define the ultimate points. For all
the beam-column specimens having a softening type of post-peak behavior, the failure
was assumed to occur when the load capacity of the specimens decreased to 90% of its
peak value (Varma, 2000). If the specimens exhibited a hardening type post-peak
behavior, the failure point was assumed to be the end of the hardening region. There also
exist beam-column specimens in the database with approximately perfectly plastic post-

peak response. For this type of specimen, two different methods were adopted to detect
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failure. In the first method, if the deflection of the specimens was given in terms of
curvature, the failure was assumed to take place when the compressive strain at the
outermost concrete fiber reached a strain value of 0.015. This failure criteria required
moment-curvature analysis of the specimens using the cross-section analysis program
(see Appendix A) and it was mainly applied to the specimens with the MIII type loading
scheme, which were mostly short specimens. When using the cross-sectional analysis,
the steel and concrete constitutive models developed by Gourley and Hajjar (1994) and
Hajjar and Gourley (1996) were utilized. On the other hand, the second failure criterion
for the perfectly plastic post-peak response involved taking a lateral drift of 6% as the
deflection at the ultimate point. This method of failure detection was applied to
specimens with MII type loading, and the 6% drift limit was based on the test results by
Tomii and Sakino (1979b) and Sakino and Ishibashi (1985), where the tests were stopped
at an average lateral drift value of 6%.

The specimens with MI type loading scheme in the database exhibited either a
hardening or softening type of post-peak behavior. The ductility of the specimens in the
database was evaluated and Equation 3.127 was derived to estimate ductility. The R’ for
Equation 3.127 was 0.50. While deriving Equation 3.127, outlier points were eliminated
if the residual over predicted ratio was greater than 1.0.

Y7, =—7.26%+4.72%—0.28%+12.68 (3.127)

The trend in Equation 3.127 shows that there is a reduction in ductility when P./P, or L/D
ratio increases. On the other hand, ductility was found to improve for large values of
eccentricity. Equation 3.127 is compared with the experimental results in Figure 3.111
and relatively good correlation was obtained.

The experimental results of beam-column specimens tested with loading scheme
MII exhibited all types of post-peak behavior including softening, hardening, and
perfectly plastic. Equation 3.128 was developed to estimate the ductility for the MII type

beam-column specimens. The R’ for Equation 3.128 was calculated as 0.53.

P
=032t 3785 _028L 19304 (3.128)
D P P

o o
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Equation shows that the ductility of the beam-columns reduces when the parameters L/D,
P./P, and P/P, get larger. The computational results from Equation 3.128 were
compared with the experiments and good correlation was obtained as can be seen in
Figure 3.112.

MIII type specimens also underwent all types of post-peak response including
softening, hardening, and perfectly plastic. Equation 3.129 was derived to estimate the
ductility of the specimens. The R’ for Equation 3.129 was found as 0.53. In deriving
Equation 3.129, the outlier points were eliminated if the residual over predicted ratio is

greater than 1.0.

P
p=-4732 —9.64L 4993 (3.129)

The trend in Equation 3.129 indicates that ductility reduces if P/P, and P./P, values of
the specimens get larger. Equation 3.129 was compared with the experimental results in

Figure 3.114 and good correlation was achieved.

3.11.3 Cyclically Loaded Beam-Columns

The backbone curves of the load-deformation response for the cyclic beam-
column specimens in the database showed a softening type of post-peak behavior. The
same definition of yield point with the monotonic beam-columns was utilized to
determine yield displacement. The specimens were assumed to fail when the load
capacity of the specimens decrease to 90% of its peak value.

To estimate the ductility of the specimens Equation 3.130 was derived with an R’
value of 0.68. While deriving Equation 3.130, only the data from the specimens having a
saw-teeth type loading rule was used.

P P
p=-T12---033" < +548 (3.130)

o o

Equation 3.130 shows that when the axial load level increases a reduction in

ductility takes place. In addition, any increase in P./P, also causes a decrease in ductility.
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Equation 3.130 is compared with the experimental results in Figure 3.114 and good

correlation was attained.

3.11.4 Monotonically Loaded Panel-Zones

In the monotonic panel-zone tests, the specimens underwent either softening or
perfectly plastic type post-peak response. The yield points of the monotonic panel zone
specimens were determined in the same way as monotonic beam-columns. For the
specimens having a softening post-peak response, the failure point was taken as the
instant when the capacity of the member drops to 90% of its peak value. However, if the
specimens exhibited a perfectly plastic type of post-peak response, a limiting shear
deformation of 0.02 radians was assumed. The 0.02 radian deformation level was taken
from the panel zone tests by Kamba et al. (1991), where the specimens were able to attain
0.02 radian shear deformation without any significant strength degradation.

Using the available data in the database, Equation 3.131 was derived to estimate

ductility. The R’ for Equation 3.131 was determined as 0.88.

L
y:—28.44§—1.813p+23.96p°’ +9.27 (3.131)

According to the trend in Equation 3.131, high axial load ratios and high aspect ratios are
both detrimental to ductility. However, an improvement in ductility is evident for large
P./P, ratios. As can be seen from Figure 3.115, Equation 3.131 is successful in

simulating the experimental results.

3.11.5 Monotonically Loaded Pinned Connections

Among monotonically loaded pinned connection tests, PCla, PCIb and PCllIa type
specimens did not have available data for their post-peak response. Therefore, the
ductility assessment of monotonically loaded pinned connections could only be made for
PCIIb type specimens.

For the pinned connection specimens, while calculating ductility, the yield point

was determined similarly to the beam-column tests. Type PCIIb specimens all had a
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hardening response and they were able to attain a deformation level of 0.05 radians
without any deterioration in strength. The 0.05 radian deformation limit was taken as the
failure point as it represents an upper bound of deformation for all the available
specimens.

Equation 3.132 was developed to estimate ductility of the pinned connection

specimens. The R’ for Equation 3.132 was determined as 0.57.

d, /D
,u=959.13(5/ - +0.90 (3.132)
t

Equation 3.132 indicates that high D/# ratios are detrimental to ductility. On the other
hand, it can also be seen from Equation 3.132 that an increase in ductility takes place
when the size of the girders with respect to the RCFT member depth increases. Figure
3.116 shows that the correlation of experimental and computational ductility values is

relatively satisfactory.
3.11.6 Monotonically Loaded Moment Connections

Monotonically loaded moment connection specimens available in the database
also exhibited a hardening type of post-peak response. The yield point was detected
using the same technique as in the case of monotonically loaded beam-column
specimens. The failure point was estimated at a deformation limit of 0.05 radian which
was also assumed to be the limiting deformation for the PCIIb type specimens.

However, the number of specimens was not sufficient to derive an equation for
ductility. Therefore, the ductility of the available specimens was calculated and the

average value was found to be 5.8 with a standard deviation of 0.56.
3.11.7 Cyclically Loaded Moment Connections

For the specimens in the cyclic moment connection database, the ductility of only
the specimens having either weak column or weak girder was investigated. In addition,

the specimens having premature fracture were excluded. The yield point of the

specimens was detected using the same method as in the case of monotonically loaded
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beam-column specimens. The backbone curve was used for the ductility assessment, and
all of the cyclically loaded moment connections available in the database had a backbone
curve with a softening post-peak response. Therefore, the failure point was determined
when the capacity of the members reduces to 90% of its peak value.

Equation 3.133 was derived to calculate the ductility of the specimens. The R for

Equation 3.133 was calculated to be 0.73.

P
y=1.06§+4.52—g—1.12£+1.59 (3.133)

According to the trend in Equation 3.133, axial load acting on the specimens improves
ductility. Although this is an unexpected trend, in the database, the specimens with high
axial loads underwent more deformation in their post peak-response. When the P,/P,
ratios attain larger values, an increase in ductility is also evident from Equation 3.133.
On the other hand, large values of P./P, ratios cause a reduction in ductility. Equation
3.133 is compared with the experimental results in Figure 3.117 and a good agreement

was obtained.
3.11.8 Monotonically Loaded Frame Tests

Monotonically loaded frame tests showed either softening or perfectly plastic
post-peak response. Both the yield point and failure point were decided using the same
methods employed for the monotonically loaded beam-columns. Two types of failure
criteria’s were adopted from the beam-columns. If the frame specimens have a softening
post-peak response, 90% of the peak capacity was taken as the failure point. On the other
hand, for the frame specimens with perfectly plastic post-peak response, a 6% drift limit
was adopted as a failure criteria, similarly to that of RCFT beam-columns.

The correlation of the material and geometric properties of the RCFT members to
the ductility was investigated and Equation 3.134 was derived with an R’ value of 0.46.
The D/t ratio and /. was the main parameter in the monotonic frame tests available in the

database. Therefore, the ductility was only correlated to the ratio of P./P,.
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p==130-C 4141 (3.134)
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Equation 3.134 shows that P./P, has a detrimental effect on ductility. Equation
3.134 is compared with the experimental results in Figure 3.118 and the correlation

between the results was fairly good.
3.11.9 Cyclically Loaded Frame Tests

The backbone curve for cyclically loaded frame tests exhibited only softening
type of post-peak behavior. Both the detection of yield point and failure point were
adopted from the monotonically loaded frame tests. The ductility of the specimens
having premature fracture was not investigated.

Equation 3.135 was developed to estimate the ductility of the cyclically loaded
frame specimens. The R’ for Equation 3.135 was found to be 0.92.

P :0.067?—8.76§+4.08 (3.135)

The trend in Equation 3.135 shows that for the frame specimens, larger ductility ratios
can be obtained when large D/t ratios were utilized. Equation 3.135 also shows that high
axial loads cause a reduction in ductility. The comparison of the computational results
from Equation 3.135 with the experimental results showed good agreement can be seen in
Figure 3.119.

The summaries of the equations for ductility of the RCFT members are given in
Table 3.15, including appropriate statistical information and bounds on the independent
variables for all the equations based upon the range of values available from the

experimental research.
3.12 Comparison of Damage Levels for RCFT Members
In the previous sections, the damage of RCFT members was quantified through

deformation-based or energy-based damage indices. Equations were proposed to

estimate the values of the damage indices in terms of fundamental parameters of RCFTs.
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In this section, a parametric study is reported for the equations derived in Sections 3.2 to
3.10. Multiple specimens were generated and the damage indices were calculated for
each specimen at different damage levels. Ductilities were also calculated for the
specimens in the parametric study to help assess which members had ductile response in
conjunction with the progression of damage. The characteristics and associated damage
indices and ductility values are listed for all generated specimens in Appendix B.

The objective of the parametric study was to compare the effect of specific
damage levels (e.g., concrete cracking vs. local buckling, etc.) relative to each other.
This is performed using the equations or average values for the damage indices given in
Tables 3.1 to 3.15. Each equation or average value found from the experimental results
has bounds in terms of material properties (e.g., f,, f'c) or geometric properties (e.g., L/D,
D/t). In generating multiple specimens, it was ensured to use common limits of material
and geometric properties for the equation or average value of the damage index at each
damage level. Therefore, the number of specimens generated for each graph shown
within this parametric study depends on the common limits of the material or geometric
properties, with more specimens being generated for situations in which the common
limits encompassed a broader range of parameters. Note that each graph thus represents
one subset of the parametric study, and has its own set of specimens associated with it,
corresponding to its common limits. The specimen numbering is thus restarted for each
graph, numbering from one to the number of specimens generated for that specific branch
of the parametric study.

Recall that a deformation-based index value of 1.0 represents the damage type
occurring at the peak load achieved in the corresponding experimental tests upon which
the damage index was based. An energy-based index value of 1.0 represents the damage
type occurring at the final failure of the specimen, as defined for each type of structural

component (i.e., typically the end of the experiment).
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3.12.1 Monotonically Loaded Columns

For monotonically loaded columns, the parametric study was completed for both
deformation-based (D*-°“") and energy-based (E*“""-“") damage indices. The
main parameters used for the generating multiple specimens were L/D, D/t, f’., and f,.

The parametric study performed for the deformation-based damage index is
presented in Figure 3.120. It was found that the damage levels including steel yielding
and concrete crushing often take place sequentially. Both of the damage levels were
found to have an average damage index value of approximately 0.50. Local buckling is
the latest damage level for most of the cases. However, for the specimens having thin-
walled and high strength steel tubes (specimens 15 and 16), local buckling was also
observed to occur at approximately the same time with steel yielding. The specimens
having large D/f ratio and/or high strength concrete were found to have low ductility
values (e.g., less than 2.0; see Table B1 in Appendix B). These specimens usually fail
abruptly soon after concrete crushing or local buckling.

The results from the parametric study of the energy-based damage index are
shown in Figure 3.121. If the damage index values at steel yielding, concrete crushing,
and local buckling are compared, it can be seen that the specimens with small D/f ratios
(e.g., specimens 1 through 4 and 9 through 12) undergo a significant amount of damage
prior to the initiation of local buckling. This is due to the fact that local buckling is
delayed if the specimens have low D/t ratios. The value of the damage index at local
buckling varies from 0.15 for specimens with large D/f ratios to 0.74 for specimens with
small D/t ratios. The damage index at initiation of concrete crushing has values ranging
from 0.006 up to 0.31. The range of the damage index values at steel yielding was
similar to concrete crushing showing that the specimens often have significant reserve
strength following concrete crushing and steel yielding. This is consistent with the
conclusions drawn in Figure 3.120. The majority of the specimens exhibited ductility
levels above 3.0. Therefore, the specimens retained significant strength following the
damage levels of steel yielding, concrete crushing and even local buckling. It can be seen
from Table B2 of Appendix B that for low values of D/f ratios and low material strengths,

the specimens can attain very high ductility levels up to 8.0.
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3.12.2 Monotonically Loaded Beam-Columns

The monotonically loaded beam-column tests were divided into three groups

according to their loading setup. Therefore, the parametric study was completed for

RCFT Bc_m [ERCFT_Be_m

deformation-based (D ) and energy-based ( ) damage indices of each
group of specimens.

Figure 3.122 shows the comparison of deformation-based damage index for the
specimens with MI type loading. In Figure 3.122, concrete cracking is shown to be the
first damage level to occur, with a maximum d,,/d, value of 0.45. Following concrete
cracking, compression flange yielding and tension flange yielding occur sequentially for
the majority of the specimens, and tension flange yielding typically either occurs close to
when or after the peak load of the specimen is reached. The parametric study for local
buckling of the compression flange can only be compared with tension flange yielding
because the bounds of the equation to estimate dj/d, given in Table 3.3 match only with
the bounds of the tension flange yielding data available. According to Figure 3.123, the
deformation-based damage index for local buckling of the compression flange attains
values ranging from 1.68 to 2.25. For all of the specimens, the damage index values at
local buckling are greater than the average value of the damage index at tension flange
yielding. The sequence of the damage levels did not cause a significant impact on the
reserve strength of the specimens. As can be seen in Figure 3.122 and in Table B3 of
Appendix B, slender specimens with low eccentricity were found to attain the lowest
ductility values. In Figure 3.122, it was also found that for the specimens with high
values of ductility, compression flange yielding usually takes place prior to the peak load
being attained. This trend confirms that flexural action improves the deformation
capacity of the specimens. If the MI type specimens have L/D values less than 14, the
ductility was found to improve as the L/D of the specimens gets smaller. This trend is
evident in Table B4 of Appendix B. Compared to their slender counterparts presented in
Figure 3.122, the specimens having L/D ratios less than 14 attained larger ductility

values, which can be seen in Figure 3.123.
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The results of the parametric study of the energy-based damage indices for MI
type specimens are presented in Figures 3.124 and 3.125. In Figure 3.124, it can be seen
that the damage index values of tension flange yielding are often larger than compression
flange yielding. The specimens were also found to have significant damage by the time
tension flange yielding occurred. The amount of damage at compression steel yielding
was larger than concrete cracking for majority of the specimens. However, it was also
found that for the specimens with low L/D and e/D ratios, the amount of damage at
initiation of concrete cracking might exceed the initiation of yielding of the compression
flange. In Figure 3.125, the energy-based damage index values at damage levels of local
buckling of the compression flange and tension flange yielding are compared. A similar
result as in Figure 3.123 was obtained, and it also may be concluded that local buckling
of the compression flange occurs at a larger damage level than tension flange yielding for
the range of parameters studied. The specimens having similar damage index values at
steel yielding and at local buckling were found to have more reserve strength compared
to the others. Figure 3.124 and Table B5 of Appendix B indicate that slender specimens
having low eccentricity usually have lower ductility. A similar trend can also be seen in
Figure 3.125 and Table B6 for short specimens. Figure 3.124 also shows that if steel
yielding in tension and compression are delayed, these specimens usually have lower
ductility. The effect of local buckling on the ductility of the specimens can be seen in
Figure 3.125. It was found that the specimens can undergo significant deformation even
after local buckling takes place.

