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ABSTRACT

Reinforced concrete frames constructed before the introduction of modern seismic codes
have performed poorly during past earthquakes. Such frames have primarily been designed for
gravity load effects, leading to light transverse reinforcement in the columns, unconfined
beam-column joints, and generally a lack of seismic details required for ductile post-yield
behaviour. It has been demonstrated in literature that light transverse reinforcement in a
column may result in shear and axial failure. Furthermore, lack of confinement may cause
shear failure at joints. However, interaction of vulnerable components and their contribution to
the collapse behaviour of existing reinforced concrete frames is not well understood. This
research project was initiated to provide a better understanding of the factors contributing to
collapse of the frames with non-seismic detailing.

In the experimental phase of this study, four 1:2.25 scale, two-bay-two-story specimens
were designed with non-seismic details and tested on a shaking table. The target failure mode
was intended to be damage leading to collapse that would enable examination of gravity load
redistribution during the test. The tests provide unique benchmark data for both qualitative and
quantitative assessment of the factors influencing the behaviour of reinforced concrete frames
up to the point of collapse. Based on the results from the shaking table tests, this dissertation
will evaluate the influence of axial load on shear and axial behaviour of non-ductile columns
and the effects of unconfined joints on overall behaviour of a frame near the point of collapse.

The analytical phase of the research included evaluation of existing models for
predicting shear and axial failure of non-ductile columns and collapse of frames. The currently
available models for shear and axial failure of non-ductile columns are mainly drift-based. The
results of the current study suggest that these models should be refined using the column ends
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rotation demand. While results from comprehensive nonlinear models of the four specimens
were compared with the test data, simplified models that can be easily employed in
engineering practice for assessing existing frames were also evaluated. A refinement to

provision from ASCE-41 on column effective stiffness was also proposed in this dissertation.
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CHAPTER 1. INTRODUCTION

1.1 Background

One of the major structural engineering objectives is to avoid introducing earthquake-
related collapse vulnerabilities in new constructions and to identify and retrofit those
vulnerabilities in existing buildings. Many of existing reinforced concrete structures in Canada
and worldwide do not satisfy the special seismic detailing requirements introduced in modern
building codes. When such buildings are subjected to a strong earthquake, several
inadequacies in their performance capabilities may become apparent and, in some cases,
collapse may result. During an earthquake, lateral demands from ground shaking and vertical
demands from gravity loads and overturning interact with the lateral and vertical capacity of
the structural system. Collapse occurs when the lateral strength degrades due to lateral
demands, followed by degradation of the vertical resistance below the level of the vertical
demands on the structural system.

Due to architectural and functional constraints and lack of requirements in older building
codes, most of the structures were designed and constructed with strong beams and weak

columns before 1970s. In such buildings, columns and beam-column joints are more



vulnerable to damage than beams. The damage is commonly attributed to widely spaced and
poorly anchored transverse reinforcement. Observations of damaged reinforced concrete
building in the past earthquakes and experimental research have indicated that columns with
light transverse reinforcement are vulnerable to shear failure and possibly reduction in axial
load resistance during ground shaking. As the axial strength diminishes, the supported gravity
must be transferred to adjacent elements which may spread the damage, leading to collapse of
the structure.

There have been relatively few dynamic tests on behaviour of inadequately designed
reinforced concrete frames in the literature, particularly tests up to the point of collapse. As a
result of the relatively small data set, our understanding of component failure and collapse
mechanisms is limited. This is confirmed by the fact that in contrast with the frequent collapse
predictions based on current assessment procedures, post-earthquake reconnaissance studies
show a relatively low rate of collapse amongst older concrete structures with non-seismic
detailing even in major earthquakes (Otani, 1999). The observations suggest that current
methods for assessing the collapse vulnerability of existing buildings are conservative and
need refinement in order to identify the critical buildings that are most collapse-prone. Without
refinement in current assessment procedures and identification of the most vulnerable
buildings, rehabilitation of the very large inventory of existing buildings that are considered as
collapse-prone is not feasible and cost-effective. This barrier leads to limited or no seismic
rehabilitation and minor improvement in the seismic risk facing urban centers, nationally and
internationally.

Current guidelines for evaluation of existing structures (ASCE, 2008) only consider the

damage to individual components in assessment procedure up to the point of collapse.



Evidence from past earthquakes (Mitchell et al., 1995, Sezen et al., 2000, Doangiin, 2004)
reveal that components can experience significant damage, including column shear failures
and loss of axial load capacity, without collapse of the building system, indicating that the
entire system should be considered when evaluating the collapse limit state.

To achieve an improved assessment of the seismic response of existing reinforced
concrete building frames, extensive research is required to develop practical analytical models
for predicting failure of concrete elements and systems. Furthermore, experimental research is
also required to validate the ability of such analytical models to capture the critical response
characteristics of the structure. In an effort to address the issues discussed above, the scope and

objectives of the current study will be defined in the next section.

1.2 Objectives and Scope

The overall objective of this research is to investigate, both experimentally and
analytically, the dynamic behaviour of reinforced concrete frames with non-seismic details up
to the point of collapse. In particular, the main focus of the study is to investigate the effects of
structural framing on shear and axial failure of non-ductile columns, and conversely, the
influence of column failure on collapse vulnerability of the frame. The impact of damage to
beam-column joints on behaviour of concrete frames is also of interest in current study.
Understanding these interactions is critical in assessing the collapse vulnerability of existing
reinforced concrete structures.

To date, relatively few dynamic tests have been performed on frames with columns with
light transverse reinforcement up to the point of collapse. Even those rare shaking table
collapse tests have mostly focused on performance of one specific component (columns) and

only considered relatively low gravity loads (Elwood, 2002, Ghannoum, 2007, Wu et al.
3



2009). Furthermore, all of these tests incorporated a combination of ductile and non-ductile
columns which could influence the redistribution of loads near the point of shear and axial
failure. To fill the gaps in knowledge, this study included designing and dynamic testing to
collapse of four two-dimensional, two-bay-two-story, 1/2.25 scaled reinforced concrete
frames. Three of the four frames contained columns with light transverse reinforcement.
Proportions and reinforcement details allowed the columns to yield in flexure prior to shear
strength degradation (commonly referred to as flexure-shear-critical columns) and ultimately
reach axial failure. By applying high axial load on columns of one of the specimens, the effects
of high axial load on shear and axial failure of non-ductile columns and collapse of the frames
were investigated. The scope of this study did not include bi-directional loading or column lap-
splice failures, but focused on shear failure leading to loss of axial load resistance of non-
ductile columns due to unidirectional seismic loading.