The deformation-based damage indices for the MII type specimens are compared
in Figure 3.126 and Table B7. According to Figure 3.126, when local buckling of the
steel tube web takes place, the beam-column specimens attain their most damaged state
with an average damage index value of 2.47. If the axial load level acting on the
specimens is low, compression steel yielding or tension steel yielding are the damage
levels occurring first. For the specimens having high axial compressive loads, local
buckling might precede both compression flange yielding and tension flange yielding.
The value of the damage index at tension flange yielding can reach up to 1.59 under high
axial compressive load levels, clearly showing the effects of the axial compression on

delaying tensile yielding after the peak load level in many cases. In contrast, the
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maximum value of the damage index at compression flange yielding is 0.92. The value
of the damage index at local buckling of the compression flange attains an average value
of 0.72. All the specimens generated for the parametric study are expected to show
ductile behavior with d,/d, ratios that can reach up to 16, which indicates that the
specimens still have considerable reserve strength after the occurrence of the local
damage. However, as seen in Figure 3.126 and Table B7, the specimens that had
occurrence of early local buckling clearly exhibit lower ductility as compared to those
specimens that have local buckling delayed.

Figure 3.127 exhibits the parametric study prepared for the energy-based damage
index values of the MII type beam-column specimens at specific damage levels.
According to Figure 3.127 and Table B8, for the majority of the specimens, local
buckling of the steel tube web occurs last. If the specimens have low axial load ratios,
yielding of the compression flange occurs first. It can also be seen from Figure 3.127 that
it is common for local buckling of the compression flange to take place at a lower
damage index value than the other damage levels if the axial load ratio is high. All of the
damage indices being relatively low as compared to 1.0 indicates that these specimens
have significant reserve energy absorption capacity after these damage levels take place.
It can also be seen from Figure 3.127and Table B8 that the MII type beam-column
specimens have considerable ductility. All of the specimens presented in Figure 3.127
have ductility values above 6.0.

The parametric study of the deformation-based damage index for the MIII type
beam-column specimens is shown in Figure 3.128 and Table B9. Figure 3.128 indicates
that local buckling of the steel tube web is the latest damage level to be observed for the
specimens. The damage index at local buckling of the steel tube web can reach up to 2.0.
The first damage level to be expected was determined as concrete cracking. The
parametric study also showed that for all the specimens, yielding in the compression
flange precedes yielding in the tension flange. The ductility levels of the specimens in
Figure 3.128 and Table B9 tend to decrease if the specimens experiences concrete
crushing before local buckling of the compression flange. The specimens in the database

exhibited an almost constant damage index value of 0.88 for concrete crushing.
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The energy-based damage index of the MIII type specimens was investigated
through the parametric study presented in Figure 3.129 and Table B10. Figure 3.129
shows that the occurrence of local damage varies considerably with the specimen
parameters. The damage index at initiation of concrete cracking and yielding of
compression flange have average values of 0.031 and 0.052,, respectively, indicating that
the specimens had significant reserve strength after concrete cracking or yielding of
compression flange initiated. The average damage index at concrete crushing was found
to be smaller than tension flange yielding. This might be attributed to the fact that the
axial load acting on the specimens delays tension flange yielding. Either local buckling
of the steel tube web or flange occurred last. The specimens in Figure 3.129 achieved
high ductility unless the axial load level is high or the D/f ratio is large, as seen in Table
B10. Therefore, the local damage levels were deteriorating the capacity of the specimens
with high axial loads or thin-walled tubes more significantly. In Figure 3.129, it can seen
that if local buckling of the specimens takes place before yielding of the tension flange,

the ductility decreases significantly.

3.12.3 Cyclically Loaded Beam-Columns

The parametric study of the cyclically loaded beam-columns was completed for
only the energy-based damage index (EX““"-#-%). The specimens for the parametric
study were generated using the parameters including P/P,, L/D, D/t, f, and f..

As seen in Figure 3.130 and Table B11, concrete cracking is the earliest damage
level to be observed in cyclically loaded beam-columns, with the value of the damage
index reaching only as high as 0.010 for the specimens in within the range of the study
shown in Figure 3.130. This indicates significant reserve strength in the RCFT beam-
columns after concrete cracking. Concrete cracking is followed by compression flange
yielding, tension flange yielding, local buckling of the steel tube flange and local
buckling of the steel tube web. Local buckling of the steel tube web takes place the last,
with the damage index attaining an average value of 0.48. The ductility levels calculated

for the specimens in Figure 3.130 and Table B11 show that as long as the specimens do
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not have high axial load and large D/t ratios, even after local buckling of web, the

specimens still have significant reserve strength.

3.12.4 Monotonically Loaded Panel Zones

For the panel zone specimens, deformation-based (D*“7-F=-"

( ER CFT Pz m

) and energy-based
) damage indices were both investigated. The main variables in the parametric
study were selected as L,/D, D/t, f, and f".

The result of the parametric study for the deformation-based damage index at
specific damage levels is given in Figure 3.131. Among the damage levels reported for
panel zones, concrete cracking represents a low level of damage, with an average damage
index value of 0.14 occurs very early in the loading history but also that it has little
impact on the panel zone response. The average values of the damage indices at yielding
and local buckling of the steel tube were 0.70 and 0.25, respectively. Figure 3.131 shows
that concrete crushing is the latest damage type to occur, with the average value of the
damage index equaling 0.82, indicating that all damage levels occur pre-peak. The
specimens having high axial load ratio and thin-walled steel tubes were found to have
little reserve strength following concrete crushing. The ductility values presented in
Figure 3.131 and Table B12 illustrate that once steel tube yielding and concrete crushing
damage levels are delayed, a decreasing trend in ductility is evident. Due to high level of
axial load applied to the specimens, the ductility values were less than 4.0 for the
majority of the specimens.

The energy-based damage index for the panel-zone was also investigated for
multiple specimens. Figure 3.132 and Table B13 show the comparison of the damage
index values at specific damage levels. According to the results given in Figure 3.132,
the initiation of damage occurs at relatively low energy levels for all damage indices.

The latest damage level to be observed is concrete crushing with a maximum damage
index value of 0.12.  Since the specimens in Figure 3.132 were generated with respect to
a constant high level of axial load, the ductility of the specimens in Figure 3.132 was
found to be relatively less. However, it was found that even under high axial load levels,

the specimens still have the ability to undergo inelastic deformation and keep their
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available strength as long as the steel tube has alow L, /D and a large P, / P, ratio. The

ductility of the specimens exhibited a similar trend as in Figure 3.131. It was found that
the ductility values did not reach to the levels of beam-column tests. This can be
attributed to the high level of axial load acting on the specimens. In addition, the
ductility of the specimens in Figure 3.132 and Table B13 also showed a decreasing trend

if the occurrences of the damage levels concrete crushing and steel yielding are delayed.

3.12.5 Monotonically Loaded Pinned Connections

There were four types of pinned connections, designated as PCla, PCIb, PClla
and PCIIDb in the pinned-connection database, as described in Chapter 2. However, due to
the limitations in the available data from the tests, the damage assessment of only PClIb,
PCllIa, and PCIIb type connections was performed in Section 3.6. Therefore, the
parametric study in this section can only be made for these types of connections. Also in
Section 3.6, the damage assessment of PCIb and PClla type connections were performed
together and in this section the parametric study of PCIb and PCllIa type connections was
also made together and the main variables were selected as e/D and P/V. For the PClla
type connections, the only variable for the parametric study was d,/D. The parametric

RCFT Pc_m

studies were performed for both deformation-based (D ) and energy-based

(ERFTPem) damage indices and the limits for the material and geometric properties given
in Tables 3.8 and 3.9 were taken into consideration.

The d.,/d, and E,/E ., values for PCIIb type connections were calculated for only
two specimens using the extreme values of the main variable do/D. The variation of
d./d, and E./E,, can be seen in Figures 3.133 and 3.134, respectively, and Table B14.
According to these figures, d,,/d, varies from 0.046 to 0.38 and E,/E . varies from 0.13
to 0.18. The decreasing trend in Figures 3.133 and 3.134 is attributed to the decrease in
the damage level for the specimens having high d,/D ratios. It should also be noted that
the ductility of the PCIIb type specimens generated for the parametric could not be
calculated since PCIIb type specimens were generated with respect to the parameter d,/D

which is not alone sufficient to calculate ductility. However, the PCIIb type specimens in

the database all had hardening type of post-peak response with considerable ductility.
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The parametric study for the PCIb and PClla specimens was also conducted for
both energy-based and deformation-based damage indices. Figures 3.135 and 3.136 and
Table B15 show the variation of the d.,/d, and E.,/E,. over the specimens generated for
the parametric study. The values of d.,/d, range from 0.21 to 0.60, while E.,/E /. takes
values between 0.08 and 0.50. The values of d.,/d, and E,/E,,. exhibit an increasing
trend in Figures 3.135 and 3.136, respectively. This is due to the fact that the damage
level at compression flange yielding gets larger when the main variables e/D and P/V
increase. The ductility of the specimens in Figures 3.135 and 3.136 could not be
evaluated since there were not any post-peak data available for the PCIb and PClla

specimens in the database to derive any formulation to compute ductility approximately.

3.12.6 Monotonically Loaded Moment Connections

For the monotonically-loaded moment connections only the variation of energy-
based (E*""M<-") damage indices was investigated. Figure 3.137 shows the histogram
of the energy-based damage index at specific damage levels. From Figure 3.137, it can
be concluded that the majority of the damage levels, including concrete cracking,
compression flange yielding, and tension flange yielding, occur very early in the load
history, because the maximum value of the damage index in the aforementioned damage
levels does not exceed 0.1. The monotonically-loaded moment connections have
concrete crushing taking place in the beam-column of the connection assembly at a later
stage of loading, with the average value of the damage index at concrete crushing being
0.21. However, the ductility of the specimens was usually satisfactory and significant

reserve strength exists in these specimens relative to all of the damage levels.

3.12.7 Cyclically Loaded Moment Connections

The parametric study of cyclically loaded moment-connections was conducted for

the energy-based damage index (ERCF T Me_c

), with the primary variables being P/P,, dy/d,
Py/P,; D/t, f,, and f°.. Multiple specimens were generated based on the ranges of the

parameters given in Table 3.11.
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Figure 3.138 and Table B16 exhibits the variation of the energy-based damage
index for the specimens used in the parametric study. The damage levels of concrete
cracking, tension flange yielding, compression flange yielding, and concrete cracking at
the panel zone all has damage index values below 0.1 or equal to 0.1. The most delayed
damage state of the specimens was local buckling of the compression flange, or the steel
tube yielding in shear at the panel zone. The maximum damage levels reached at the
time of local buckling of compression flange and panel zone yielding were 0.37 and 0.48,
respectively, thus exhibiting only moderate reserve strength thereafter. The ductility of
specimens did not exhibit a significant variation. For the majority of the specimens, the

ductility was ranging from 2.5 to 3.0.

3.12.8 Monotonically Loaded Frame Tests

The parametric study of the monotonically loaded frames was performed for both

ER CFT Fr m ERCF T Fr m

deformation-based ( ) and energy-based ( ) damage indices. The main
parameters in the parametric study were chosen as D/t, f,, and f”.. Figures 3.139 and
Figure 3.140 show the variation of deformation-based and energy-based damage indices,
respectively.

Figure 3.139 and Table B17 indicate that that the majority of the damage levels,
including concrete cracking, compression flange yielding, tension flange yielding and
local buckling of the compression flange, take place sequentially in the pre-peak
response. Concrete cracking was the first damage level to be observed, with an average
value of d./d, of 0. 069. After concrete cracking, yielding at the compression flange
initiates, with the damage index having an average value of 0.20. Yielding of the
compression flange is followed by either tension flange yielding or compression flange
local buckling. For the specimens with high D/t ratios, local buckling of the compression
flange precedes yielding of the tension flange; otherwise, tension flange yielding takes
place earlier. The maximum values of the damage indices attained by tension flange
yielding and local buckling of the compression flange were 0.46 and 0.37, respectively.

Local buckling of the steel tube web is the latest damage level to be observed with an

average dj,/d, value of 1.61.
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The result of the parametric study of the energy-based damage index is shown in
Figure 3.140 and Table B18. From Figure 3.140, it can be concluded that RCFT frame
specimens exhibit a very ductile response, since the value of the damage index attained
for most of the damage types occurring during pre-peak response do not exceed 0.1.
Local buckling of the steel tube web was found to be the latest observed during the
experiments. The average value of the Ej,/Epr Was 0.57.

The ductility of the specimens in Figures 3.139 and 3.140 were all found to be
satisfactory. Therefore, the damage levels defined for the monotonic beam-column tests

do not deteriorate the reserved strength of the specimens.

3.12.9 Cyclically Loaded Frame Tests

In the parametric study of the cyclic frame tests, the main variables were chosen
as P/P,, D/t, f°. and f,. According to the limits given in Table 3.14, multiple specimens
were generated and the energy-based damage index was evaluated at specific damage
levels for each specimen. The results from the parametric study are presented in Figure
3.141.

From Figure 3.141 and Table B19, it can be seen that local buckling of the
compression flange occurs latest, with the value of the damage index reaching up to 0.30.
The other damage levels including concrete cracking, compression flange yielding,
tension flange yielding, have damage index values less than 0.10. The frame specimens
having high axial load levels do not retain significant reserve strength following the
occurrence of the damage levels defined for them. As can be seen in Figure 3.141 and
Table B19, the specimens subjected to high axial load levels attain poor ductility values

of around 1.1.
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Table 3.1: Deformation-Based Damage Functions for Monotonically Loaded Columns

Type of Damage Equation for Deformation -Based | Range of Parameters Statistics Researchers
Member Level Damage Index [L/D; DIt; °¢; fy,; Pe/Po] [N; R% 4 o]
Steel forLID <4 forLID<4 forLID <4 forLID <4
Yielding DRCFT ol _m _ 0.61&+0.044 [2.0-4..2; 15.0-74.0;. 19.8- [55; 0.51,;0.38,;0.15] | Tomii and Sak.lno, 1979a;
y P 119.0; 194.2-835.0; 0.16- Grauers, 1993; Bergmann,
0.86] 1994; Inai and Sakino,
1996; Schneider, 1998;
Nakahara and Sakino, 1998.
o for L/D >15 for L/D >15 for L/D >15 for L/D >15
c DRCFT_Col_m _1 76&—0 26 [15.0-23.0; 20.3-36.6; [5;0.97; 0.76; 0.33] Bridge, 1976; Shakir-Khalil
g y R 31.10-92.40; 290.0-413.0; and Zeghiche, 1989; Shakir-
> 0.25-0.65] Khalil and Mouli, 1990;
) Bergmann, 1994,
o Concrete | for LID<5 for L/D <5 for L/ID <5 for L/D <5
g Crushing DFOFT e m _q g3 i+ 0.20 [2.0-5.6; 15.0-74.0; 20.6- [68; 0.51; 0.67; 0.27] | Tomii and Sakino, 1979,
_ P, 119.0; 194.2-835.0; 0.16- Grauers, 1993; Bergmann,
> 0.86] 1994; Inai and Sakino,
< 1996; Schneider, 1998;
‘E’ Nakahara and Sakino, 1998.
% for L/D >15 for L/D >15 for L/D >15 for L/D >15
c DRCFT_Col_m _1 o [15.4, 22.2; 28.6, 36.6; [2; 1.0; 1.0; 0] Bergmann, 1994.
§ 92.4; 412.6, 413.0;
0.60,0.65]
Local D [f [3.0-12.0; 17.0-74.0; 19.8- [39, 0.55, Liu and Goel, 1987; Lu and
3 RCFT _Col_m _ Yol Ty y102 . . . .
Buckling Dp =2.68x( VE ) 119.0; 194.2-835; 0.14- 1.83, 0.76] Kennedy, 1992: Tomii and

0.81]

D |f, :070-3.83
t VE,

Sakino, 1979; Inai and
Sakino, 1996; Nakahara and
Sakino, 1998; Varma, 2000;
Chung et al., 2001.
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Table 3.2: Energy-Based Damage Functions for Monotonically Loaded Columns

0.81]

Inai and Sakino, 1996;
Nakahara and Sakino, 1998;

Type of Damage Equation for Energy -Based Range of Parameters Statistics Researchers
Member Level Damage Index [L/D; Dt; £°c; fy;; Pe/Po] [N; R%; 445 o]
Steel RCFT Col m P L [3.0-23.0; 15.0-73.7; 19.8- | [52; 0.55; 0.050; Bridge, 1976; Tomii and
Yielding | ™ =020+ 0.021 =017 103.0; 194.2-835.0;0.16- | 0.14] Sakino, 1979; Grauers,
z ° 0.65] 1993; Bergmann, 1994; Inai
= and Sakino, 1996;
=) Schneider, 1998; Nakahara
S8 and Sakino, 1998; Varma,
- 2000.
= Concrete Err o n _oo08 Peyoom 5014 | [2.0-22.2;15.0-74.0;20.6- | [56;0.73;0.092; Tomii and Sakino, 1979;
= Crushing ‘ P D 119.0; 194.2-835.0; 0.19- 0.098] Grauers, 1993; Bergmann,
- 0.86] 1994; Inai and Sakino,
= 1996; Schneider, 1998;
s Nakahara and Sakino, 1998.
= Local D [f [3.0-12.0; 17.0-74.0; 19.8- | [38, 0.41, Lu and Kennedy, 1992:
=) Buckli S =0-50(\F)“"1 119.0; 194.2-835.0; 0.14- | 0.36, 0.22] Tomii and Sakino, 1979:
B8 uckling t VE ’ ' ' ' ’
5
=

D |f, :0.70-3.83
t VE,

Varma, 2000; Chung et al.,
2001.
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Table 3.3: Deformation-Based Damage Functions for Monotonically Loaded Beam-Columns

MII Type Loading:

MII Type Loading:

MII Type Loading:

MII Type Loading:

Type of Damage Equation for Deformation-Based | Range of Parameters Statistics Researchers
Member Level Damage Index [P/P,; L/D/; D]/t; f'e; 1y [N; R% 1 o]
P/Py
MI Type Loading: MI Type Loading: MI Type Loading: MI Type Loading:
RCFT Be.m e P [NA; 23.0-35.0; 16.0-30.0; | [4;0.90; 0.16; 0.21] | Shakir-Khalil and
Der B A 38.8-43.0; 343.3-386.3; Zeghiche, 1989; Shakir-
0.30-0.37] Khalil, 1994,
Concrete
Cracking e/D : 0.20-0.50
@ MIII Type Loading: MIII Type Loading: MIII Type Loading: MIII Type Loading:
c P P [0.19-0.43;5.0;34.2-50.0; [8; 0.95; 0.22; 0.12] Varma, 2000.
RCFT _Bc_m _ c _ 1] ’ 1] L] 1 1 1
£ D =042 5 +1135--0.38 110.0:259.0-560.0:0.61-
S 0.78]
Q MI Type Loading: MI Type Loading: MI Type Loading: MI Type Loading:
% fore/D < 0.2 [NA; 10.5-26.6; 15.0-31.3; [15; 0.41; 0.88; 0.36] | Bridge, 1976; Grauers,
2 orert s _ 0035 4 00012 - 01 30.0-103.0; 291.0-439.0; 1993.
-~ =0.035—+0.021—-0.
= oy 5 . 0.20-0.63]
'c'g e/D: 0.08-0.19
1 MI Type Loading: MI Type Loading: MI Type Loading: MI Type Loading:
> for e/D >0.2 [NA; 20.0-46.1; 16.0-30.0; [7;0.84;0.71; 0.23] Bridge, 1976;
IS 1A RCFT Be m L D 31.1-43.0; 254.0-386.0; Shakir-Khalil and
2 Yielding of | pJ =0.026 =+0.045---1.03 | 30,0 39] Zeghiche, 1989; Shakir-
S Compression Khalil, 1994.
o Flange e/D: 0.20-0.50
o
>

P P
DEFT-8-M = _1.60— 2474264

cy
0 0

[0.20-0.50; 3.0; 23.5-45.5;
20.5-22.1; 290.4-315.9;
0.26-0.43]

[9; 0.86; 0.51; 0.29]

Sakino and Ishibashi,
1985.

MIII Type Loading:

DRCFT-Be-m — 1162 0977 010t 1195
P P, D

o] o]

MIII Type Loading:
[0.00-0.62; 3.0-6.0; 23.5-
52.6; 19.8-110.0; 194.2-
660.0; 0.26-0.77]

MIII Type Loading:

MIII Type Loading:

[28; 0.60; 0.41; 0.33]

Tomii and Sakino, 1979a;
Lu and Kennedy, 1992;
Varma, 2000.
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Table 3.3: Deformation-Based Damage Functions for Monotonically Loaded Beam-Columns (cont’d)

Type of Damage Equation for Deformation -Based | Range of Parameters Statistics Researchers
Member Level Damage Index [P/P,; L/D/; D]/t; | [N; R?; 4 o]
PP,
MI Type Loading: MI Type Loading: MI Type Loading: MI Type Loading:
for L/D < 15 [NA; 2.8-14.1; 15.0-74.0; [14; 0.68; 2.04; 1.78] | Grauers, 1993; Fujimoto et
RCET Be m P, e 25.4-92.0; 379.0-618.0; al., 1995.
C 0
= e/D : 0.08-0.93
© MI Type Loading: MI Type Loading: MI Type Loading: MI Type Loading:
Q Yielding of for L/ID > 15 [NA; 23.0-46.1; 15.0-30.0; [15; 0.57; 1.78; 0.57] | Shakir-Khalil and
£ . RCFT Bc m P, e 38.0-103.0; 323.0-439.0; Zeghiche, 1989; Shakir-
S Tension Dy -~ =3.O4F—4.766+0.99 0.24-0.61] Khalil, 1994,
o Flange 0
g e/D : 0.17-0.50
g MII Type Loading: MII Type Loading: MII Type Loading: MII Type Loading:
2 RCFT Be.m _ P P [0.20-0.61; 3.0; 23.5-45.5; [11; 0.70; 0.94; 0.46] | Sakino and Ishibashi,
> Dy =LA 528, 385 20.5-22.1; 290.4-315.9; 1985,
= ° 0.26-0.37]
g MIII Type Loading: MIII Type Loading: MIII Type Loading: MIII Type Loading:
o ReFT_Bem _q 50 P o1 P L [0.00-0.43; 3.0-9.0; 17.0- [31; 0.60; 0.75;0.54] | Tomii and Sakino, 1979a;
o By =152 020, 00305 +059 1 5 6. 10.8-110.0; 194.2- Lu and Kennedy, 1992;
§ 660.0; 0.28-0.77] Varma et al., 2002.
MIII Type Loading: MIII Type Loading: MIII Type Loading: MIII Type Loading:
Concrete DRCFT_Be_m _ () gg [0.00-0.40; 3.0-8.6; 17.0- [26; NA; 0.88; 0.18] | Lu and Kennedy, 1992;
Crushing e ' 64.7; 40.5-119.0; 259.0- Nakahara and Sakino,

781.0; 0.28-0.85]

1998; Varma et al., 2002.
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Table 3.3: Deformation-Based Damage Functions for Monotonically Loaded Beam-Columns (cont’d)

Type of Damage Equation for Deformation -Based | Range of Parameters Statistics Researchers
Member Level Damage Index [P/P,; LID; DIt; f'e; f,; [N; R?; 1 o]
P./P.]
MI Type Loading: MI Type Loading: MI Type Loading: MI Type Loading:
RCFT Be m e L [NA; 4.0-18.0; 39.1; 94.0; [7;0.53; 1.81; 0.37] Chung et al., 2001.
D, ~— — =-042—-0.047—+251 443.0: 066]
D D
Buckling of MII Type Loading: MII Type Loading: MII Type Loading: MII Type Loading:
" Steel Tub et B P P [0.00-0.52; 1.0-3.0; 23.5- [32; 0.42; 1.00; 0.92] | Tomii and Sakino, 1979b;
e teel Tube | Dy -*"=-368—-3.11—*+3.97 45.4; 20.5-45.3; 194.2- Sakino and Ishibashi,
g Flange ° 0 315.8; 0.30-0.74] 1985.
> MIII Type Loading: MIII Type Loading: MIII Type Loading: MIII Type Loading:
tl) RCFT Be_m _ P P L [0.00-0.62; 3.0-5.0; 23.5- [17; 0.69; 3.23; 4.09] | Tomii and Sakino, 1979a;
£ D =184 ST AT B30 | ) 6:19.8-110.0; 194.2- Varma, 2000.
& 660.0; 0.26-0.67]
o MII Type Loading: MII Type Loading: MII Type Loading: MII Type Loading:
ki RCFT Be m P P [0.20-0.50; 3.0; 23.5-45.4; [9; 0.62; 2.43; 1.24] | Sakino and Ishibashi,
9 D = =481 ~10.495+1081 20.5-22.1; 290.4-315.9; 1985.
3 ° ° 0.26-0.43]
> MIlI Type Loading: MIII Type Loading: MIII Type Loading: MIlI Type Loading:
= for P/ P, <0.40 [0.19-0.39; 5.0; 34.3-52.6; [5; 0.46; 5; 1.94; Tomii and Sakino, 1979a;
é’ Local ; 110.0; 471.0-660.0; 0.61- 0.41] Varma, 2002.
S ; perrien _ 0630 |1 033 0.74]
B Buckling of t \E,
S Steel Tube :
S D /1
Web —.|—:1.83-2.92
t | E

MIII Type Loading:
for P/P,20.40

DRCFTchim — 188

lbw

MIII Type Loading:
[0.41-0.59; 3.0-5.0; 33.4-
52.6; 20.6-110.0; 288.4-
660.0; 0.35-0.74]

MIII Type Loading:

MIII Type Loading:

[5; NA; 1.88; 0.20]

Tomii and Sakino, 1979a;
Varma, 2002.
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Table 3.4: Energy-Based Damage Functions for Monotonically Loaded Beam-Columns

D |Fy 004173
t VE.

Type of Damage Equation for Deformation - Range of Parameters Statistics Researchers
Member Level Based Damage Index [P/P,; LID; Dt; f'c; fy; Po/Pg] [N; R% 4 o]
MI Type Loading: MI Type Loading: MI Type Loading: MI Type Loading:
RCFT Be m P e [NA,; 23.0-35.0; 16.0-30.0; 38.8- [4; 0.82; 0.059; Shakir-Khalil and
Bo T =140 -033 064 43.0; 343.3-386.3; 0.30-0.37] 0.076] Zeghiche, 1989;
Concrete ° Shakir-Khalil, 1994.
g MIII Type Loading: MIII Type Loading: MIII Type Loading: MIII Type Loading:
S RCFT Be. m P, P [0.19-0.61;5.0;34.2-50.0;110; [8, 0.44; 0.032; Varma, 2000.
3 B =005 #0115+ 0.1 1 550.0-560.0; 0.61-0.78] 0.027]
é MI Type Loading: MI Type Loading: MI Type Loading: MI Type Loading:
S £ = n 0492 100002 24 0.016 5 —0.49| [NA; 10.4-46.1; 15.0-31.3; 3L0- | [23;0.81;0.19; 0.17] | Bridge, 1976;
m b t b 103.0; 254.0-439.0; 0.20-0.63] Shakir-Khalil and
ro] Zeghiche, 1989;
S e/D : 0.080-0.50 Grauers, 1993; Shakir-
= Khalil, 1994.
—>|\ MII Type Loading: MII Type Loading: MII Type Loading: MII Type Loading:
= Yielding of o b [T p [0.20-0.50; 3.0; 23.5-45.4; 205- | [9; 0.60; 0.15; 0.11] | Sakino and Ishibashi,
S 9T | Egerr-sem —0.068> |24 ~0.073--~0014 | 97 1: 200.4-315.9; 0.26-0.43] 1985.
= Compression s o
S Flange
o
c
o
p

MIII Type Loading:

P
ECRYCFT-BC-m = 0.0038£ —0.056—=-0.046 P +0.064
D P, P,

MIII Type Loading:
[0.00-0.71; 3.0-6.0; 23.5-52.6;
19.8-110.0; 194.2-660.0; 0.26-
0.78]

MIII Type Loading:

MIII Type Loading:

[27; 0.38; 0.038;
0.027]

Tomii and Sakino,
1979a; Lu and
Kennedy, 1992;
Varma, 2000.
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Table 3.4: Energy-Based Damage Functions for Monotonically Loaded Beam-Columns (cont'd)

Type of Damage Equation for Deformation - Range of Parameters Statistics Researchers
Member Level Based Damage Index [P/P,; LID; Dit; fc; fy; Po/Po] [N; R% 4 o]
MI Type Loading: MI Type Loading: MI Type Loading: MI Type Loading:
2 ROFT Bom _ q 1 € P L [NA; 3.0-34.5; 15.0-74.9; 25.4- [27;0.70; 0.31; 0.23] | Shakir-Khalil and
£ St =0165 #0475 +00115-018 1 143 0; 261.9-618.0; 0.20-0.78] Zeghiche, 1989;
= Grauers, 1993; Shakir-
S o e/D :0.17-0.93 Khalil, 1994; Fujimoto
& Yielding of etal., 1995.
s Tension MII Type Loading: MII Type Loading: MII Type Loading: MII Type Loading:
0 Flange rerr mem apo P P [0.20-0.61; 3.0; 23.5-45.4; 20.5- | [11; 0.60; 0.15; 0.11] | Sakino and Ishibashi,
5 g By =062 -0.165-+0.039 1 221, 290.4-315.9; 0.26-0.43] 1985.
}3 MIII Type Loading: MIII Type Loading: MIII Type Loading: MIII Type Loading:
| ROFT Be_m _ P P L [0.00-0.71; 3.0-6.0; 23.5-52.6; [28; 0.57; 0.25; 0.32] | Tomii and Sakino,
> B 20024, #1075 +0045, 7026 1 19.8110.0; 194.2-660.0; 0.26- 1979a; Lu and
T 0.78] Kennedy, 1992;
ﬁé Varma, 2000.
S MIII Type Loading: MIII Type Loading: MIII Type Loading: MIII Type Loading:
o ROFT_Bem _ _qos P 141 Pe L [0.00-0.43; 3.0-9.0; 17.0-64.7; [26; 0.76; 0.33; 0.26] | Lu and Kennedy,
S Concr:_ete Ee =025 L5 -00345+122 46,5.119.0; 259.0-781.0; 0.15- 1992; Nakahara and
p= Crushing 0.72] Sakino, 1998; Varma,

2000.
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Table 3.4: Energy-Based Damage Functions for Monotonically Loaded Beam-Columns (cont'd)

MIII Type Loading:

f
RCFTEe.m 20_01&L —O.Z&D . —0.7&P +097
D t\E R

o

MIII Type Loading:
[0.00-0.62; 3.0-5.0; 23.5-
52.6; 19.8-110.0; 194.2-
560.0; 0.26-0.78]

MIII Type Loading:

MIII Type Loading:

[20; 0.55; 0.39; 0.24]

Tomii and Sakino, 19793;
Varma, 2000.

Type of Damage Equation for Deformation -Based | Range of Parameters Statistics Researchers
Member Level Damage Index [P/P,; L/D/: D]/t: e fy; IN; R 4 of
P/Py
MI Type Loading: MI Type Loading: MI Type Loading: MI Type Loading:
fore/D = 0.16 [NA; 8.0-18.0; 39.1; 94.0; [3;0.99;0.37;0.16] | Chung et al., 2001.
443; 0.66]
n L
c RCFT_Bc_m: . —_0.
= EX 0 031D 0.027 oD 0.16
= MI Type Loading: MI Type Loading: MI Type Loading: MI Type Loading:
8 for e/D = 0.49 [NA; 4.0-18.0; 39.1; 94.0; [4;0.76; 0.45; 0.26] | Chung et al., 2001.
& 443: 0.66]
§ ERCFT-Bem _ 0.039%+o.041 e/D - 0.49
§o) LO(.:aI MII Type Loading: MII Type Loading: MII Type Loading: MII Type Loading:
G Buckling of e m o om P o0s P ous | [000-0.52 2.06.0; 235 [32; 0.41; 0.12; Tomii and Sakino, 1979b:
= Steel Tube it T 45.4; 20.5-45.3; 194.2- 0.097] Sakino and Ishibashi,
—>'\ Flange 315.8; 0.30-0.74] 1985.
=
L
C
2
o
C
o
=

D [f,
— [—— :0.84-2.92
t \E,
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Table 3.4: Energy-Based Damage Functions for Monotonically Loaded Beam-Columns (cont'd)

MIII Type Loading:

D / f P
Epo-%-"=025— |-~ +142—-0.38
t\E P

MIII Type Loading:
[0.19-0.59; 3.0-5.0; 33.4-
52.6; 20.6-110.0; 288.4-
660.0; 0.35-0.74]

MIII Type Loading:

MIII Type Loading:

[10; 0.38; 0.64; 0.24]

Tomii and Sakino, 19793;
Varma, 2000.