Influence of joint failure on behaviour of the connecting columns and the overall frame
response was also investigated. Nearly all of the observations on the behaviour of unconfined
joints have been done through reversed-cyclic testing of joint sub-assemblage (Beres et al.,
1996, Walker, 2001, Alire, 2002, Pantelides et al., 2002). However, using shaking table,
current research investigated the influence of unconfined joints on the collapse behaviour of
frames by constructing and testing two of the four specimens with unconfined joints. One of
the specimens was built with ductile columns to localize the damage only in the beam-column
joints, for comparison purposes. Descriptions of the specimens will be discussed in detail in
Chapter 3.

While providing benchmark data for validating analytical models, the tests particularly

focused on two major issues:



1) Interaction of multiple vulnerable concrete components (i.e. columns, and beam-

column joints) within a building frame as collapse is initiated.

2) Influence of high gravity loads on the collapse vulnerability of a structure.

Currently available analytical models for predicting the behaviour of frames were also
evaluated in the course of this research. In particular, the models for predicting shear failure
and axial load collapse of non-ductile columns were closely examined. Through comparison of
the results from such analytical models with shaking table test data, the limitations,
weaknesses, and strengths of the models were investigated. It is also of interest in the course of
this research to evaluate simplified analytical models that can be employed in engineering
practice and provide refinement to relevant provisions of current rehabilitation guidelines.

It should be noted that while the experimental phase of this research took place at
National Center for Research on Earthquake Engineering (NCREE) in Taiwan, the conceptual
and detailed design of the specimens and lateral supporting frame, test setup and design,
instrumentation, data processing, and the comprehensive and simplified analyses discussed in
this dissertation are amongst the contributions of the author. NCREE research staff and other
collaborators provided valuable advice and assistance during the course of the experimental

phase of the project.

1.3 Organization

This dissertation will describe and discuss the following: previous related research
studies, test setup, response of the shaking table test specimens and comparison of the results,

evaluation of available analytical models through a comparison with the shaking table test



results, and finally, comparison of results from simplified analyses with tests data. The
dissertation has been organized as described below.

Chapter 2, "Literature Review," reviews previous research relevant to this study. Static
and dynamic experimental tests conducted on non-ductile columns are presented along with
analytical approaches used to model shear and axial failure for this type of column. While
summary of previous experimental studies on unconfined joints are presented, currently
available analytical models for beam-column joints are briefly discussed.

Chapter 3, "Details of Specimens and Test Setup," describes the design, construction,
instrumentation, and preparation for shaking table testing of the specimens introduced in
Section 1.2. A scaled ground motion record from the 1999 Chi-Chi earthquake is used as the
input table motion. More details on the design, construction, and experimental setup are
provided in Appendices A and B.

Chapter 4, "Experimental Test Results," presents and discusses the results from the
shaking table tests. The specimens are subjected to sequential table motions with increasing
peak amplitude. Failure modes for the specimens are identified and the results from the
sequential tests are compared for each specimen. Response of the non-ductile columns and
unconfined joints and the redistribution of loads during shear and axial failure are studied in
this chapter, in detail.

Chapter 5, "Comparison of Response of the Test Specimens," compares the results from
testing the four specimens described in Chapter 4. Effects of axial load on key parameters for
columns including drift ratio, effective and secant stiffness, and slope of vertical deformation

before and after axial failure are studied. Influence of joint failure on overall behaviour of the



frames is also explored by comparing the results from testing the two specimens with and
without confined joints.

Chapter 6, "Analysis of Shaking Table Test Specimens," evaluates the accuracy of
selected drift capacity models for shear and axial failure presented in Chapter 2 to represent
the response of non-ductile columns during shear and axial failure. A relatively simple joint
model described in Chapter 2 is also evaluated by comparison of test data with the results from
an analytical model incorporating such a joint model.

Chapter 7, "Simplified Modeling Methods," evaluates the accuracy of simplified models
commonly used in practice to predict the yield displacement, effective stiffness, and overall
behaviour of one of the test frames. A backbone for simplified modeling of columns and
refinement to the current rehabilitation standard (ASCE-41, 2008) are proposed in this chapter.

Finally, Chapter 8, "Conclusions and Future Work," summarizes the critical results from
the report, highlights the contributions of this research endeavour, and provides

recommendations for future research.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

This chapter summarizes previous experimental and analytical studies that address the
seismic performance of reinforced concrete frames that were designed without considering the
significance of earthquake effects.

Reinforced concrete structures traditionally have been designed using provisions of older
versions of ACI Standard 318 and the gravity load combination of 1.4DL + 1.7LL, where DL
and LL stand for dead and live loads, respectively. Little or no consideration for seismic
resistance was taken into account in such design (Hoffmann et al., 1992). In one study, Beres
et al. (1992) reviewed detailing manuals (ACI 315) and design codes (ACI 318) from past
decades and identified the following typical problematic reinforcing details:

1) Longitudinal reinforcement ratio in columns was rarely more than 2%.

2) Only minimal transverse reinforcement was considered in columns to provide shear
resistance and confinement.

3) Lapped splices of reinforcement were often placed just above the floor levels, the
location that is vulnerable to plastic hinging.



4) Construction joints were usually located immediately below and above the beam-
column joints.

5) Limited or no transverse reinforcement was considered within the beam-column
joints.

6) Bottom reinforcement in the beams was terminated in the joints with a short
embedment length.

7) Bending and shear capacity of columns were close to or less than those of the
connecting beams, resulting in weak-column-strong-beam mechanism.

Extensive research has been done to address these issues, study the behaviour of
elements with such properties, and offer retrofit solutions. Experimental evidence shows that
many existing reinforced concrete columns are vulnerable to shear and axial failure after
flexural yielding (Umemura and Endo, 1970, Wight and Sozen, 1973, Ohue et al., 1985,
Sezen, 2002, Elwood, 2002, Ghannoum, 2007, Wu et al., 2009).

Several studies focused on behaviour of beam-column joints without seismic detailing,
demonstrating the extensive shear damage or failure in the panel zone of such joints and
significant damage to the connecting columns (Pessiki et al., 1990, Beres et al., 1992, 1996,
Clyde et al., 2000, Pampanin et al., 2002).

A number of analytical models have been developed to simulate the behaviour of
elements and degradation of shear and axial strength with increasing inelastic deformation of
the members. The following sections present an overview of previous experimental and
analytical research studies related to non-ductile behaviour of reinforced concrete columns and

beam-column joints.



2.2 Experimental Studies on Behaviour of Non-ductile Columns

2.2.1 Static and Pseudo-dynamic Experimental Tests

Gilbertsen and Moehle (1980) studied the effects of variation in axial load on behaviour
of non-ductile columns. Eight small-scale cantilever columns were subjected to constant and
varying axial load proportional to cyclic lateral load. The results showed that the shear
hysteretic responses of the columns were asymmetric about the axis of zero shear.