Type of Damage Equation for Deformation -Based | Range of Parameters Statistics Researchers
Member Level Damage Index [P/P,; L/D/; D]/t; e 1y [N; R% 4 o
P/Pg
MII Type Loading: MII Type Loading: MII Type Loading: MII Type Loading:
for P/ P <040 [0.20-0.30; 3.0; 23.5-45.4; [5; 0.59; 0.35; 0.080] | Sakino and Ishibashi,
2 ° 20.5-22.1; 290.4-315.9; 1985.
e 0.26-0.43]
2 RCFT _Bc_m P
o EpcrT--M = _0.75—5 +0.84
®) A
% MII Type Loading: MII Type Loading: MII Type Loading: MII Type Loading:
P for P/ P.>0.40 [0.50; 3.0; 23.5-45.4; 20.5- [3; 0.90; 0.32; 0.090] | Sakino and Ishibashi,
_ﬂg Local 0 22.1; 290.4-315.9; 0.26- 1985.
< Buckling of o 0.43]
= Steel Tube | EC7-*-" —103—=-0.34
- Web Po
>
S
L
C
=
o
C
o
>

D [f,
— . |=:1.25-2.92
t | E,
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Table 3.5: Energy-Based Damage Functions for Cyclically Loaded Beam-Columns

Type of
Member

Damage Level

Equation for Enerqgy-Based
Damage Index

Range of Parameters
[P/P,; L/ID; DIt; f'c; fy;
P./P,]

Statistics
[N; R% 4 o

Researchers

Cyclically Loaded Beam-Columns

[0.10-0.41; 5.0-7.0; 18.9-

[40; 0.53; 0.59; 0.53]

Fujimoto et al., 1996;

P
Concrete EG-7-5(%) = 3-21P£ +0305--0.52 | 52,6 39.0-110.0; 269.0- Varma, 2000,
Cracking 0 0 825.0; 0.17-0.78]
- RCFT _Bo ¢ _ P P, [0.10-0.41; 5.0-7.0; 18.9- [40; 0.56; 0.041; Fujimoto et al., 1996;
Yieldingof | E, =015 5=+ 001155+ 0.038 | 55 6:39.0-110.0; 269.0- | 0.023] Varma, 2000.
Compression 825.0; 0.22-0.83]
Flange
for P/P, <0.20 [0.10-0.21; 5.0; 34.3-52.6; | [16; 0.66; 0.11; Varma, 2000.
N 110.0; 269.0-660.0; 0.60- 0.050
Yielding of Ef -%-°=0.56 P 0.0s9 0.77] ]
Tension Flange Po _
for P/P, > 0.20 [0.37-0.41; 6.0-7.1; 18.9- [24; 0.56; 0.11; Fujimoto et al., 1996.
46.7; 39.2-94.5; 276.0- 0.060]

EpT -%-°=0.24 P 0.0
PO

825.0; 0.17-0.78]

Concrete
Crushing

RCFT_Bc_c
Ecc

NA

NA

NA
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Table 3.5: Energy-Based Damage Functions for Cyclically Loaded Beam-Columns (cont’d)

Type of Damage Level Equation for Energy-Based Range of Parameters Statistics Researchers
Member Damage Index [P/P,; L/D/; D]/t; g™ [N; R%; 1 o]
P./P,
for P/P, <0.20 [0.10-0.21; 5.0; 34.3-52.6; | [16; 0.38; 0.20; Varma, 2000.
b [T 110.0; 269.0-660.0; 0.60- 0.081]
E RCFT -Be_c — _0.067 - /E—y +0.32 | 0.77]
: p [F :
Local Buckling TVE 1.31-2.92
of St:eel Tube =55 <02 [0.37-041, 6.0-7.1,189- | [22; 0.54; 0.19; Fujimoto et al., 1996.
Flange 46.7; 39.2-94.5; 276.0- 0.066]

Cyclically Loaded Beam-Columns

f
ERF e 9002 |1y 949
Ibf t E

825.0; 0.17-0.78]

D [Fy, 1.21-1.80
t VE,

Local Buckling
of Steel Tube
Web

Ibw

[=
E RCFT _Be _c _ _ () 24 ?\/ET_'. 1.01

[0.10-0.21; 5.0; 34.3-52.6;
110.0; 269.0-660.0; 0.60-
0.77]

F
2 Y - 1.31-2.92
t \E,

[15; 0.41; 0.51; 0.23]

Varma, 2000.
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Table 3.6: Deformation-Based Damage Functions for Monotonically Loaded Panel Zones

Type of
Member

Damage Level

Equation for Deformation-Based
Damage Index

Range of Parameters
[P/Py; Lp/D; DIt; ; f;
P./P.]

Statistics
[N; R% 4 o

Researchers

Monotonically Loaded Panel Zones

[0.0-0.50; 1.0-3.0; 20.8-48.1;

[14; 0.74; 0.088;

Kamba et al., 1991; Ricles

N P
Concrete DT-P-" = 0,050-2 +0.062i -0031 24.5-57.1; 333.5-558.0; 0.038] etal., 1995; Takemura et
Cracking > D 0.28-0.57] al., 1999.
e P L [0.0-0.50; 1.0-3.0; 20.8-48.1; | [14; 0.67; 0.39; 0.22] | Kamba et al., 1991; Ricles
| Tub D, " =018 +037—-0.27 24.5-57.1; 333.5-558.0; etal., 1995; Takemura et
S;‘f_e I;__U e ) D 0.28-0.57] al., 1999,
ielding
Concrete e Py m P L, [0.0-0.50; 1.0-3.0; 20.8-48.1; | [12; 0.41; 0.70; 0.43] | Kamba et al., 1991; Ricles
Crushin D"~ =-048—+028—+038 24.5-57.1; 333.5-558.0; etal., 1995; Takemura et
g D

[o]

0.28-0.57]

al., 1999.

Local Buckling
of Steel Tube

DII;CFT _Pz_m _ o5

[0.5; 2.0, 3.0; 32.2-46.1;
39.0; 377.0, 412.0; 0.41-
0.53]

[3; NA; 0.25; 0.001]

Ricles et al., 1995.
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Table 3.7: Energy-Based Damage Functions for Monotonically Loaded Panel Zones

Type of
Member

Damage Level

Equation for Energy-Based
Damage Index

Range of Parameters
[P/Py; Ly/D; DIt; T¢; fy; Po/Po]

Statistics
[N; R% 4 o]

Researchers

Monotonically Loaded Panel Zones

[0.0-0.50; 1.0-3.0; 20.8-48.1;

[14; 0.87; 0.0017;

Kamba et al., 1991; Ricles

RCFT _Pz_m __ LP Pc _
Concrete Ea = 0.0025 77+ 0.0034 5= 0.0037 | 5 5.571:333.5-558.0; 0.28- | 0.0014] etal., 1995; Takemura et
Cracking 0.57] al., 1999.
RCET P2 m P, L, [0.0-0.50; 1.0-3.0; 20.8-48.1; [14;0.77; 0.037; Kamba et al., 1991; Ricles
Steel Tube Ey7 T 200205740058 57-0.058 | 94.557.1; 333.5-558.0; 0.28- | 0.030] etal., 1995; Takemura et
Y|e|d|ng 0.57] al., 1999.
et o P L, [0.0-0.50; 1.0-3.0; 20.8-48.1; | [11; 0.53; 0.070; Kamba et al., 1991; Ricles
Concrete B =-0145+0060 ) +004] 24.5-57.1; 333.5-416.0; 0.28- | 0.045] etal., 1995; Takemura et
Crushing ° 0.57] al., 1999.

Local Buckling
of Steel Tube

RCFT _Pz_m
En =0.011

[0.5; 2.0, 3.0; 32.2-46.1; 39.0;
377.0,412.0; 0.41-0.53]

[3; NA; 0.011;
0.0010]

Ricles et al., 1995.
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Table 3.8: Deformation-Based Damage Functions for Monotonically Loaded Pinned-Connection Tests

Type of Damage Level | Equation for Deformation-Based | Range of Parameters Statistics Researchers
Member Damage Index [P/P,; dy/D; L/D; DIt; f'; f,; IN; R% 15 o]
Po/P]
PClIb: PClIb: PClIb: PClIb:
T . RCET P dy a7 [0.16, 0.18; 1.3-2.3; 7.5; [4;0.84; 0.20; 0.23] France et al., 1998.
S 2 Concrete DRFT-Pe-m —1,0048(—2) 25.0, 31.7; 34.7; 318.0,
L_—‘,‘ 2 Cracking D 336.0; 0.38, 0.43]
(&]
>
c_g 8 PClb, PClla: PClb, PClla: PCIb, PClla: PClb, PClla:
=0 o RCFT Pc m _ e P [NA; 2.7; 18.7; 30.0; 29.6- [6;0.77; 0.38; 0.16] Shakir-Khalil and Al-
ST Yielding of | Dy™ = =00975+004207+0.021 | 5, 5 336 5.343.0; 0.37- Rawdan, 1995,
g = Compression 0.41]
a Flange
= g e/D : 1.33-2.53
P/V:1.5-8.0

Table 3.9: Energy-Based Damage Functions for Monotonically Loaded Pinned-Connection Tests

Type of Damage Level Equation for Energy-Based Range of Parameters Statistics Researchers
Member Damage Index [P/P,; dy/D; L/D; DIt; f°c; f,; [N; R% u; o
P./PJ]

— PCllIb: PCllb: PClIb: PCllIb:

8 8 Concrete RCET Pe m dg 600 [0.16,0.18; 1.3-2.3; 7.5; [4;0.97; 0.016; France et al., 1998.

g g Cracking Eq -~ = 022(3) ' 25.0, 31.7; 34.7; 318.0, 0.020]

49 336.0; 0.38, 0.43]

b PCIb, PClla: PCIb, PClla: PCIb, PClla: PCIb, PClla:

@ O o RCFT _Pc_m _ e P [NA; 2.7; 18.7; 30.0; 29.6- [6;0.79; 0.24; 0.17] Shakir-Khalil and Al-

2 g Yielding of By =0.053 5 +0.055:-0.077 34.3; 330.0-343.0; 0.37- Rawdan, 1995.

g @ Compression 0.41]

S £ Flange

sa e/D :1.33-2.53

P/V :15-8.0
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Table 3.10: Energy-Based Damage Functions for Monotonically Loaded Moment Connection Tests

Type of Damage Level Equation for Energy-Based Range of Parameters Statistics Researchers
Member Damage Index [P/P,; LID; DIt; f°c; f,; IN; R? 4 o
/Po]
P/Po
RCFT _Mc_m [0.12, 0.14; 7.5; 20; 40.4; [2; NA; 0.000073; France et al., 1998.

@ Concrete Eq = 0000073 329.0, 427.0; 0.26, 0.31] 0.000005]
S Cracking
o
(&)
7} c N RCFT _Mc_m _ [0.12, 0.14; 7.5; 20; 40.4; [2; NA; 0.0051; France et al., 1998.
g E Yielding of Eey 0.0051 329.0, 427.0; 0.26, 0.31] 0.00071]
S = Comlpressmn
g O Flange
e g ERCFT_Me_m _ 016 [0.12, 0.14; 7.5; 20; 40.4; [2; NA; 0.016; France et al., 1998.
§ 2 Yielding of n ' 329.0, 427.0; 0.26, 0.31] 0.00097]
2 T Tension Flange
= (@)
o x
- ERCFT _Me_m _ 51 [0.12, 0.14; 7.5; 20; 40.4; [2; NA; 0.21;0.023] | France et al., 1998.
= Concrete c ' 329.0, 427.0; 0.26, 0.31]
8 Crushing
[
g ERCFT _Me_m _ 0 60000 [0.12, 0.14; 7.5; 20; 40.4; [2; NA; 0.00029; France et al., 1998.
S T % Concrete or ' 329.0, 427.0; 0.26, 0.31] 0.000032]
S | £N Cracking
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Table 3.11a: Energy-Based Damage Functions for Cyclically Loaded Moment Connection Tests

Type of Damage Level Equation for Energy-Based Range of Parameters Statistics Researchers
Member Damage Index [P/Po; L/ID; DIt; f'c; fy; Po/Py] IN; R? 4 o
” rert we e aoan P noes P [0.00-0.30; 9.0-12.0; 26.7- | [9; 0.97; 0.0066; Kanatani et al.,
s Concrete Ea =0.040 ) 0.0%6 ) +0.026 41.7; 30.1-49.6; 317.1- 0.0079] 1987; Vermaas,
B Cracki 420.8; 0.36-0.52] 1995; Koester,
= racking 2000; Kawano and
S - Matsui, 2000.
O e o RCFT _Mc_c _ P R [0.00-0.30; 9.0-12.0; 26.7- [8; 0.65; 0.089; Kanatani et al.,
= = Yielding of | Eo = 0093, -0042;,+0.13 41.7; 30.1-49.6; 317.1- 0.018] 1987; Vermaas,
g @) Compression 420.8; 0.36-0.52] 1995; Koester,
S ! Flange 2000; Kawano and
S £ Matsui, 2000.
s 8 o RCET Mo c P P, [0.00-0.16; 9.0-12.0; 26.7- | [6; 0.57; 0.091; Kanatani et al.,
S — Yielding of | By " =0205--021--+019 41.7; 31.1-49.6; 317.1- 0.033] 1987; Vermaas,
S tl-) Tension Flange ° ° 419.8; 0.42-0.52] 1995; Koester,
- & 2000.
%‘ Local Buckling | _aeer 1 & P [0.00-0.30; 9.0-10.0; 34.5, | [3;0.98; 0.31;0.061] | Kanatani etal.,
3 of Compression | Fw =209 7+112 41.7;30.1-33.8; 419.9- 1987; Kawano and
S o 420.9; 0.36-0.42] Matsui, 2000.
> Flange of Steel
O Tube
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Table 3.11b: Energy-Based Damage Functions for Cyclically Loaded Moment Connection Tests

Type of Damage Equation for Energy-Based Range of Parameters Statistics Researchers
Member Level Damage Index [P/P.; Lp/D/; D]/t; e fy; [N; R% 115 o]
Pd/P
RCFT M o d, P, [0.00-0.30; 1.40-1.67; 26.7- | [9; 0.75; 0.0066; Kanatani et al., 1987,

o & Concrete | = = 0042 +0.00027,--0.053 41.7;30.1-49.6; 317.1- 0.0032] Vermaas, 1995; Koester,
3 2 Cracking 420.8; 0.36-0.52] 2000; Kawano and Matsui,
S el & 2000.
4| Q d P [0.00-0.30; 1.40-1.67; 26.7- | [9; 0.80; 0.27;0.18] | Kanatani et al., 1987;

s| N EFCFT-Me© 1248 10,722~ 2,05
== y D +U. p - 41.7; 30.1-49.6; 317.1- Vermaas, 1995; Koester,
S = % Steel Tube 420.8; 0.36-0.52] 2000; Kawano and Matsui,
= 3| o A 2000.
Q£ Yielding
O o

P

Table 3.11c: Energy-Based Damage Functions for Cyclically Loaded Moment Connection Tests
Type of Damage Level Equation for Energy-Based Range of Parameters Statistics Researchers
Member Damage Index [P/Po; dy; bf;/tw;] to fows fys [N; R?; 14 o]
PJ/P,

- CET M P [0.00-0.16; 459.7-607.1; [5;0.67; 0.12; 0.022] | Vermaas, 1995;
o5 Girder Flange | E, " =-0.65—++0.35 154.9- 180.3; 9.14-10.9; Koester, 2000.
D .= . . . .
=15 o Yielding R 14.7-15.5; 341.9-379.2;
S o < 293.0-379.2; 0.3, 0.37]
;' 5 5 . P [0.00-0.16; 459.7-607.1; [5; 0.44; 0.19; 0.023] | Vermaas, 1995;
=0 = Ep 0 =-0.65—"+043 154.9- 180.3; 9.14-10.9; Koester, 2000.
o E g o o 14.7-15.5; 341.9-379.2;
s g & Plastic Hinging 293.0-379.2; 0.31, 0.37]
O o

b
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Table 3.12: Deformation-Based Damage Functions for Monotonically Loaded Frames