Kreger and Linbeck (1986) conducted experimental studies on three double-curvature
specimens with various lateral and axial load, where two specimens were subjected to axial
load proportional to the lateral loads and the third specimen was tested with separate axial and
lateral loads. The results showed higher lateral stiffness with increasing axial load.

Lejano et al. (1992) tested three identical double-curvature columns subjected to cyclic
lateral load, and constant and proportionally varying axial loads. Two of the specimens were
tested under constant axial loads of 0.744gf"c in compression and 0.26A4¢f”¢ in tension. For the
third specimen, an initial gravity load of 0.254¢f’c was considered for the axial-lateral load
relationship. The tensile axial load induced larger displacements and horizontal cracks,
whereas the compressive axial load caused a brittle failure.

Pinho and Elnashai (2000) conducted a pseudo-dynamic test on a full-scale, four-story,
three-bay reinforced concrete frame with light transverse reinforcement in the columns.
Columns in the third story of the frame experienced brittle failure in shear and the test was
terminated at that point.

Conducting cyclic tests on eight full-scale columns with constant axial load, Lynn

(2001) compared the experimental data with the behaviour estimated by various evaluation
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methods. It was observed that columns with inadequate shear resistance but with low axial
load could sustain vertical loads after losing their lateral resistance.

Sezen (2002) tested four full-scale column specimens statically under unidirectional
lateral load. Since the columns properties were identical, the test results demonstrated that the
response of the columns significantly depended on the amount and history of axial and lateral
loads. Specimens with low axial load lost most of their lateral strength at smaller
displacements, whereas sustained axial load at larger displacement demands. It was observed
that by increasing the axial load, lateral stiffness and strength increased at low displacements.
However, the specimen experienced a sudden shear and axial failure.

Calvi et al. (2002) conducted a quasi-static cyclic test on a 2D frame with, three bays
and three stories with non-seismic detailing. Beam-column joints had no transverse
reinforcement. Damage concentrated in the exterior first-story joints, exhibiting brittle failure.
Such behaviour reduced the rotational demand on exterior first-story columns, which increased
the demands on the interior columns where joints showed limited cracking.

Pinto et al. (2002) performed pseudo-dynamic tests on two full-scale specimens with two
bays by one-bay by four-story. Frames were constructed with smooth longitudinal bars, no
joint reinforcement, and short lap splices at the column bases. The cause of collapse was
longitudinal bar slippage in third-floor columns at a story drift ratio of 2.4%. It was concluded
that using smooth bars with short lap splices makes this type of frame very vulnerable to
seismic loading.

Lam et al. (2003) tested nine one-third scale reinforced concrete columns with low

confinement. The transverse reinforcement for the specimens included ties with either 90° or
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135° hooks. The tests results showed that the reinforcement with 90° hooks was less effective
than transverse reinforcement with 135° hooks.

Ousalem et al. (2004) conducted two series of tests on scaled reinforced concrete
columns. The first test series were performed with equal lateral loads for all specimens, but
with different axial load histories. Columns in the second series had constant and equal axial
loads with varying lateral load histories. Results showed that lateral deformation capacity and

shear degradation for the columns were mainly influenced by the axial load history.
2.2.2 Dynamic Experimental Tests

Despite the numerous static and pseudo-dynamic tests conducted on non-ductile
columns in the literature, very few dynamic tests were carried out on such columns up to the
point of shear and axial failure.

Elwood (2002) tested two specimens on shaking table, where each specimen consisted of
three columns connected by means of a rigid beam on top. The exterior columns were
constructed with ductile detailing, whereas the center column was designed and constructed
with light transverse reinforcement. While providing data on hysteretic response of the
columns in shear, the test results demonstrated the redistribution of loads in a frame and
degradation of axial load resistance after shear failure.

In 2005, Wu et al. (2009) conducted a shaking table test on a single-story frame with two
ductile columns on one side and two non-ductile columns on the other side. The test results
demonstrated that the variation of axial load, especially induced by overturning moment, and
redistribution of load as collapse progresses, plays an important role in hysteretic

characteristics of the column load-deformation response.
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Shin (2007) performed twelve dynamic tests on planar, single-story, single-bay, one-
third scale frames. The frames included either ductile, non-ductile, or a combination of one
ductile column and one non-ductile column. Observed behaviour of the columns was
significantly affected by column details, axial load, and input table motions.

Ghannoum (2007) tested a 2D, three-bay, three-story, one-third scale reinforced concrete
frame on shaking table up to the point of collapse. While columns on two axes were
constructed as ductile columns, specifications of the non-seismically detailed columns were
selected to allow for yielding of the columns in flexure prior to initiation of shear strength
degradation and ultimately axial failure. It was concluded that the rotational capacity of a non-
ductile column before the onset of shear failure is related to transverse reinforcement, axial
load and shear stress in the column. A shear failure model was introduced and verified with the

test data.

2.3 Modeling the Behaviour of Non-ductile Columns

Some of the models that have been developed to estimate the lateral and axial behaviour
of columns in reinforced concrete frames with non-seismically details are discussed in this
section. Such models can be subdivided into two main categories: models that have been
developed to predict the point of shear failure of non-ductile columns and capture the shear
behaviour of the element before and after that point, and models that predict the axial

behaviour of the columns beyond the onset of shear failure up to the point of axial failure.
2.3.1 Models for Drift at Shear Failure

Capturing the degradation of shear strength due to increasing inelastic deformations was

the goal of several older models (Watanabe and Ichinose, 1992, Aschheim and Moehle, 1992,
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Priestley et al., 1994, Sezen, 2002). Such shear-strength models are able to adequately estimate
the shear strength for conventional strength-based design and assessment. However, they may
not properly predict the deformation capacity given a shear force demand, the approach that is
widely used in displacement-based design and assessment methods (ASCE, 2008). This can be
explained by observing the shear-drift relationship of a flexural-shear-critical column, where
the force demand remains relatively constant after flexural yielding, but the displacement
demand is substantially increased. Consequently, the shear-strength models may not be
appropriate for assessing the drift at shear failure and beyond.

The above-mentioned limitation resulted in need for development of displacement-based
models for predicting the drift capacity of flexural-shear-critical columns, given a shear force
demand. The model developed by Pujol et al. (1999) related drift at shear failure with aspect
ratio of the column (a/d, where a is the column half span and d is the section depth from center
of tension reinforcement to extreme compression fibre of the column), transverse
reinforcement ratio and its yield stress, and column shear stress at shear failure. Poor
agreement was observed between results from the model and the employed database,
indicating that further refinements to the model were required.

Kato and Ohnishi (2002) proposed that the total drift ratio can be obtained from the sum
of the drift ratio at yielding of longitudinal reinforcement and the calculated plastic drift ratio
estimated based on axial load ratio, maximum edge strain in the core concrete, and the cross-
section dimensions. In comparison with the other models discussed above, the calculated drift
ratios at shear failure using Kato and Ohnishi’s model demonstrated a better match with the
test data from 50 laboratory tests on flexure-shear-critical columns described in the study by

Sezen (2002). However, compatibility of the results is significantly dependent on accuracy of
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estimation of the drift at yielding of the longitudinal reinforcement. Furthermore, it was
observed that the model significantly overestimated the drift at shear failure for many of the
columns with low axial loads.

Elwood and Moehle (2005) proposed an empirical model that relates the shear demand

to the drift at shear failure (4,/L) based on the transverse reinforcement, p ”, shear stress ratio

(¥/yf'c), and axial load ratios (P/A,f’c). The afore-mentioned database of 50 flexure-shear-
critical columns was employed for validation of the model. The point of shear failure in the
model was determined by the intersection of shear-drift curve for the column and the limit

surface defined by the drift capacity model (Figure 2-1). The proposed equation is:
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Figure 2-1. Shear failure defined by Elwood & Moechle drift-capacity model (Elwood &
Moehle, 2005)

This model was used in simulating the shear behaviour of columns of the specimens
studied in the current research, which are described in Chapters 3 and 4. Results of the

modeling are discussed in detail in Chapters 6 and 7.
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Figure 2-2. Comparison of Elwood & Moechle shear-drift model with test data (Elwood,
2002)

Ghannoum (2007) introduced a shear failure model which determines column rotations
at onset of shear strength degradation for flexure-shear-critical columns. The model was based
on a parametric regression analysis that was performed on a database of 56 column tests,
demonstrating that the column rotational capacity prior to initiation of shear failure is
correlated with transverse reinforcement spacing, compressive axial load, and shear stress.
This model was not employed in the current study as it was not accompanied by a predictive
model for axial failure. Furthermore, it was not implemented in OpenSees software (2009), the
analysis platform that was used in the course of this research for simulation of the shaking

table tests.

2.3.2  Models for Drift at Axial Failure

Previous experimental studies on collapse of non-ductile columns (Minowa et al., 1995,
Lynn, 2001, Sezen, 2002, Elwood, 2002) have illustrated that the axial failure of such columns
is mainly dependent on the axial stress, the amount and spacing of transverse reinforcement,

and the drift demand. Other researchers have shown that axial failure occurs when the shear
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resistance is significantly degraded (Yoshimura and Yamanaka, 2000, Yoshimura and
Nakamura, 2002).

Based on results from five pseudo-dynamic tests in which shear damaged columns were
returned to a plumb vertical position and loaded axially until vertical collapse, Tasai (2000)
suggested that residual axial strength is decreased when maximum lateral drift demand and
shear degradation are increased.

To date, a limited number of models (Elwood and Moechle, 2005, Mostafaei and
Kabeyasawa, 2007) have been developed to estimate the axial-drift failure of non-ductile
columns. The model employed in this study was developed by Elwood and Moehle (2005)
using shear-friction models (Mattock and Hawkins, 1972, Mattock, 1988). The model was
calibrated to test data from the 50-column database mentioned in Section 2.3.1. The relation

for the drift ratio at axial failure can be presented as:

o\)2
% _ 0.04 1 + (tan(65°)) 2.2)
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where P is the axial load, Ay, is the transverse reinforcement area with yield strength £, and
spacing s, and d, is the depth of the column core between centerlines of the ties. In this
equation, the angle of the shear failure surface from horizontal is assumed to be 65°. Similar to
the shear-failure model described in previous section, the axial-drift model defines a limit
surface at which axial failure is expected to occur, as shown in Figure 2-3. According to this
model, columns with a low axial load or drift demand would not be expected to experience
axial failure. Although such assumption is rational for most cases, the model may not detect
axial failure in the situations where rotational demand on the column is more significant than

drift demand.
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Since the axial failure model was defined based on shear-friction models and the shear-
friction model assumes that shear failure occurs before the axial failure, the model for axial
failure must be used in conjunction with one of the shear failure models described in section
2.3.1.

Similar to the shear failure model, column behaviour after the onset of axial failure is
not well understood; however, it is assumed that the axial load-horizontal deflection relation
for the damaged column will remain on or below the limit surface after the failure is detected.
Limit surface defined by

drift capacity model
(Elwood & Moehle, 2005)

Y
) Axial failure
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Figure 2-3. Axial failure defined by Elwood & Moehle drift-capacity model (Elwood &
Moehle, 2005)

While the shear and axial models developed by Elwood and Moehle (2005) describe
different phenomena, both models define a limit surface and change the hysteretic behaviour
once the load-deformation relation for the column reaches the limit surface. This similarity
allowed both failure models to be implemented in one Uniaxial Material model in OpenSees

(Elwood, 2002) for structural analysis purposes.
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2.3.3 Implementation of Shear and Axial Failure Models

Elwood (2002) implemented the shear and axial failure models (Equations 2.1 and 2.2)
in OpenSEES as LimitState Uniaxial material, allowing for the complete simulation of
behaviour of non-ductile column to collapse. The shear and axial failure models can be
employed by adding zero-length springs in series with a beam-column element as illustrated in

Figure 2-4.

Limit State
uniaxial material
with axial limit curve

Limit State
<— Uniaxial material
with Shear limit curve

Figure 2-4. Shear and axial springs in series model (Elwood, 2002)

The properties of the springs are defined by the LimitState Uniaxial material with either
shear or axial limit curve. The springs have different backbone curves before and after failures
are detected by the drift capacity Equations 2.1 and 2.2. Prior to shear failure, the shear spring
is linear-elastic with stiffness corresponding to the equivalent elastic shear stiffness of the
column. Once the column element reaches the limit curve defined by Equation 2.1, the shear

spring backbone curve is modified to a degrading hysteretic curve (Figure 2-5).
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Figure 2-5. Shear spring model using LimitState Uniaxial material (Elwood, 2002)

Figure 2-6 shows the axial failure limit curve on plots of axial load versus vertical

displacement of the column and total lateral drift. The shape of the limit curve is defined by

Agqfyd/s which describes the strength of the transverse reinforcement. Similar to shear limit

curve, the zero-length axial spring has a “rigid” backbone prior to reaching the axial load-drift

limit curve (Figure 2-6). After axial failure occurs, the backbone will be redefined to include

the degrading slope, K, and the residual strength, P,.. Since the shear-friction model

describes only compression failure, the backbone is only redefined for compressive axial loads

(shown as positive).