Type of Damage Level | Equation for Deformation-Based | Range of Parameters Statistics Researchers
Member Damage Index [P/P,; LID; DIt; f¢; fy; Po/P] IN; R 445 of
DRCFT_Fr_m _ 4 069 [0.30; 6.7; 46.9-65.2; 35.3- [4; NA; 0.069; Matsui, 1986.
Concrete cr 37.8; 287.4-288.4; 0.57- 0.0089]
Cracking 0.67]
o o P [0.30; 6.7; 46.9-65.2; 35.3- | [4; 0.75; 0.20; 0.027] Matsui, 1986.
Yielding of | prerrfrm _g 487 g0 37.8; 287.4-288.4; 0.57-
o Compression ) 0.67
8 67]
= Flange
©
T Yielding of P [0.30; 6.7; 46.9-65.2; 35.3- | [4; 0.94; 0.39; 0.064] Matsui, 1986.
= -10INg Dy -7 =1.25—=-0.38 37.8; 287.4-288.4; 0.57-
= Tension Flange 0.67
ge] o .67]
®©
o
> C
%, Concr:_ete DCRCCFT_Fr_m NA NA NA
5 rushing
[ n
S . o P [0.30; 6.7; 46.9-65.2; 35.3- | [4; 0.95; 0.34; 0.13] Matsui, 1986.
5 Local Buckling | pierr-n _ o33 . 056 37.8; 287.4-288.4; 0.57-
= of Steel Tube o 0.67]
P Flange
Local Buckling | DREFT-F_m _ 4 o [0.30; 6.7; 46.9-65.2; 35.3- | [3; NA; 1.60; 0.15] Matsui, 1986.
lbw -

of Steel Tube
Web

37.8; 287.4-288.4; 0.57-
0.67]
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Table 3.13: Energy-Based Damage Functions for Monotonically Loaded Frames

Type of Damage Level Equation for Energy-Based Range of Parameters Statistics Researchers
Member Damage Index [P/P,; L/D; DIt; fc; fy; Po/P] IN; R 445 of
RCFT Fr_m _ [0.30; 6.7; 46.9-65.2; 35.3- [4; NA; 0.0031; Matsui, 1986.
Concrete B =0.0031 37.8; 287.4-288.4; 0.57- 0.00044]
Cracking 0.67]
ERCFT_Fr_m _ ) oc [0.30; 6.7; 46.9-65.2; 35.3- [4; 0.56; 0.025; Matsui, 1986.
Yielding of v ' 37.8; 287.4-288.4; 0.57- 0.0026]
i 0.67
- Compression ]
% Flange
|I Yielding of EFCFT_FI_m _ g 087 [0.30; 6.7; 46.9-65.2; 35.3- [4; NA; 0.087; 0.016] Matsui, 1986.
. yt - . ) . ]
3 Tension Flange 37.8; 287.4-288.4; 0.57
'g 0.67]
o
-
= Concrete ERCFT_Fr_m NA NA NA
8 Crushing ce
c
S P [0.30; 6.7; 46.9-65.2; 35.3- [4;0.74; 0.077; Matsui, 1986.
H RCFT _Fr_m c
= Local Buckling | E; " -"-" =-0.13—=+0.17 37.8: 287.4-288.4; 0.57- 0.057]
§ of Steel Tube o 0.67]
Flange
[0.30; 6.7; 46.9-65.2; 35.3- [3; NA; 0.57; 0.23] Matsui, 1986.

Local Buckling
of Steel Tube
Web

ERCFT_Fr_m — 057

lbw

37.8; 287.4-288.4; 0.57-
0.67]
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Table 3.14: Energy-Based Damage Functions for Cyclically Loaded Frames

Tension Flange

0.17-0.45]

Local Buckling

P
ERCFT-F-¢ _0.10—+0.25

[0.15-0.30; 8.0; 21.6; 17.8,

[4; 0.96; 0.27;

Kawaguchi, 2000.

Type of Damage Level Equation for Energy-Based Range of Parameters Statistics Researchers
Member Damage Index [P/Pq; L/D/; D]/t: e fy; IN; R 4 of
P/Po

P P [0.15-50; 8.0; 21.6-55.2; [7;0.77; 0.0021; Kawaguchi, 2000.
g Concrete poFT-F1=¢ = 0.024--00033_: ~0.0031) 13.7-24.4; 155.2-493.3; 0.0034]
B Cracking 0 0 0.17-0.45]
(B}
= P/P,=0.15 [0.15; 8.0; 21.6-55.2; 13.7- [3; 0.82;0.013; Kawaguchi, 2000.
c
S RCFT Fr o P, 18.6; 255.2-403.3; 0.18- 0.0086]
E Yleldlng of Ecy - = 0070; —-0.035 039]
(<5} H (o]
£ Compression 55575 [0.30-0.50; 8.0; 21.6:54.9, | [4; 0.65; 0.012; Kawaguchi, 2000.
§ Flange p 13.7-24.4; 155.2-493.3; 0.0043]
5 Eq-F-¢ = 0.028p—S —0.0063 0.17-0.45]
D (o]
-‘3 ERCFT_Fr_c _ 068 [0.15-0.50; 8.0; 21.6-55.2; [7; NA; 0.068; 0.048] | Kawaguchi, 2000.
- Yielding of n ' 13.7-24.4; 155.2-493.3;
>
©
Q
3]
>
(@)

of Flange

Ibf
0

18.6; 403.3; 0.17-0.18]

0.0088]
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Table 3.15: Summary of Equations to Calculate Ductility of RCFT Members

Type of Member Equation for Ductility Range of Parameters Statistics Researchers
[P/P,; LID; DIt; 'c; f,; Po/Po] [N; R% 4 o
for L/D < 12 for L/D < 12 & f’./f, <0.20 for L/D < 12 & './f,<0.20 | for L/D < 12 & f’/f, <0.20
Confe D L [NA; 2.0-5.1; 15.0-50.8; 19.8- | [48; 0.51; 7.70; 5.56] Tomii and Sakino, 1979a;
p=T2o23 S TOAT 3052001 T, <020 919 0; 104.2-835.0; 0.17-0.66] Grauers, 1993; Inai and

y

for L/D <12 & f’¢/f, >0.20

Sakino, 1996; Schneider, 1998;

p=184 — it 1'/f, > 020 £ Jf, : 0.030-0.170 [18: NA,; 1.84; 0.57] Nakahara and Sakino, 1998;
Varma, 2000.
. for L/D < 12 & f'/f, >0.20 for L/D < 12 & f./f, >0.20
Monotonically [NA; 2.0-5.6; 15.0-74.0; 80.0- Grauers, 1993; Bergmann,
Loaded 119.0; 259.0-560.0; 0.20-0.86] 1994; Inai and Sakino, 1996;
Columns Nakahara and Sakino, 1998;
f’/f, : 0.196-0.425 Varma, 2000.
for L/D >12 for L/D >12 for L/D >12 for L/D >12
[NA; 12.0-30.0; 24.0, 39.1; [5;0.90; 4.77; 0.93] Shakir-Khalil and Mouli, 1990;
L P 28.6-94.0; 357.5-443.0; 0.27- Chung et al., 2001.
4 =0.13—+1.38—+1.20 0.66]
D P,
MI Type Loading: [NA; 2.8-37.0; 15.0-74.0; 25.4- | [56; 0.50; 6.31; 3.55] Bridge, 1976; Shakir-Khalil
P e L 103.0; 254.0-618.0; 0.20-0.78] and Zeghiche, 1989; Grauers,
p=-126—"+472—-028—+12.68 1993; Shakir-Khalil, 1994;
o D D e/D : 0.040-1.39 Fujimoto et al., 1995; Chung et
al., 2001.

: MII Type Loading: [0.00-0.50; 2.0-6.0; 23.5-45.5; | [38;0.53; 11.9; 3.70] Tomii and Sakino, 1979b:
Monotonically L P p 20.5-45.3; 194.2-315.9; 0.26- Sakino and Ishibashi, 1985.
Loaded Beam- u=-032—-378—-0.28—+23.24 0.70]

Columns D 0 o

MIII Type Loading:

P P
[ =—4.73—%—9.64—+9.93

o] 0

[0.00-0.58; 3.0-20.0; 17.0-64.7;
19.8-119.0; 194.2-781.0; 0.26-
0.85]

[50; 0.53; 5.39; 2.24]

Tomii and Sakino, 1979a; Lu
and Kennedy, 1992; Nakahara
and Sakino, 1998; Varma,
2000.
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Table 3.15: Summary of Equations to Calculate Ductility of RCFT Members (cont’d)

P P
p=-712—-033—5+5.48

0 0

[0.10-0.43; 4.9-7.1; 18.9-52.6;
39.2-110.1; 269.0-825.0; 0.17-
0.78]

[20; 0.68; 3.18; 0.88]

Fujimoto et al., 1996; Varma,
2000.

P L, P
4 =—-2844——181—"+23.96—C +9.27
D

0o

0

[0.00-0.50; 1.0-3.0; 20.8-48.1;
23.2-57.1; 333.5-416.0; 0.28-
0.57]

[14; 0.88; 13.75; 6.78]

Kamba et al., 1991; Ricles et
al., 1995; Takemura et al.,
1999.

d, /D
4 = 959.13 —+0.90
(D /1)

[0.16, 0.18; 7.5; 25.0, 31.7;
34.7, 318, 336; 0.38-0.43]

dy/D : 1.26-2.25

[4; 0.57; 3.34; 1.06]

France et al., 1998.

14=5.80

[0.12, 0.14; 7.5; 20.0; 40.4;
329.0, 427.0; 0.26, 0.31]

[2; NA; 5.80; 0.56]

France et al., 1998.
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Table 3.15: Summary of Equations to Calculate Ductility of RCFT Members (cont’d)

p P P [0.00-0.30; 4.5-12.0; 26.7-41.7; | [16; 0.73; 2.86; 0.83] Kanatani et al., 1987;
1 =1.06—+452—*-1118—%+1.59 30.1-61.1; 317.1-420.8; 0.36- Vermaas, 1995; Koester, 2000;
R P R 0.57] Kawano and Matsui, 2000;
Peng, 2001.
[0..30; 6.7; 46.9-65.2; 35.3- [4;0.46; 6.1; 0.94] Matsui, 1986.

p 37.8; 287.4-288.4; 0.57-0.67]
u=-130--+14.1

0

D P [0.15-0.50; 8.0; 21.6-55.2; [6; 0.92; 4.47; 1.60] Kawaguchi, 2000.
4 =0.067——8.76— +4.08 13.7-24.4; 155.2-493.3; 0.17-
t R 0.45]
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Figure 3.1: Definition of Flexural Damage Ratio by Roufaiel and Meyer (1987)
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Monotonically-Loaded RCFT Column Tests
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Figure 3.5: Histogram of E,/E,,: Monotonically-Loaded RCFT Column Tests
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Figure 3.10: Histogram of (P./P,)/(L/D): Monotonically-Loaded RCFT Column Tests
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232



0.20 :
5 1 .
47 0.15 -
i |
I l
£010+f - I .
(J] |
£ 1
S 0.05 -~ e
ai i |
R 4
0.00 y S— : :
0 0.05 0.1 0.15 0.2
Computational E¢/Eiotal

& Monotonic Beam-
Column Tests
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1.80 ; r—
T 1.35 - | ‘
o | .
< 1 (] 1 ee/D<0.20
S 0.90 +-------- A dmooooo-
2 . ® N : m e/D >=0.20
= ]
5 | . 8 |
Fomf o gt

0.00 | ‘ |

0.00 0.45 0.90 1.35 1.80
Computational d¢,/dg
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Monotonically-Loaded RCFT Beam-Column Tests with Loading Scheme MI
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Figure 3.78: Comparison of Computational and Experimental /), versus R Curve for a
Cruciform Frame with Square CFT: D/t =27, f°. = 49.6 MPa, f, = 366.1 MPa, P/P,=0
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Figure 3.96: Comparison of Computational and Experimental H versus R Curve for a
Square CFT: D/t=21, f.= 18 MPa, f, = 403 MPa, P/P, = 0.15
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Figure 3.98: Comparison of Computational and Experimental H versus R Curve for a
Square CFT: D/t =54, f.= 16 MPa, f, = 328 MPa, P/P, = 0.15
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Figure 3.99: Moment Distribution Along the Column Height for a Square CFT: D/t =

21, .= 18 MPa, f, = 403 MPa, P/P,=0.15
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Figure 3.100: Moment Distribution Along the Column Height for a Square CFT: D/t =

39,1 =18 MPa, f, = 403 MPa, P/P, = 0.50
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Figure 3.102: Calculation of Moment Due to Lateral Load Transferred to the Columns
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Figure 3.121: Comparison of Energy-Based Damage Indices for Monotonically-Loaded
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Figure 3.122: Comparison of Deformation-Based Damage Indices for Monotonically-
Loaded MI Type Beam-Column Tests (e/D = 0.2-0.5; L/D = 23.0-34.5; D/t = 17.0-26.5; f,
= 343.3-386.3 MPa; f’; = 38.8-43.0 MPa; P./P, = 0.30-0.37)
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Figure 3.123: Comparison of Deformation-Based Damage Indices for Monotonically-
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Figure 3.124: Comparison of Energy-Based Damage Indices for Monotonically-Loaded
MI Type Beam-Column Tests (e/D = 0.2-0.35; L/D = 23.0-34.5; D/t = 17.0-26.5; f, =
343.3-386.3 MPa; f’ = 38.8-43.0 MPa; P./P, = 0.30-0.37)
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Figure 3.125: Comparison of Energy-Based Damage Indices for Monotonically-Loaded
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Figure 3.126: Comparison of Deformation-Based Damage Indices for Monotonically-
Loaded MII Type Beam-Column Tests (P/P, = 0.2-0.5; L/D = 3.0; D/t = 25.0-45.4; f, =
290.4-315.9 MPa; ' = 20.5-22.1 MPa; P./P, = 0.30-0.43)
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Figure 3.127: Comparison of Energy-Based Damage Indices for Monotonically-Loaded
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Figure 3.128: Comparison of Deformation-Based Damage Indices for Monotonically-
Loaded MIII Type Beam-Column Tests (P/P, = 0.19; L/D = 5.0; D/t = 34.3-50.0; f, =
471.0-560.0 MPa; f°; = 110.0 MPa; P./P, = 0.61-0.74)
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Figure 3.129: Comparison of Energy-Based Damage Indices for Monotonically-Loaded
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Figure 3.130: Comparison of Energy-Based Damage Indices for Cyclically-Loaded
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Figure 3.132: Comparison of Energy-Based Damage Indices for Monotonically-Loaded
Panel Zone Tests (P/P,=0-0.5; L,/D = 2.0-3.0; D/t = 39.0-57.1; f, = 377.0-416.0 MPa; f’;
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Figure 3.133: Comparison of Deformation-Based Damage Indices for Monotonically-
Loaded Pinned-Connection Tests (P/P, = 0.16-0.18; dy/D = 1.3-2.3; L/D=7.5; D/t = 25.0,
31.7; f, = 318.0, 336.0 MPa; f’c = 34.7 MPa; P./P, =0.38-0.43)
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Figure 3.134: Comparison of Energy-Based Damage Indices for Monotonically Loaded
Pinned-Connection Tests (P/P, = 0.16-0.18; dy/D = 1.3-2.3; L/D=7.5; D/t = 25.0, 31.7; f,
= 318.0, 336.0 MPa; ' = 34.7 MPa; P./P, =0.38-0.43)
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Figure 3.135: Comparison of Deformation-Based Damage Indices for Monotonically
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Figure 3.136: Comparison of Energy-Based Damage Indices for Monotonically Loaded
Pinned-Connection Tests (e/D = 1.3-2.5;P/V = 1.5-8.0; L/D=18.7; D/t = 30.0; f, = 330.0-
343.0 MPa; f’c = 29.6-34.3 MPa; P./P, = 0.37-0.41)
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Figure 3.140: Comparison of Energy-Based Damage Indices for Monotonically Loaded
Frame Tests (L/D = 6.7; D/t = 46.9-65.2; f, = 287.4-288.4 MPa; f’c = 35.3-37.8 MPa;
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Chapter 4

Conclusions

The summary and major findings of this research program will be presented in
this chapter. In addition, recommendations for future research will be given.

The first task of the research study included the construction of a database of
RCFT members. The database consisted of six main parts, covering columns, beam-
columns, panel zones, pinned connections, moment connections, and frames. These main
parts were further divided into separate groups depending on whether the tests were
conducted under monotonic or cyclic loading.

In each database, the material and geometric properties of the specimens were
recorded including their nominal and measured values. In Tables 4.1 and 4.2, the
variation between the nominal and measured values of the material and geometric
properties of the RCFT members can be seen. The data presented in Tables 4.1 and 4.2
are intended to be used, in part, for determining the resistance factors (¢) in developing
performance-based design methodologies of RCFT systems. The collected data from the
experiments showed that the ratio of fy/fy, increases when high strength steel tubes are
used. This trend can be clearly seen in Figure 4.1. On the other hand, as shown in Figure
4.2, the ratio of the measured and nominal values of the compressive strength of the
concrete decreases to approximately 1.0 when high strength concrete is utilized. No
specific trend has been observed for the variation of nominal and measured values of the
elastic modulus of the steel tube. The average and standard deviation of E¢/Es, indicates
that elastic modulus of the steel tubes do not show significant variation among their
nominal and measured values.