The shear and axial models discussed in this section will be used throughout the analysis

part of this research as they have been implemented in OpenSEES, providing a comprehensive

basis for modeling the behaviour of non-ductile columns of the specimens described in

Chapter 3.
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Figure 2-6. Axial spring using LimitState Uniaxial material (Elwood, 2002)
2.4 Beam-column Joint with Non-seismic Detailing

Older reinforced concrete buildings have several deficiencies including lack of
transverse reinforcement at beam-column joints. Significant joint deterioration has been
observed in structures containing joints with little or no transverse reinforcement during past
earthquakes (Mochle and Mahin, 1991, Hall, 1995, Comartin, 1995, Sezen et al., 2000). This
section describes some of the previous experimental and analytical studies on seismic
performance of beam-column joints with non-seismic detailing which are commonly found in

existing non-ductile buildings.
2.4.1 Experimental Studies on Behaviour of Unconfined Joints

Several experimental investigations on beam-column joint sub-assemblies have focused
on factors influencing joint strength and deformation capacities. Townsend and Hanson (1977)
tested 22 reinforced concrete beam-column T-shaped connections under column axial tension
(0.254,f";), column axial compression (0.154,/.), and no column load. It was shown that
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increasing column tension causes the moment capacity to decrease faster, representing a faster
rate of concrete deterioration compared to specimens with zero load or compressive loads on
the columns.

Based on test results from six exterior reinforced concrete beam-column sub-
assemblages under cyclic loading, Ehsani and Wight (1985) suggested that in order to avoid
the formation of plastic hinges in the joint, the flexural strength ratio for the sub-assemblages
should be more than 1.4. The maximum joint shear stress in exterior connections should be
limited to 12V, (psi) to reduce excessive joint damage, column bar slippage, and beam bar
pullout.

French and Moechle (1991) studied the effects of floor slabs on behaviour of beam-
column-joints by testing a sub-assembly frame and observed a significant increase in beam
ultimate moment strength when the slab was on the flexural tension side. Such increase in
beam moment strength resulted in higher joint shear stress demands. Similar observations were
reported by Cheung et al. (1991) and they also added that while slabs increased shear demands
in the tested joints, the contribution to joint shear strength was minimal.

Bonacci and Pantazopoulou (1992) investigated the mechanics of beam-column joints in
laterally loaded frames, showing that the shear strength of a joint depends on the usable
compressive strength of concrete and joint shear strength is decreased with increasing column
axial force. They also found that joint capacity can be limited by crushing along the principal
diagonal or by yielding of vertical reinforcement after hoop yield. Through a parametric study
on test results of 86 interior-joint connections with a wide range of axial loads, concrete

strengths, and transverse reinforcement ratios, Bonacci and Pantazopoulou (1993) concluded
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that the ratio of joint shear demand to capacity determines the likelihood of beam-column
joint failure.

In an experimental study, Park (2002) tested a few beam-column joints, where no
transverse reinforcement was considered in interior joints and very little transverse
reinforcement was included in exterior joints. Inadequate seismic performance was observed
for all the joints due to early concrete diagonal cracking, while exterior joints were found to
have lower shear strength than interior joints.

In an experimental study, Pantelides et al. (2002) evaluated the seismic performance of
six full-scale exterior beam-column joints with three different details of beam and beam-
column joint reinforcement, where the two primary failure modes of bond-slip failure and joint
shear failure were observed. They found that the joint strength coefficient, y, changes with the

variation of the column compressive axial load.

2.4.2 Modeling the Behaviour of Unconfined Joints

Hoffmann et al. (1992) studied the seismic performance of typical non-seismically
detailed frames using finite element simulations. In these studies, the flexural capacities of
beams and columns were implicitly modified to account for insufficient anchorage of beam
bars and inadequate joint shear capacity.

Lumped-plasticity rotational hinge models have been proposed in several studies to
directly model joint deformations (Alath and Kunnath, 1995, Biddah and Ghobarah, 1999,
Youssef and Ghobarah, 2001, Walker, 2001, Lowes and Altoontash, 2003, Altoontash, 2004,
Shin and Lafave, 2004). These models account for joint deformation by means of rotational
springs placed at the ends of beam and column elements (Figure 2-7). Such models allow for

separation of joint response from those of columns and beams and easier interpretation of the
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results. However, some of the models are too complicated (e.g. Youssef and Ghobarah, 2001,
Lowes and Altoontash, 2003) and may not be computationally efficient. On the other hand, the
simpler models (e.g. Alath and Kunnath, 1995) do not account for variation of axial load.

Continuum finite element models that can be linked to beam-column elements through
transition elements have also been proposed in literature (Fleury et al., 2000, Elmorsi et al.,
2000). Such models were found to be computationally intensive and have not been tested for
modeling of large frame-systems, especially at high deformation demands.

Although the model suggested by Alath and Kunnath (1995) may not capture the
behaviour of the joints thoroughly, it was selected for modeling the unconfined joints in the
current study due to its simplicity and practicality. The finite size of the joint panel is taken
into account by introducing rigid links (see Figure 2-7a). Joint shear deformation is simulated
by a rotational spring model with degrading hysteresis. Moment-rotation relationship for the
joint panel zone is obtained using the joint shear stress-strain (see Section 6.2.2). The envelope
to the shear stress-strain relationship is determined empirically, whereas the cyclic response is
captured with a hysteretic model that is calibrated to experimental cyclic response. To
implement the constitutive relationship for the panel zone in the analysis, a backbone curve
based on previous experimental test data (Walker, 2001) was defined for the envelope and a
pinched hysteresis model (Pinching4 in OpenSees), proposed by Lowes and Altoontash

(2003), was employed for the cyclic response.
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Figure 2-7. Existing beam-column joints models (adopted from Celik and Ellingwood, 2008); (a)
Alath and Kunnath (1995); (b) Biddah and Ghobarah (1999); (c) Yousseff and
Ghobarah (2001), (d) Lowes and Altoontash (2003); (e) Altoontash (2004), and (f)
Shin and LaFave (2004).
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CHAPTER 3. DETAILS OF SPECIMENS AND
TEST SETUP

3.1 Introduction

This chapter presents details of the reinforced concrete specimens used in the
experimental tests. The specimens were designed to observe the process of shear and axial
failures in reinforced concrete frames. Presented is an overview of the design, construction,
instrumentation, and testing of the reinforced concrete frame specimens. Details of the
analytical model that was used during the design phase as an analysis tool to explore different

design and test options are presented in Chapter 6.