The majority of the geometric properties of the RCFT members showed less

variation with respect to their measured and nominal values compared to the material
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properties. Examining the available data, it was observed that the variation of D and D,
takes its largest values when specimens with large dimensions have been utilized. Itis
possible to see this trend in Figure 4.3. The nominal and measured values of steel tube
thickness and D/t ratio of the specimens revealed a larger and more random dispersion
compared to the depth of the steel tubes.

Developing performance-based design methodologies requires extensive
parametric studies involving analysis of individual members or frames. Each analysis
requires some key material properties (e.g., fu, Esn, Ec) for the constitutive models of the
steel tube or concrete core to be used. Therefore, it is important to estimate these
parameters when they are not available. As shown in Figures 4.4 and 4.5, it was found
that the ratio of measured values of f,/f, and Esw/Es decrease when the yield strength of the
steel tubes increases. The statistical properties fu/fy and Esn/Es can be seen in Table 4.3

The experimental studies collected from the literature indicated that the behavior
of RCFT members under monotonic loads was investigated more commonly. Therefore,
more cyclic tests for each type of RCFT members are needed. The experimentalists
investigated the behavior of RCFT column and beam-column members with a wide range
of material and geometric properties. However, for connections and frames, the range of
material and geometric properties investigated to date remains quite limited, primarily
with stocky members with low or moderate strength materials being investigated. There
remains a need for experimental data of RCFT members and, particularly, connections
with slender dimensions and high strength materials should be studied more often.

In the second part of the database, based on the observations during the tests,
several damage levels were defined for each type of RCFT member. The force and
deformation values at each damage level were recorded in the database. The occurrence
of the damage levels on the load-deflection curves were either reported by the researchers
or they were extracted from the load-deflection curves of the specimens with the help of
analytical techniques (e.g., cross-section analysis). To quantify the damage experienced

by the RCFT members, two types of damage functions were defined. The first type of

damage function was deformation-based (DR“F") as given in Equation 4.1.
DRCFT _ di 4.1)

(o]
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where:
d = deformation at the local damage level
This type of damage function is more appropriate for RCFT specimens having a ductile
response with hardening exhibited in the load-deflection curves. However, even for
specimens having a softening response in the post-peak region, a deformation-based
damage index still provides valuable information for the derivation of accurate models to
analyze RCFT members. The deformation-based damage function was only used for
monotonic specimens, as it does not account for the effect of a cyclic loading history.
The energy-based damage function defined in Equation 4.2 is appropriate to use
for all types of specimens, including those exhibiting softening or hardening response, as
well as RCFTs subjected to cyclic loading.

E
[ RCFT _ 4.2
N (4.2)

total
where:

E = energy absorption until the occurrence of the load damage level
When the energy-based damage index is used for the cyclic specimens, it approximately
accounts for the effect of the cyclic loading history, and E and Et in Equation 4.2 are
replaced by E¢, and En,, which are defined as the area under the cyclic back-bone curve
until the specified damage level, and the area under the complete cyclic back-bone curve,
respectively. In Equation 4.2, for simplicity, the effect of secondary cycles was not taken
into account and it was assumed that the monotonic load-deflection curve of RCFT
members envelopes their cyclic response.

Once the values of both deformation-based and energy-based damage functions at
specific damage levels were obtained for the available specimens existing in the database,
equations were derived to estimate the damage index values at the occurrences of the
local damage levels. All the related equations and their limitations are given in Tables
3.1to Table 3.14. Although the damage functions are useful in assessing the
performance of the structural members at different instants during the loading history,
they do not give any indication about the available ductility of the members. Therefore,
for every specimen available specimens in the database, the ductility was calculated using
consistent definitions of yield point and ultimate point, where the specimens were
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considered to fail. The ductility of the members was then correlated to the material and
geometric properties of the specimens.

Using the derived equations for both the damage indices and ductility, a
parametric study was run to examine the effect of the local damages on the behavior of
RCFT members. Based on the results from the parametric study, each damage level is
correlated below to a performance level. The intent of this association is to determine
which damage levels are appropriate for consideration for the different performance
levels. The performance levels used were based on the deformation-based and energy-
based damage levels defined in Table 4.4; the energy-based damage levels were in turn
were adopted from Mehanny and Deierlein (2000). These damage indices may then be
combined with more traditional strength-based assessments of RCFT response (e.g.,
predictions of peak load or moment) to form a comprehensive performance-based design
assessment for RCFTs. It should be stated that scope of the conclusions about the
damage assessment of the RCFT members presented below is limited to the ranges of
material and geometric properties of the available experimental data, as documented in
Chapter 3.

Monotonic Columns

Three types of damage levels, including concrete crushing, steel yielding and
local buckling were identified for monotonically loaded columns. Local buckling occurs
the latest in the loading history. However, it is not possible to correlate local buckling to
a single performance level. Local buckling occurs early in the loading history for short
and thin-walled columns, exhibiting a ductility level of about 3.0 thereafter, and thus is
appropriate for consideration in the Immediate Occupancy performance level for these
cases. For the thick-walled short specimens, the damage accumulated until local
buckling is larger than their thin-walled counterparts and local buckling can be associated
with a Near Collapse performance level. In the case of short members, the amount
damage at concrete crushing generally falls within the limits of either Immediate
Occupancy or Life Safety performance level. The average values of the deformation-

based damage index and energy-based damage index at steel yielding were less than 0.8
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and 0.3, respectively. It can be concluded that significant reserve strength occurs after
steel yielding, and it could be considered most appropriate only for the Immediate

Occupancy performance level.

Monotonic Beam-Columns

The damage assessment of the beam-column members is dependent on the type of
loading acting on the members. Three types of loading schemes were identified which
were defined as M1, MIl and MIII. The damage levels investigated for the beam-columns
were concrete cracking, compression flange yielding, tension flange yielding, concrete
crushing, local buckling of the compression flange and local buckling of the steel tube
web.

For the thick-walled MI type specimens, tension flange yielding and compression
flange yielding are the damage levels observed the latest. It is possible to correlate
tension flange yielding and compression flange yielding to any performance level ranging
from Immediate Occupancy to Near Collapse performance levels, depending on the
material and geometric properties of the members. The average values of the
deformation-based and energy-based damage indices at concrete cracking both fall into
the range of the Immediate Occupancy performance level, indicating that concrete
cracking can be considered only in the Immediate Occupancy performance level. In the
case of thin-walled M1 type specimens, local buckling of the compression flange takes
place at an average energy-based damage index value of 0.30, which is within the limits
of the Life Safety performance level. On the other hand, the deformation-based damage
index values at local buckling of the compression flange shows that it can also be
considered in the Near Collapse performance level.

Local buckling of the steel tube web is the latest damage level to be observed for
the MII type monotonic beam-columns and the level of damage corresponds to the Life
Safety or Near Collapse performance levels. All the remaining damage levels
investigated for the MII type specimens, including yielding of compression flange,
yielding of tension flange, and local buckling of the compression flange should be

considered either in the Immediate Occupancy or Life Safety performance levels. This
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insignificant amount of damage is attributed to the fact that MII type specimens exhibit a
considerable amount of ductility.

MIII type specimens often have local buckling of steel tube web or local buckling
of the compression flange to occur the latest during the loading history. According to the
amount of accumulated damage, local buckling of steel tube web can be correlated to any
performance level from Immediate Occupancy to Near Collapse. Concrete cracking and
yielding of the compression flange both have damage index values within the range of the
Immediate Occupancy performance level. The average values of the damage indices for
tension flange yielding and local buckling of the compression flange fall into Immediate
Occupancy or Life Safety performance levels. Similarly, concrete crushing can also be

correlated to either Immediate Occupancy or Life Safety performance levels.

Cyclic Beam-Columns

The damage levels investigated for the cyclic beam-column specimens were the
same as in the case of monotonic beam-columns. The damage level to occur the latest
during the loading history was identified to be local buckling of the steel tube web.
According to the ranges of damage index values, local buckling of the steel tube web can
be correlated to either Life Safety or Near Collapse performance levels. The remaining
damage levels, including concrete cracking, yielding of tension flange, yielding of
compression flange, and local buckling of compression flange all correspond to the
Immediate Occupancy performance level with average energy-based damage index
values less than 0.3.

Monotonic Panel Zones

The monotonic panel zone tests showed that RCFT members have a very stable
and ductile response in the panel zone regions. Among the damage levels studied for the
panel zones including concrete cracking and local buckling have deformation-based and
energy-based damage index values less than 0.8 and 0.3, respectively. Therefore, they

were all correlated to Immediate Occupancy performance level. On the other hand, the
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damage levels of concrete crushing and steel yielding can be considered in both
Immediate Occupancy and Life Safety performance levels.

Monotonic Pinned-Connections

Limited amount of damage levels were investigated for pinned connections. For
the PClIb type specimens, concrete cracking corresponds to Immediate Occupancy
performance level. On the other hand, PClb and PClla type connections had yielding of
compression flange as the only damage that could be quantified and it is possible to
correlate yielding of compression flange to the Immediate Occupancy or Life Safety
performance levels. For the pinned-connection specimens, the damage levels that could
be quantified are not enough for a complete performance evaluation. Therefore, it is also

required to define new damage levels for the lower performance levels.

Monotonic Moment Connections

In the monotonic moment-connection tests, the damages of the members making
up the connection were investigated individually. It was found that the amount of
damage accumulated at the point of concrete crushing is larger than the other damage
levels examined for the connections. Nevertheless, the value of the damage index at
concrete crushing falls into the range of Immediate Occupancy. Due to stable and ductile
post peak response of the tested monotonic moment connections, all the other damage
levels had lower damage index values than concrete crushing and they mapped into the
Immediate Occupancy performance level. Monotonic moment connections also require

new damage levels to be defined for other performance levels.

Cyclic Moment Connections

The damage assessment of cyclic moment connections was conducted by
investigating the damage levels observed in the beam-column, panel zone and steel

girders of these connection tests. It was found that local buckling of the compression
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flange and yielding of the steel tube in the panel zone are the two damage levels to occur
the latest during the loading history. The damage level of local buckling of the
compression flange can be correlated to either Life Safety performance level or
Immediate Occupancy performance level. Similarly, it is possible to map yielding at the
panel zone to either the Immediate Occupancy or Life Safety performance levels. The
former performance level is appropriate for the specimens with small dy/D ratios.
Otherwise, the latter performance level is more appropriate. Concrete cracking at the
beam-column and concrete cracking at the panel zone are the earliest damage levels to
take place and they can only be mapped to the Immediate Occupancy damage level.
Among the remaining damage levels investigated for the cyclic moment connections
including yielding and hinging of the steel girder, yielding of the compression flange and
yielding of the tension flange all have energy-based damage index values less than 0.2
and they can also be considered in the Immediate Occupancy performance level. For the
cyclic moment connections, the damage levels investigated in this research are mostly
appropriate for high level of performance levels and it is required to define more damage

levels to describe Near Collapse or Collapse Prevention performance levels.

Monotonic Frame Tests

The monotonic frame tests also experienced the same type of damage levels as
monotonic beam-columns. Among the damage levels investigated for monotonic frames
tests, at the time of local buckling of the steel tube web, the accumulated damage was
found to be the largest, and local buckling of the steel tube web was mapped to the Life
Safety or Near Collapse performance levels. As expected, the monotonic frames have the
slightest damage when concrete cracking takes place, and it is most appropriate to map
concrete cracking to the Immediate Occupancy performance level. When the damage
levels of local buckling of the compression flange, yielding of the compression flange
and yielding of the tension flange take place, the damage index values are within the

limits of Immediate Occupancy performance level.
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Cyclic Frame Tests

In the cyclic beam-column tests, the same type of damage levels as in the case of
their monotonic counterparts were investigated. The data collected from the cyclic frame
tests showed that local buckling of the compression flange is the latest damage level to be
observed. However, the energy-based damage index value when local buckling of the
compression flange takes place does not exceed 0.3. This indicates that local buckling of
the compression flange is most appropriate for the Immediate Occupancy or Life Safety
performance level. The remaining damage levels covered tension flange yielding,
compression flange yielding and concrete cracking. At the occurrence of all of these
damage levels, the accumulated damage is less than local buckling of the compression
flange. Therefore, they should also be correlated to the Immediate Occupancy
performance level.

The damage assessment performed for RCFT members in this research study is
mainly based on empirical and semi-empirical data, and it is hoped that this study will
help researchers to better understand the evolution of damage in RCFTs during
experiments. However, it is required for this research study to be supplemented further
research on the following topics:

1. Development of new damage functions accounting for the effect of cyclic loading
history in an accurate manner: The effect of cyclic loading history was only
approximately accounted for in this work. This prevented thorough investigation
of damage levels occurring in the post-peak range of the RCFT members, where
cyclic loading effects are significant. Therefore, it is required to develop and use
more advanced damage functions to define the limits of additional performance
levels related to cyclic loading.

2. Defining additional damage levels for the more severe performance levels: It
was found that the majority of the damage levels defined for the RCFT members,
especially in the cyclic tests, were appropriate only for consideration of the
Immediate Occupancy performance level. This indicates that there is a need for

defining new damage levels having more significant effect on the behavior than
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the damage function defined in this study. Conducting tests that report the
amount of different types of damage, and not just the initiation of different types
of damage, may be fundamental to furthering this research.

Development of advanced analytical models for RCFT members: Both the use of
damage functions accounting for cyclic loading history and the definition of new
damage levels requires an accurate simulation technique for all types of RCFT
members. The database constructed in this study will help in the development
accurate analytical models for RCFT members.

Database enhancement: The database should be updated frequently as more tests

are conducted worldwide.

306



Statistical Parameters | f/f;, Jfeo EJE,,
N 289 182 76
H 1.21 1.080 1.01
o 0.21 0.19 0.017

Statistical Parameters D/D, vt, (D/Y)/(DNY),
N 88 192 147
u 1.0029 0.99 1.037
c 0.0052 0.059 0.066

Statistical Parameters S/t Eu/E;
N 288 73
7 1.31 0.0086
c 0.18 0.0022

Deierlein, 2000)

Table 4.1: Comparison of Measured and Nominal Values of Major Material Properties

Table 4.2: Comparison of Measured and Nominal Values of Major Geometric Properties

Table 4.3: Comparison of Measured and Nominal Values of Major Geometric Properties

Table 4.4: Correlation of Damage Index and Performance Level (after Mehanny and

Performance Level

Deformation-Based
Damage Index

Energy-Based
Damage Index

Immediate Occupancy <0.8 <0.30
Life Safety 0.8-1.5 0.30-0.60
Near Collapse 1.5-5.0 0.60-0.95
Collapse Prevention >5.0 >0.95
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Appendix A

Cross Section Analysis Program

A cross-section analysis program was developed to investigate the moment-
curvature characteristics of RCFT sections. In this program, RCFT sections are divided
into individual steel and concrete fibers along the depth of the sections. The strain and
stress state of each fiber is monitored during the analysis. The resultant forces and axial
forces are computed by numerical integration over the cross-section.

Each cross-section is divided into two distinct regions including flanges and web.
The discretization of the cross-section is performed by specifying the number of fibers
along the flanges and number of fiber along the web. The schematic view of the cross-
section can be seen in Figure Al.

Each analysis starts by incrementing the compressive strain starting up to 0.03,
which is taken as the limiting strain. The number of steps to reach the limiting strain
level is given as an input parameter for the program. At each strain level, the neutral axis
level is searched both inside and outside the cross-section. The correct position of the
neutral axis is found by bisection algorithm. Neutral axis is forced to coincide with the
boundaries of the fibers. Therefore, the accuracy of the program is limited with the force
resultant of a horizontal fiber slice over the cross-section. The constitutive models used

for the steel and concrete fibers were taken from Gourley and Hajjar, 1994.
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Appendix B

Concrete-Filled Steel Tubes Used in Parametric Study

In Appendix B, the specimens generated to perform the parametric study in
Section 3.11 are presented. The dimensions and geometric properties of the specimens
are provided. In addition, the values of the damage indices and ductility levels calculated
for the specimens are also given. The specimens were generated based on the extreme
values of the parameters given in Tables 3.1 to 3.15. Any quantity that is not relevant or
available was designated as “na”. The “pz” designation was used to identify the panel

Z0ne.
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Table B1: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Deformation-Based Damage Index of Monotonically Loaded
Column Tests

Specimen L/D f'c (MPa) Dit f, (MPa) ‘ P./P, d.,/do dy/d, dip/do 7,
1 3.0 20.6 225 | 194.2 0.34 0.45 0.55 3.86 7.19
2 5.0 20.6 225 | 194.2 0.34 0.45 0.55 3.86 14.37
3 3.0 74.0 225 | 194.2 0.65 0.26 0.87 3.86 1.84
4 5.0 74.0 225 | 194.2 0.65 0.26 0.87 3.86 1.84
5 3.0 30.7 50.0 | 194.2 0.65 0.26 0.87 1.70 1.36
6 5.0 30.7 50.0 | 194.2 0.65 0.26 0.87 1.70 8.54
7 3.0 30.7 50.0 | 194.2 0.65 0.26 0.87 1.70 1.36
8 5.0 30.7 50.0 | 194.2 0.65 0.26 0.87 1.70 8.54
9 3.0 55.0 17.0 | 825.0 0.19 0.54 0.40 2.45 9.00
10 5.0 55.0 17.0 | 825.0 0.19 0.54 0.40 2.45 16.18
11 3.0 103.0 17.0 | 825.0 0.31 0.47 0.51 2.45 7.70
12 5.0 103.0 17.0 | 825.0 0.31 0.47 0.51 2.45 14.88
13 3.0 20.6 50.0 | 825.0 0.23 0.52 0.43 0.82 4.31
14 5.0 20.6 50.0 | 825.0 0.23 0.52 0.43 0.82 11.49
15 3.0 103.0 50.0 | 825.0 0.59 0.29 0.81 0.82 2.09
16 5.0 103.0 50.0 | 825.0 0.59 0.29 0.81 0.82 9.27
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Table B2: Geometric and Material Properties of the Specimens Generated for the

Parametric Study of Energy-Based Damage Index of Monotonically Loaded Column

Tests
Specimen L/D f'. (MPa) D/t f,(MPa) | PJ/Py | E/Eiwtal | Ed/Etotal | Eint/Etotal U
1 3.0 40.0 17.0 350.0 0.954 0.036 0.006 0.713 7.94
2 3.0 80.0 17.0 330.0 0.951 0.001 0.055 0.735 1.84
3 3.0 40.0 30.0 668.0 0.957 0.035 0.007 0.282 6.94
4 3.0 103.0 17.0 835.0 0.980 0.033 0.011 0.453 7.74
5 12.0 23.0 17.0 339.1 0.952 0.243 0.178 0.725 3.03
6 12.0 103.0 17.0 339.1 0.952 0.179 0.269 0.725 3.47
7 12.0 30.0 22.1 600.0 0.964 0.243 0.178 0.410 3.03
8 12.0 103.0 17.0 835.0 0.980 0.222 0.209 0.453 3.18
9 3.0 20.6 50.0 290.0 0.853 0.002 0.053 0.256 3.29
10 3.0 35.0 40.0 400.0 0.909 0.004 0.051 0.273 4.62
11 3.0 20.6 50.0 535.8 0.915 0.031 0.013 0.186 4.02
12 3.0 40.0 50.0 535.8 0.915 0.000 0.057 0.186 3.21
13 12.0 20.6 50.0 194.2 0.795 0.171 0.279 0.315 3.53
14 12.0 57.7 42.2 301.0 0.877 0.151 0.307 0.299 3.66
15 12.0 20.6 50.0 835.0 0.944 0.237 0.187 0.148 3.07
16 12.0 103.0 50.0 835.0 0.944 0.164 0.290 0.148 3.58
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Table B3: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Deformation-Based Damage Index of Monotonically Loaded Ml
Type Beam-Column Tests (L/D = 23.0-35.0)

Specimen e/D L/D D/t f'.(MPa) | f,(MPa) | P/P, de/d, d.,/d, dy/d, U
1 0.20 23.0 18.0 38.8 343.3 0.898 0.44 0.87 2.17 5.02
2 0.20 35.0 18.0 38.8 343.3 0.898 0.44 1.29 2.17 1.66
3 0.50 23.0 18.0 38.8 343.3 0.898 0.13 0.38 0.74 6.43
4 0.50 35.0 18.0 38.8 343.3 0.898 0.13 0.69 0.74 3.07
5 0.20 23.0 24.0 38.8 343.3 0.898 0.16 1.00 1.94 4.48
6 0.20 35.0 24.0 38.8 343.3 0.898 0.16 1.42 1.94 1.12
7 0.40 23.0 22.0 38.8 343.3 0.898 0.04 0.56 1.06 5.59
8 0.40 35.0 22.0 38.8 343.3 0.898 0.04 0.87 1.06 2.23
9 0.20 23.0 17.0 43.0 343.3 0.889 0.41 0.85 2.15 4,96
10 0.20 35.0 17.0 43.0 343.3 0.889 0.41 1.27 2.15 1.60
11 0.50 23.0 17.0 43.0 343.3 0.889 0.11 0.33 0.72 6.38
12 0.50 35.0 17.0 43.0 343.3 0.889 0.11 0.65 0.72 3.02
13 0.20 23.0 24.0 38.8 343.3 0.898 0.16 1.00 1.94 4.48
14 0.20 35.0 24.0 38.8 343.3 0.898 0.16 1.42 1.94 1.12
15 0.40 23.0 22.0 38.8 343.3 0.898 0.04 0.56 1.06 5.59
16 0.40 35.0 22.0 38.8 343.3 0.898 0.04 0.87 1.06 2.23
17 0.20 23.0 20.0 38.8 386.3 0.909 0.43 0.92 2.17 5.01
18 0.20 35.0 20.0 38.8 386.3 0.909 0.43 1.34 2.17 1.65
19 0.50 23.0 20.0 38.8 386.3 0.909 0.13 0.47 0.74 6.42
20 0.50 35.0 20.0 38.8 386.3 0.909 0.13 0.78 0.74 3.06
21 0.20 23.0 26.5 38.8 386.3 0.909 0.17 1.05 1.95 4.49
22 0.20 35.0 26.5 38.8 386.3 0.909 0.17 1.47 1.95 1.13
23 0.40 23.0 25.0 38.8 386.3 0.909 0.02 0.69 1.04 5.54
24 0.40 35.0 25.0 38.8 386.3 0.909 0.02 1.01 1.04 2.18
25 0.20 23.0 18.0 43.0 386.3 0.900 0.45 0.87 2.18 5.04
26 0.20 35.0 18.0 43.0 386.3 0.900 0.45 1.29 2.18 1.68
27 0.50 23.0 18.0 43.0 386.3 0.900 0.15 0.38 0.75 6.46
28 0.50 35.0 18.0 43.0 386.3 0.900 0.15 0.69 0.75 3.10
29 0.20 23.0 26.5 38.8 386.3 0.909 0.17 1.05 1.95 4.49
30 0.20 35.0 26.5 38.8 386.3 0.909 0.17 1.47 1.95 1.13
31 0.40 23.0 25.0 38.8 386.3 0.909 0.02 0.69 1.04 5.54
32 0.40 35.0 25.0 38.8 386.3 0.909 0.02 1.01 1.04 2.18
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Table B4: Geometric and Material Properties of the Specimens Ge]nerated for the

Parametric Study of Deformation-Based Damage Index of Monotonically Loaded Ml
Type Beam-Column Tests (L/D = 4.0-14.1)

Specimen e/D L/D Dit f'.(MPa) | f,(MPa) | PJ/P, dy/d, dini/ds 7,
1 0.16 4.0 39.1 92.0 443.0 0.652 1.29 2.25 7.58
2 0.16 14.1 39.1 92.0 443.0 0.652 1.29 1.78 4.75
3 0.41 4.0 39.1 92.0 443.0 0.652 0.10 2.15 8.76
4 0.41 14.1 39.1 92.0 443.0 0.652 0.10 1.68 5.93
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Table B5: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Energy-Based Damage Index of Monotonically Loaded MI Type

Beam-Column Tests (D/t = 17.0-26.5)

Specimen e/D L/D D/t f'.(MPa) | f,(MPa) | PJ/P, | E./E, E/do E,/d, 7,
1 0.20 23.0 18.0 38.8 343.3 0.30 0.261 0.142 0.435 5.02
2 0.20 34.5 18.0 38.8 343.3 0.30 0.261 0.326 0.561 1.80
3 0.35 23.0 18.0 38.8 343.3 0.30 0.051 0.215 0.459 5.72
4 0.35 34.5 18.0 38.8 343.3 0.30 0.051 0.399 0.585 2.50
5 0.20 23.0 24.0 38.8 343.3 0.37 0.237 0.197 0.400 4.48
6 0.20 34.5 24.0 38.8 343.3 0.37 0.237 0.381 0.526 1.26
7 0.35 23.0 24.0 38.8 343.3 0.37 0.027 0.270 0.424 5.18
8 0.35 34.5 24.0 38.8 343.3 0.37 0.027 0.454 0.550 1.96
9 0.20 23.0 17.0 43.0 343.3 0.31 0.259 0.132 0.431 4.96

10 0.20 34.5 17.0 43.0 343.3 0.31 0.259 0.316 0.558 1.74
11 0.35 23.0 17.0 40.0 343.3 0.29 0.054 0.206 0.462 5.78
12 0.35 34.5 17.0 40.0 343.3 0.29 0.054 0.390 0.589 2.56
13 0.20 23.0 24.0 38.8 343.3 0.37 0.237 0.197 0.400 4.48
14 0.20 34.5 24.0 38.8 343.3 0.37 0.237 0.381 0.526 1.26
15 0.35 23.0 24.0 38.8 343.3 0.37 0.027 0.270 0.424 5.18
16 0.35 34.5 24.0 38.8 343.3 0.37 0.027 0.454 0.550 1.96
17 0.20 23.0 20.0 38.8 386.3 0.30 0.261 0.160 0.434 5.01
18 0.20 34.5 20.0 38.8 386.3 0.30 0.261 0.344 0.561 1.79
19 0.35 23.0 20.0 38.8 386.3 0.30 0.051 0.234 0.458 5.72
20 0.35 34.5 20.0 38.8 386.3 0.30 0.051 0.418 0.585 250
21 0.20 23.0 26.5 38.8 386.3 0.37 0.237 0.220 0.400 4.49
22 0.20 34.5 26.5 38.8 386.3 0.37 0.237 0.404 0.527 1.27
23 0.35 23.0 26.5 38.8 386.3 0.37 0.027 0.293 0.424 5.19
24 0.35 34.5 26.5 38.8 386.3 0.37 0.027 0.477 0.551 1.97
25 0.20 23.0 18.0 43.0 386.3 0.30 0.263 0.142 0.436 5.04
26 0.20 34.5 18.0 43.0 386.3 0.30 0.263 0.326 0.563 1.82
27 0.35 23.0 18.0 43.0 386.3 0.30 0.053 0.215 0.460 5.75
28 0.35 34.5 18.0 43.0 386.3 0.30 0.053 0.399 0.587 2.53
29 0.20 23.0 26.5 38.8 386.3 0.37 0.237 0.220 0.400 4.49
30 0.20 34.5 26.5 38.8 386.3 0.37 0.237 0.404 0.527 1.27
31 0.35 23.0 26.5 38.8 386.3 0.37 0.027 0.293 0.424 5.19
32 0.35 34.5 26.5 38.8 386.3 0.37 0.027 0.477 0.551 1.97

318




Table B6: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Energy-Based Damage Index of Monotonically Loaded MI Type
Beam-Column Tests (D/t = 39.1)

Specimen e/D L/D D/t f'.(MPa) | f,(MPa) | PJ/P, | Eu/d, En/E, K
1 0.16 4.0 39.1 92.0 443.0 0.652 | 0.053 0.097 7.58
2 0.16 14.1 39.1 92.0 443.0 0.652 | 0.164 0.410 4.75
3 0.41 4.0 39.1 92.0 443.0 0.652 | 0.093 0.197 8.76
4 0.41 14.1 39.1 92.0 443.0 0.652 | 0.204 0.591 5.93
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Table B7: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Deformation-Based Damage Index of Monotonically Loaded Ml

Type Beam-Column Tests

Specimen PP, | L/D D/t f,(MPa) | f'.(MPa) | P/P, | du/d, dy/d, dis/ds | dipw/do )7
1 0.20 3.0 27.0 290.4 20.5 0.298 | 0.586 0.437 | 1.060 | 2.483 15.65
2 0.20 3.0 45.4 290.4 20.5 0.428 | 0.908 1125 | 1.466 | 3.849 15.16
3 0.20 3.0 27.0 290.4 20.5 0.298 | 0.586 0.437 1.060 2.483 15.65
4 0.20 3.0 45.4 290.4 20.5 0.428 | 0.908 1.125 1.466 3.849 15.16
5 0.20 3.0 25.0 290.4 22.1 0.295 | 0.580 0.424 | 1.053 | 2.457 15.66
6 0.20 3.0 43.0 290.4 22.1 0.432 | 0.918 1147 | 1478 | 3.893 15.15
7 0.20 3.0 25.0 290.4 22.1 0.295 | 0.580 0.424 | 1.053 | 2.457 15.66
8 0.20 3.0 43.0 290.4 22.1 0.432 | 0.918 1.147 | 1.478 | 3.893 15.15
9 0.20 3.0 29.0 315.9 20.5 0.297 | 0.583 0.432 1.058 2473 15.66
10 0.20 3.0 43.5 315.9 20.5 0.397 | 0.830 0.958 | 1.368 | 3.519 15.28
11 0.20 3.0 29.0 315.9 20.5 0.297 | 0.583 0432 | 1.058 | 2.473 15.66
12 0.20 3.0 43.5 315.9 20.5 0.397 | 0.830 0.958 | 1.368 | 3.519 15.28
13 0.20 3.0 27.0 315.9 22.1 0.296 | 0.581 0.427 1.055 2.463 15.66
14 0.20 3.0 43.5 315.9 22.1 0.415 | 0.874 1.054 | 1424 | 3.709 15.21
15 0.20 3.0 27.0 315.9 22.1 0.296 | 0.581 0.427 | 1.055 | 2.463 15.66
16 0.20 3.0 43.5 315.9 22.1 0415 | 0.874 1.054 | 1424 | 3.709 15.21
17 0.50 3.0 30.0 290.4 20.5 0.323 | 0.168 1.010 0.035 1.303 7.07
18 0.50 3.0 45.4 290.4 20.5 0.428 | 0.428 1.566 0.362 2.406 6.67
19 0.50 3.0 30.0 290.4 20.5 0.323 | 0.168 1.010 0.035 1.303 7.07
20 0.50 3.0 45.4 290.4 20.5 0.428 | 0.428 1566 | 0.362 | 2.406 6.67
21 0.50 3.0 30.0 290.4 22.1 0.340 | 0.209 1.098 | 0.086 | 1.478 7.01
22 0.50 3.0 43.0 290.4 22.1 0.432 | 0.438 1.588 0.374 2.450 6.66
23 0.50 3.0 30.0 290.4 22.1 0.340 | 0.209 1.098 0.086 1.478 7.01
24 0.50 3.0 43.0 290.4 22.1 0.432 | 0.438 1.588 0.374 2.450 6.66
25 0.50 3.0 31.0 315.9 20.5 0.313 | 0.142 0.956 | 0.002 | 1.194 711
26 0.50 3.0 43.5 315.9 20.5 0.397 | 0.350 1399 | 0.264 | 2.076 6.79
27 0.50 3.0 31.0 315.9 20.5 0.313 | 0.142 0.956 0.002 1.194 7.11
28 0.50 3.0 43.5 315.9 20.5 0.397 | 0.350 1.399 0.264 2.076 6.79
29 0.50 3.0 33.0 315.9 22.1 0.344 | 0.221 1123 | 0.101 | 1527 6.99
30 0.50 3.0 43.5 315.9 22.1 0.415 | 0.394 1495 | 0.320 | 2.266 6.72
31 0.50 3.0 33.0 315.9 22.1 0.344 | 0.221 1123 | 0.101 | 1527 6.99
32 0.50 3.0 43.5 315.9 22.1 0.415 | 0.394 1.495 0.320 2.266 6.72
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Table B8: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Energy-Based Damage Index of Monotonically Loaded MII Type
Beam-Column Tests