3.2 Specimen Description and Design

To study the behaviour up to collapse of reinforced concrete frames with light transverse
reinforcement, four two-bay and two-story frames were built and dynamically tested on a
shaking table. Three frames contained non-seismically detailed columns whose proportions
and reinforcement details allowed them to yield in flexure prior to shear strength degradation

and ultimately reach axial collapse (these columns are commonly referred to as flexure-shear-
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critical columns). The influence of unconfined joints on the collapse behaviour of the frame
was also investigated. The geometries and details were selected to be representative of
elements used in an existing six-story hospital building in Taiwan. The structure was designed
in 1980°s with non-seismic detailing. Final dimensions and reinforcement details of the frames
were influenced by the following considerations: laboratory and shaking table limitations;
replication and scaling of column details from the real building with non-seismic details;
desired failure mode; available reinforcement; and cost. The target failure mode was intended
to be damage leading to collapse that would enable examination of gravity load redistribution

during the test. Figure 3-1 describes the four specimens.

Specimen MCFS: Specimen HCFS:
Moderate Axial Load High Axial Load
Confined Joints Confined Joints
Flexure-Shear Columns Flexure-Shear Columns
Specimen MUFS: Specimen MUF:
Moderate Axial Load Moderate Axial Load
Unconfined Joints Unconfined Joints
Flexure-Shear Columns Flexure Columns

Figure 3-1. Naming convention for shaking table specimens

Comparison of the results from specimens MCFS and HCFS will reveal the influence of
axial load on shear and axial behaviour of flexure-shear-critical columns, while observations
from MUF and MUFS will demonstrate the effects of unconfined joints on overall behaviour
of the frame near the point of collapse and sequence of failure in the elements. Details of the
specimens are described in the following section.

Since the scope of this study did not include bi-directional column loading, the test

frames were preferred to be 2D rather than 3D. This choice resulted in considerable cost
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savings and simplification in the experimental tests. The overall dimensions of the frames
were limited by the shaking table size and capacity limits. Selecting the dimensions of the
columns was considered a priority in designing the specimens, as the main goal of these
experimental tests was to observe the behaviour of non-ductile columns and unconfined beam-
column joints at the point of collapse. Given the complexity of the desired test frame
behaviour and failure mechanisms, a detailed analytical model, rather than classical design
methods, was used to select the test frame details. Considering the details of the full-scale
columns in the existing hospital building (450 mmx450 mm columns with eight #7
longitudinal bars and #3@200mm transverse reinforcement), an extensive parametric study
was performed to determine the optimal test frame final details. Effects of varying the
following parameters were investigated: 1) number of bays in the test frames (which could
directly influence the scaling factor for the structural elements due to the table dimensions); 2)
dimensions of the columns; 3) number and size of the longitudinal and transverse
reinforcement of the columns; 4) beams span, depth and height, and longitudinal and
transverse reinforcement ratios; 5) number of stories in the frames; 6) concrete and steel
material properties, and 7) ground motion input, selected to insure that the shaking table had
sufficient capacity to fail the test specimen (see Section 3.6). This analytical exercise also
served the purpose of evaluating the capability of current analytical models and methods
within the analysis platform OpenSEES (McKenna et al., 2000) for modeling the behaviour of
non-ductile reinforced concrete frames. Resulting test frame details and dimensions are
presented here, while details of the analytical model used in the design process are presented

later in Chapter 6.
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Taking the construction and reinforcement limitations and results from the parametric
analyses into account, 200mmx>200mm was selected for the cross section of all columns;
resulting in a scaling factor of 1/2.25 considering the full-scale columns of the prototype
building. Due to the limited 5 meter length of the shaking table, the same scaling factor could
not be used for the beams. To include two bays in each specimen, the beam spans had to be
limited to two meters, while the span of the beams in the hospital building was five meters. In
order to maintain the similarity between the specimens and the prototype building frame, the
ratio of the story beam-to-column stiffness, representing the frame stiffness, was selected to be
similar. Since the beam span was limited by the table dimensions, the beam depth was adjusted
to achieve a target beam-to-column stiffness ratio of 1.7, similar to the prototype building. To
account for the effects of slabs on the beam stiffness and joint demands, the beams were
designed and constructed with a T-shape section. The thickness and width of the slabs were
obtained by applying the 1/2.25 scaling factor to the thickness and effective width of the slabs
using ACI code (ACI, 2008) of the prototype building. However, due to construction errors the
slabs in specimens MUF and MUFS were constructed 10mm thicker than originally designed.
Specifications and dimensions of the frames are shown in Figure 3-2.

Specimens MCFS and HCFS were designed with flexure-shear-critical columns and
confined joints. In addition to transverse reinforcement in the joints, transverse beams with a
length of 200mm, a width equal to the column width and height equal to the height of the
longitudinal beam were used to provide confinement on all the vertical faces of the joints in
both stories of these two specimens. Providing confinement in the joints forced the failure to
happen in the columns. Sufficient confinement in the columns of specimen MUF ensured a

flexural column response, while eliminating the confinement from the first-story joints was
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expected to lead to a collapse mode dominated by joint failure. Constructing MUFS with no
confinement in the first-story joints and light transverse reinforcement in the columns provided
the opportunity to study the sequence of failure in a typical existing building frame with both
unconfined joints and non-ductile columns. Discontinuity of the columns above the second
floor made the joints susceptible to early failure; therefore, beam-column joints at second level

were confined in all specimens.
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Note: The height of beams was 310 mm for specimens MUF and MUFS

Figure 3-2. Shaking table test specimens

Table 3-1 provides a summary of parameters and material properties for the four test
specimens. Eight deformed #4 bars (13 mm diameter) were selected for longitudinal
reinforcement for all columns of all specimens. Column transverse reinforcement was
designed as Smm hoops (smooth bar) at 120 mm for specimens with flexure-shear-critical
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columns (MCFS, HCFS, and MUEFS), while the spacing was reduced to 40 mm for specimen
MUF with ductile columns.

Beam transverse reinforcement (#3; 10 mm) with closed stirrups and 135° hooks
provided sufficient shear strength to develop full flexural strength, while longitudinal
reinforcement was chosen to create a weak-column-strong-beam mechanism typical of the
older concrete construction. Longitudinal reinforcing bars #3 and #4 were selected for the
beams in second floor, while #5 bars were chosen for the first-story beams. Lighter beam
longitudinal reinforcement caused lower demands in the second-story beam-column joints
which were intended to be protected from failure for all specimens. It should be noted that
while no additional reinforcement was considered at first-story joints of specimens MUF and
MUEFS, the anchorage details of beam bar may differ from those used in older buildings.
Neither beams nor columns had lap splices, thus removing splicing effects from the scope of
this study. Cross-sectional dimensions and details of longitudinal and transverse reinforcement
of the columns and beams are shown in Figure 3-3.

Concrete was chosen to be normal-weight density with a target cylinder compressive
strength of 30 MPa in the design phase. Considering the properties of available steel rebar in
Taiwan, reinforcing bars with specifications similar to ASTM A615 Grade 60 and yield
strength of 440 MPa were selected. However, the material properties varied during the
construction phase. The actual material properties for the specimen columns are presented in
Table 3-1 and stress-strain relations for concrete and steel reinforcement for all structural
members are shown in Appendix Section A.2.

Concrete-mix design for the prototype test frames was intended to be similar to that used

in a full-scale model except the maximum nominal diameter of aggregate was limited to 15
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mm. All the longitudinal reinforcing bars in the beams and columns, as well as transverse
reinforcement in the beams, were deformed. Bar deformation helped in maintaining bond
conditions similar to those in full-scale construction; although, considering the scaling of the
elements, the bond may not scale perfectly. Due to limitation in material availability,

transverse reinforcing bars were smooth wires of 5 mm diameters.

Table 3-1. Parameters and column material properties for the specimens

MCFS HCFS MUF MUFS
¢ Test D
f'c on Test Day 34.0 34.4 35.8 36.5
(MPa)
Column Longitudinal Bars
439.0 439.0 467.0 467.0
fj;l (MPa)
Column Transverse Bars
469.0 469.0 475.0 475.0
fj,, (MPa)
Column Longitudinal Steel Ratio
2.6% 2.6% 2.6% 2.6%
Pi1(%)
Column Transverse Steel Ratio
0.16% 0.16% 0.49% 0.16%
p r (%)
Total Weight of Inertial-Mass
System (kN) 105.1 104.5 105.5 104.5
(see Section 3.4.2.3 for details)

p=Aq/bs where, Ay is the area of transverse reinforcement with spacing s, and & is the column width
perpendicular to the direction of shaking

The expected failure mode of the columns was assessed using the ratio of the plastic
shear demand on the columns (¥},) to the nominal shear strength (V) defined by ASCE-41

(ASCE, 2008). The plastic shear demand on the columns (¥,), was obtained by the section
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analysis of the columns using the software XTRACT (Imbsen, 2002). According to ASCE-41,

the nominal shear strength (7),) can be calculated from:

V,= k(V,+V,) =kAs£yd+k<0';/\{lE\/1+O 5\7%,4 ).0.8Ag (MPa)  (3.1)
5Jf0 A,

where V; and V. are shear strengths provided by steel reinforcement and concrete, respectively.
k 1s the factor to account for ductility-related strength degradation varying linearly between 1.0
for displacement ductility less than 2 and 0.7 for displacement ductility exceeding 6 (Sezen
and Moehle, 2004). In order to obtain the initial shear strength at zero displacement ductility
demand, k£ was considered as 1.0. In Equation 3.1, A, is area of transverse steel, f, is yield
strength of transverse steel, d is effective section depth, s is tie spacing, f°. is compressive
strength of concrete (in MPa), a is the distance from maximum moment section to point of
inflection, P, is axial load (in N), and A4, is gross area of section (in mm?). For the design
material properties and axial loads, the ratio V,/V, varied between 0.9 and 1.0 for the columns
in specimens MCFS, HCFS, and MUFS, which complies with the ASCE-41 definition of
flexural-shear-critical columns. V,/V, for the columns from the specimen MUF was 0.5,
consistent with the ASCE-41 definition of flexure-critical columns. These ratios changed as
the actual material properties were obtained after the completion of tests. The ratios for
specimens MCFS, HCFS, and MUFS became slightly higher than 1.0, whereas the ratio for

columns of specimen MUF remained lower than 0.6.
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Figure 3-3. Cross-section and reinforcement details of test specimens
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Based on Figure 3-2, and for ease of reference throughout this study, elements of the
specimens will be referred to using the following nomenclature: Columns will be referred to
by their axis letter and story number; thus Column A1 is the first-story column at axis A (see
Figure 3-2). Joints will follow a similar nomenclature with the number indicating the story
number they are on; thus Joint Al is the joint above Column Al. Beams will be referenced
with four letters corresponding to the column axes that bound them; therefore Beam A1B1 is

the first-story beam between columns Al and B1.

3.3 Construction

The specimens were constructed in an upright position at a casting site adjacent to the testing
laboratory. The column and beam reinforcing bars were instrumented by strain gages prior to
the concrete pour (see Appendix Section B.3.4). The concrete formwork was constructed on-
site. A special plastic formwork was used for the columns to provide smooth surfaces, while
wooden formwork was utilized for the rest of the elements. Concrete was delivered to the site,
where a slump test was performed to ensure the conformity with the specifications. The
concrete pour was completed in four steps. Following the cast and curing the footing concrete,
the first-story columns, longitudinal and transverse beams, beam stubs, and slabs were cast
together. Same step was repeated for the second story, and then the column stubs (see Figure
3-2) were cast in the final step. Figure 3-4 shows the procedure of casting and construction of

the frames.
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Figure 3-4. Specimen construction and casting steps; a) footing and columns bar cages;
b) pouring concrete; c) finished footings; d) forms for first-story column and
beams; e) bar cage for beam and slabs; f) bar cage for top column stubs
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3.4 Test Setup

Following concrete casting, the specimens were moved into the laboratory. Temporary
X-shaped steel bracings were used to prevent cracking of columns and beams during the
relocation of the specimens (Figure 3-5). Each Frame was lifted by crane onto the shaking
table where it was bolted to six load cells (two per column), which were previously bolted to
the shaking table through 50 mm-thick steel base plates. The arrangement of the holes on the
shaking table did not match the needed locations for the load cells; therefore, the base plates
were used to accommodate the misalignments. All bolts used for connecting the base plates to
the shaking table and load cells were pre-stressed to maximize the friction between the
surfaces. Vertical alignment of the specimens was very critical in the test setup; therefore, if
necessary, thin steel shims were used between the table and the base plates to level the
specimens. High-strength 30 mm diameter rods passing through 35 mm PVC pipes cast in the

footings (see Figure 3-4b) were used to pre-stress the footings to the load cells.

Figure 3-5. Locating the specimens on the shaking table
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3.4.1 Lateral Supporting System

Two steel frames were bolted to the shaking table on either side of the specimens (Figure
3-6). These frames were used to brace the specimen in the out-of-plane direction by means of
frictionless rollers at each beam level, allowing free in-plane motion (both horizontal and
vertical) of the frame. Two sets of rollers at mid span of the beams were adjusted to be firmly

in contact with plates mounted on either side of the specimen beams.
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Figure 3-6. Lateral supporting system

Rigid transverse steel beams were connected to the supporting frame to catch the
specimens after collapse and prevent any damage to the shaking table. Layers of rubber with
total thickness of 300 mm were positioned on the top surface of the “catching beams” allowing
the test specimens to fall by about 150 mm when collapse occurred, while absorbing the

impact energy (Figure 3-7). However, the steel beams, columns, and connections were
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designed for the forces induced by impact and a safety factor of two was considered during the

design process of steel supporting frame.

| Lateral support rollers g

Figure 3-7. Out-of-plane restraining system and catching beams during setup of testing
apparatus

3.4.2 Loading

Loading on the specimens can be categorized into three groups: 1) gravity load on beams
2) pre-stressed axial load on columns 3) inertial-mass system. Gravity load on the beams and
the inertial-mass were applied using steel and lead weights, while the axial loads on the
columns were achieved by means of hydraulic cylinders. The loading categories are described

in detail in the following sections.