L/D

D/t

SpECimen P/ Po fV (M Pa) flc (M Pa) PC/ Po Ecv/ Etotal Etv/ Etotal Elbf/ Etotal Elbw/ Etotal H
1 0.20 3.0 24.6 290.4 20.5 0.28 0.0351 0.0472 0.146 0.297 15.74
2 0.20 3.0 24.6 290.4 22.1 0.29 0.0351 0.0497 0.151 0.309 15.68
3 0.20 3.0 235 315.8 21.6 0.26 0.0349 | 0.0446 0.141 0.285 15.80
4 0.20 3.0 235 315.8 221 0.26 0.0349 | 0.0453 0.143 0.288 15.78
5 0.20 3.0 45.4 290.4 20.5 0.43 0.0890 | 0.0715 0.195 0.411 15.16
6 0.20 3.0 454 290.4 20.7 0.43 0.0890 0.0718 0.196 0.413 15.15
7 0.20 3.0 43.54 315.8 20.5 0.40 0.0890 0.0665 0.185 0.388 15.28
8 0.20 3.0 43.54 315.8 221 0.42 0.0890 0.0694 0.191 0.401 15.21
9 0.50 3.0 24.6 290.4 20.5 0.28 0.0132 | 0.2332 0.023 0.405 7.25
10 0.50 3.0 24.6 290.4 22.1 0.29 0.0132 | 0.2357 0.028 0.390 7.19
11 0.50 3.0 235 315.8 21.6 0.26 0.0130 0.2306 0.018 0.422 7.31
12 0.50 3.0 235 315.8 22.1 0.26 0.0130 0.2313 0.020 0.418 7.29
13 0.50 3.0 45.4 290.4 205 0.43 0.0671 | 0.2575 0.072 0.249 6.67
14 0.50 3.0 454 290.4 20.7 0.43 0.0671 | 0.2578 0.073 0.247 6.66
15 0.50 3.0 43.54 315.8 20.5 0.40 0.0671 0.2525 0.062 0.281 6.79
16 0.50 3.0 43.54 315.8 22.1 0.42 0.0671 0.2554 0.068 0.262 6.72
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Table B9: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Deformation-Based Damage Index of Monotonically Loaded MIlI
Type Beam-Column Tests

Specimen P/P, L/D Dit fy(MPa) | f'.(MPa) | P/P,
1 0.19 5.0 34.3 471.0 110.0 0.65
2 0.19 5.0 50.0 471.0 110.0 0.73
3 0.19 5.0 34.3 560.0 110.0 0.61
4 0.19 5.0 50.0 560.0 110.0 0.70

Table B9: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Deformation-Based Damage Index of Monotonically Loaded MIlI
Type Beam-Column Tests (cont’d)

Specimen der/do dey/ds dy/ds do/d, dis/do Oibw/do Y7,
1 0.11 0.44 0.63 0.88 0.72 1.38 5.04
2 0.14 0.52 0.65 0.88 1.20 1.86 4.63
3 0.09 0.40 0.63 0.88 0.49 1.47 5.23
4 0.13 0.49 0.65 0.88 1.01 2.00 4.80
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Table B10: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Energy-Based Damage Index of Monotonically Loaded MIII Type
Beam-Column Tests

Specimen P/P, L/D D/t f,(MPa) | f'.(MPa) | P./P,
1 0.19 5.0 34.2 288.4 110.0 0.75
2 0.43 5.0 34.2 288.4 110.0 0.75
3 0.19 5.0 40.0 288.4 110.0 0.78
4 0.43 5.0 40.0 288.4 110.0 0.78
5 0.19 5.0 34.2 560.0 110.0 0.61
6 0.43 5.0 34.2 560.0 110.0 0.61
7 0.19 5.0 50.0 560.0 110.0 0.70
8 0.43 5.0 50.0 560.0 110.0 0.70

Table B10: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Energy-Based Damage Index of Monotonically Loaded MIII Type
Beam-Column Tests (cont’d)

SpECimen Ecr/ Etotal Ecv/ Etotal Etv/ Etotal Ec/ Etotal Elbf/ Etotal Elbw/ Etotal H
1 0.0111 0.0602 0.1743 0.1715 0.5778 0.2145 4.56
2 0.0375 0.0491 0.4311 0.1115 0.3978 0.5553 2.24
3 0.0062 0.0619 0.1736 0.1375 0.5228 0.2695 441
4 0.0326 0.0509 0.4304 0.0775 0.3428 0.6103 2.10
5 0.0341 0.0522 0.1778 0.3306 0.4501 0.3422 5.24
6 0.0605 0.0411 0.4346 0.2706 0.2701 0.6830 2.92
7 0.0193 0.0573 0.1756 0.2279 0.2411 0.5512 4.80
8 0.0457 0.0463 0.4324 0.1679 0.0611 0.8920 2.48
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Table B11: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Energy-Based Damage Index of Cyclically Loaded Beam-Column

Tests
Specimen P/P, L/D D/t fy(MPa) | f'.(MPa) | PJ/P,
1 0.10 5.0 35.7 269.0 110.0 0.77
2 0.21 5.0 35.7 269.0 110.0 0.77
3 0.10 5.0 52.6 407.6 110.0 0.77
4 0.21 5.0 52.6 407.6 110.0 0.77
5 0.10 5.0 39.0 660.0 110.0 0.60
6 0.21 5.0 39.0 660.0 110.0 0.60
7 0.10 5.0 50.8 660.0 110.0 0.67
8 0.21 5.0 50.8 660.0 110.0 0.67

Table B11: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Energy-Based Damage Index of Cyclically Loaded Beam-Column

Tests (cont.)

SpECi men Ecr/ Etotal Ecv/ Etotal Etv/ Etotal Elbf/ Etotal Elbw/ Etotal H
1 0.0003 0.0483 0.0698 0.2322 0.6956 451
2 0.0039 0.0318 0.0698 0.2322 0.6956 3.73
8 0.0003 0.0483 0.0698 0.1609 0.4401 451
4 0.0039 0.0318 0.0698 0.1609 0.4401 3.73
5 -0.0002 0.0670 0.1649 0.1699 0.4723 4.57
6 0.0033 0.0505 0.1649 0.1699 0.4723 3.79
7 0.0000 0.0597 0.1281 0.1244 0.3092 4.55
8 0.0035 0.0432 0.1281 0.1244 0.3092 3.77
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Table B12: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Deformation-Based Damage Index of Monotonically Loaded Panel

Zone Tests
Specimen | Ly/D D/t fy(MPa) | f'.(MPa) | P./P, der/dy dy/d, do/d, din/dy )7
1 2.0 32.2 377.0 39.0 0.43 0.115 0.573 0.733 0.25 1.75
2 2.0 46.1 377.0 39.0 0.53 0.119 0.555 0.687 0.25 4.06
3 2.0 32.2 412.0 39.0 0.41 0.113 0.576 0.744 0.25 1.23
4 2.0 46.1 412.0 39.0 0.51 0.118 0.559 0.698 0.25 3.53
5 25 32.2 377.0 39.0 0.43 0.146 0.758 0.873 0.25 0.84
6 3.0 46.1 377.0 39.0 0.53 0.181 0.925 0.967 0.25 2.25
7 25 32.2 412.0 39.0 0.41 0.144 0.761 0.884 0.25 0.32
8 3.0 46.1 412.0 39.0 0.51 0.180 0.929 0.978 0.25 1.72
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Table B13: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Energy-Based Damage Index of Monotonically Loaded Panel Zone

Tests
Specimen L,/D D/t f,(MPa) | f'.(MPa) | PJ/P, | Eo/Ewa | E/Ewial | EdEwa | Ew/Ewta Y7
1 2.0 32.2 377.0 39.0 0.43 0.0028 0.0594 0.1007 0.0110 1.75
2 2.0 46.1 377.0 39.0 0.53 0.0031 0.0575 0.0872 0.0110 4.06
3 2.0 32.2 412.0 39.0 0.41 0.0027 0.0598 0.1038 0.0110 1.23
4 2.0 46.1 412.0 39.0 0.51 0.0030 0.0579 0.0903 0.0110 3.53
5 2.5 32.2 377.0 39.0 0.43 0.0040 0.0859 0.1307 0.0110 0.84
6 3.0 46.1 377.0 39.0 0.53 0.0056 0.1105 0.1472 0.0110 2.25
7 2.5 32.2 412.0 39.0 0.41 0.0039 0.0863 0.1338 0.0110 0.32
8 3.0 46.1 412.0 39.0 0.51 0.0055 0.1109 0.1503 0.0110 1.72
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Table B14: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Deformation-Based and Energy Based Damage Indices of

Monotonically Loaded Pinned-Connection Tests for Concrete Cracking

Table
Geometric

Specimen e/D dcr/d Ecr/Eotal yZ
1 1.30 0.38 0.19 na
2 2.30 0.05 0.13 na

B15:
and

Material Properties of the Specimens Generated for the Parametric Study of
Deformation-Based and Energy Based Damage Indices of Monotonically Loaded Pinned-

Connection Tests for Yielding of Compression Flange

Specimen e/D P/V doy/Etotal | Eey/Etotal )7
1 1.33 15 0.21 0.08 na
2 1.33 8.0 0.49 0.43 na
3 2.53 15 0.33 0.14 na
4 2.53 8.0 0.60 0.50 na
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Table B16: Geometric and Material Properties of the Specimens Generated for the Parametric Study of Energy-Based Damage Index of
Cyclically-Loaded Moment Connection Tests

Specimen | P/ /P, d,/D P/P, D/t fy s Ee/Eotal | Ecy/Etotal | Ew/Etotal | Ein/Etotal | Ect/ Etota(PZ) | Ev/Etotal(PZ) | Eqy/Etotal | Eqp/Etotal )7,
1 0.31 1.40 0.00 34.5 420.0 30.1 0.009 0.10 0.043 0.50 0.006 0.19 0.15 0.23 2.59
2 0.31 1.40 0.00 34.5 420.0 30.1 0.008 0.10 0.048 0.44 0.006 0.17 0.15 0.23 2.59
3 0.31 1.40 0.00 40.0 420.0 30.1 0.009 0.10 0.043 0.50 0.006 0.19 0.15 0.23 2.54
4 0.31 1.40 0.00 40.0 420.0 30.1 0.008 0.10 0.048 0.44 0.006 0.17 0.15 0.23 2.54
5 0.31 1.67 0.20 34.5 420.0 30.1 0.021 0.07 0.103 0.50 0.006 0.19 0.15 0.23 2.80
6 0.31 1.67 0.20 34.5 420.0 30.1 0.020 0.07 0.108 0.44 0.006 0.17 0.15 0.23 2.80
7 0.31 1.67 0.20 40.0 420.0 30.1 0.021 0.07 0.103 0.50 0.006 0.19 0.15 0.23 2.76
8 0.31 1.67 0.20 40.0 420.0 30.1 0.020 0.07 0.108 0.44 0.006 0.17 0.15 0.23 2.76
9 0.37 1.40 0.00 34.5 420.0 30.1 0.009 0.10 0.043 0.50 0.006 0.19 0.03 0.19 2.86
10 0.37 1.40 0.00 34.5 420.0 30.1 0.008 0.10 0.048 0.44 0.006 0.17 0.03 0.19 2.86
11 0.37 1.40 0.00 40.0 420.0 30.1 0.009 0.10 0.043 0.50 0.006 0.19 0.03 0.19 2.82
12 0.37 1.40 0.00 40.0 420.0 30.1 0.008 0.10 0.048 0.44 0.006 0.17 0.03 0.19 2.82
13 0.37 1.67 0.20 34,5 420.0 30.1 0.021 0.07 0.103 0.50 0.006 0.19 0.03 0.19 3.07
14 0.37 1.67 0.20 34.5 420.0 30.1 0.020 0.07 0.108 0.44 0.006 0.17 0.03 0.19 3.07
15 0.37 1.67 0.20 40.0 420.0 30.1 0.021 0.07 0.103 0.50 0.006 0.19 0.03 0.19 3.03
16 0.37 1.67 0.20 40.0 420.0 30.1 0.020 0.07 0.108 0.44 0.006 0.17 0.03 0.19 3.03
17 0.31 1.40 0.00 34.5 420.0 33.0 0.009 0.10 0.043 0.50 0.017 0.53 0.15 0.23 2.56
18 0.31 1.40 0.00 34.5 420.0 33.0 0.008 0.10 0.048 0.44 0.017 0.51 0.15 0.23 2.56
19 0.31 1.40 0.00 40.0 420.0 33.0 0.009 0.10 0.043 0.50 0.017 0.53 0.15 0.23 2.52
20 0.31 1.40 0.00 40.0 420.0 33.0 0.008 0.10 0.048 0.44 0.017 0.51 0.15 0.23 2.52
21 0.31 1.67 0.20 34.5 420.0 33.0 0.021 0.07 0.103 0.50 0.017 0.53 0.15 0.23 2.77
22 0.31 1.67 0.20 34.5 420.0 33.0 0.020 0.07 0.108 0.44 0.017 0.51 0.15 0.23 2.77
23 0.31 1.67 0.20 40.0 420.0 33.0 0.021 0.07 0.103 0.50 0.017 0.53 0.15 0.23 2.73
24 0.31 1.67 0.20 40.0 420.0 33.0 0.020 0.07 0.108 0.44 0.017 0.51 0.15 0.23 2.73
25 0.37 1.40 0.00 34.5 420.0 33.0 0.009 0.10 0.043 0.50 0.017 0.53 0.03 0.19 2.83
26 0.37 1.40 0.00 34.5 420.0 33.0 0.008 0.10 0.048 0.44 0.017 0.51 0.03 0.19 2.83
27 0.37 1.40 0.00 40.0 420.0 33.0 0.009 0.10 0.043 0.50 0.017 0.53 0.03 0.19 2.79
28 0.37 1.40 0.00 40.0 420.0 33.0 0.008 0.10 0.048 0.44 0.017 0.51 0.03 0.19 2.79
29 0.37 1.67 0.20 34.5 420.0 33.0 0.021 0.07 0.103 0.50 0.017 0.53 0.03 0.19 3.05
30 0.37 1.67 0.20 34.5 420.0 33.0 0.020 0.07 0.108 0.44 0.017 0.51 0.03 0.19 3.05
31 0.37 1.67 0.20 40.0 420.0 33.0 0.021 0.07 0.103 0.50 0.017 0.53 0.03 0.19 3.00
32 0.37 1.67 0.20 40.0 420.0 33.0 0.020 0.07 0.108 0.44 0.017 0.51 0.03 0.19 3.00
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Table B17: Geometric and Material Properties of the Specimens Generated for the Parametric Study
of Deformation-Based Damage Indices of Monotonically Loaded Frame Tests

D/t

Specimen f, (MPa) | f'c (MPa) | P/P, de,/d, dy/do dipi/do U
1 46.9 287.4 35.3 0.57 0.18 0.34 0.37 6.64
2 46.9 288.4 35.3 0.57 0.18 0.34 0.37 6.65
3 46.9 287.4 37.8 0.59 0.18 0.36 0.37 6.42
4 46.9 288.4 37.8 0.59 0.18 0.36 0.37 6.43
5 65.2 287.4 35.3 0.66 0.22 0.44 0.34 5.57
6 65.2 288.4 35.3 0.66 0.21 0.44 0.34 5.58
7 65.2 287.4 37.8 0.67 0.22 0.46 0.34 5.37
8 65.2 288.4 37.8 0.67 0.22 0.46 0.34 5.38

Table B18: Geometric and Material Properties of the Specimens Generated for the Parametric Study
of Deformation-Based Damage Indices of Monotonically Loaded Frame Tests

Specimen D/t f, (MPa) | f'c (MPa) P./P, Ei/Etotal U
1 46.9 287.4 35.3 0.57 0.10 8.56
2 46.9 287.4 37.8 0.59 0.09 8.78
3 46.9 288.4 35.3 0.57 0.10 8.55
4 46.9 288.4 37.8 0.59 0.09 8.77
5 65.2 287.4 35.3 0.66 0.08 9.63
6 65.2 287.4 37.8 0.67 0.08 9.83
7 65.2 288.4 35.3 0.66 0.08 9.62
8 65.2 288.4 37.8 0.67 0.08 9.82

329



Table B19: Geometric and Material Properties of the Specimens Generated for the
Parametric Study of Deformation-Based and Deformation-Based Damage Indices of
Cyclically Loaded Frame Tests

Specimen|  P/P, D/t fy (MPa) | f'c (MPa) | Ec/Eqta | P/Po | Ecy/Eotal | EiniEota Y7,
1 0.15 21.6 403.3 17.8 0.00001 | 0.17 0.023 0.27 4.21
2 0.15 21.6 403.3 18.6 0.00001 | 0.18 0.023 0.27 4.21
3 0.30 21.6 403.3 17.8 0.00354 | 0.17 0.017 0.28 2.90
4 0.30 21.6 403.3 18.6 0.00352 | 0.18 0.017 0.28 2.90
5 0.50 21.6 403.3 17.8 0.00834 | 0.17 0.017 0.30 1.15
6 0.50 21.6 403.3 18.6 0.00832 | 0.18 0.017 0.30 1.15
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