3.4.2.1 Gravity Load on Beams

The structure was intended to represent a hospital building with higher dead and live
load demand than regular residential buildings. Gravity load on the beams was calculated by
scaling the dead and live loads defined by the Building Technical Regulations of Taiwan

(MOI, 2009) for such occupancy. Each beam was loaded with two sets of lead packets,
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representing a distributed load with a total weight of 10 kN. Each set of lead packets consisted
of two layers with four lead ignots in each layer (total of 16 lead ignots per beam). Lead-
weights were pre-stressed onto the beams with contact points being one rubber shim and one
steel shim per packet. The flexible rubber shims were used to reduce the stiffening effects of
lead packets on beams, while steel shims in this arrangement provided the lateral load transfer
between lead packets and concrete beams and were always placed towards the middle of the
span where beam flexural deformations were smallest. Due to requirements for the connection
of inertial-mass to the specimen (described in Section 3.4.2.3), layout of lead packets on
second-story beams could not be similar to the first story. Therefore, fewer lead packets (total
of 8 ignots per beam) with different arrangement were used on these beams, while steel
sections were securely attached to the sides of the beams to compensate the lack of lead ignots

on second story. Summary of the test frame weights can be found in Appendix Section B.2.

3.4.2.2 Pre-stressed Axial Load on Columns

As discussed in Sections 3.1 and 3.2, one goal of the study was to investigate the seismic
behaviour of non-ductile frames under moderate and high axial loads. Due to capacity limits of
the shaking table and safety concerns during collapse, the axial loads could not be achieved by
adding significantly large weight on the columns, therefore, pre-stressing the columns by jacks
was the only possible method for applying the axial loads. The middle columns of specimens
MCFS, MUFS, and MUF were initially loaded with a moderate axial load (approximately
0.24,f’.), while the middle column of specimen HCFS was loaded with an axial load greater
than the balance point load (0.354.f°.). Considering the actual material properties of the
column section (Table 3-1), such higher axial load is close to 0.31P) = 1.15P,, where Py is the

concentric axial load capacity given by Eq. 3.2 and P; is the balanced axial load.
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Py =0.85f.(A; — Ag) + fyAq (3.2)

where A, is the gross area of the section, and Ay is the area of the longitudinal steel
reinforcement. Note that 0.35P is used by Chapter 21 of ACI-318 as the limit above which
gravity columns requiring seismic detailing and confinement similar to columns of a lateral
force resisting system (ACI, 2008). The exterior columns of all frames were pre-stressed to
carry approximately half of the axial loads applied to their corresponding middle columns.
Table 3-2 shows the applied axial load on the columns of the specimens at the beginning of
each test. The tensile force achievable using reasonably sized pneumatic jacks was
considerably lower than the required axial force, thus pressure-controlled hydraulic jacks were

employed to pre-stress the columns to the shaking table.

Table 3-2. Pre-stressing axial load on columns

Half-Yield Test Testl Test2

Specimen I;J(:lal;l |Column(Column|Column|Column|Column{Column|Column{Column|Column|

A B C A B C A B C
(kN) 126.7| 2434 130.3] 126.5 243.3] 130.4] 127.2] 244.00 131.2
MCFS P/Af 0.09 0.18 0.10 0.09 0.18 0.10 0.09 0.18 0.10
(kN) 243.1| 483.1] 2412 242.01 483.1) 240.6] 237.2] 478.87] 239.1
HCES P/Af 0.18 0.35 0.18 0.18 0.35 0.17 0.17 0.35 0.17
(kN) 125.5| 248.0] 1254 125.1) 2479 1254 122.2] 246.3] 123.7
MUF P/Af . 0.09 0.17 0.09 0.09 0.17 0.09 0.09 0.17 0.09
MUFS (kN), 117.1] 24031 1199 118.00 236.9 1204 118.7) 239.4] 120.7
P/Af . 0.08 0.16 0.08 0.08 0.16 0.08 0.08 0.16 0.08

Figure 3-8 demonstrates the system used to maintain the axial load on the specimen
columns. One jack was installed on each side of each column, while a transverse steel girder,

placed on a pin at the top of the column, transferred the axial load to the column. A load cell,
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located between the pin and the top of the column, was used to measure the applied axial load
to the column. A clevis pin, aligned with the intended direction of shaking, was installed on
each end of the girder. High-strength threaded rods attached the clevis pins to the hydraulic
jacks which were secured to the shaking table through a second set of clevis pins. Pressure-
regulating valves were used to ensure that the applied axial load would be approximately
constant during the test. In spite of using accumulators and fast pressure relieving valves to
passively control the axial load at the desired level, fluctuation in applied axial load was

noticed during all tests.
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Figure 3-8. Pre-stressing system for adding axial load to columns

Figure 3-9 compares the variation of applied axial load on the columns of the frames
during dynamic Testl (see Section 3.7 for test name definitions). The peak fluctuation in

applied axial load on columns remained similar for all tests (approximately 55 kN). The

42



maximum variation of 44% from the target load at peak demand was recorded for applied load
on the exterior columns of specimens MCFS, MUF, and MUFS (with the initial axial load of
approximately 0.14,/".), whereas only 7% fluctuation was determined for the middle column
of specimen HCFS with initial axial load of 0.354,f’.. Note that the aforementioned variations
in applied load happened only in a relatively short period of time and for most of the duration
of the tests, the fluctuation in applied load remained less than 15% and 2% for the moderate
and high axial load, respectively. Similar rates of variation were observed during dynamic
Test2 until the failure of columns in frames MCFS, HCFS and MUFS took place. As discussed
in Chapter 4, column axial failure occurred very rapidly for all the specimens. Due to the
sudden shortening of the column, there was a sudden drop in the axial load applied by the
jacks at the instant of axial failure. The axial load was subsequently reapplied automatically by
the pre-stressing system and, if possible, loads were redistributed to other columns. Frame
MUF did not experience collapse during Test2 and consequently, the variation in axial load
remained similar to Testl. Figure 3-10 demonstrates the variation of applied axial load on the
columns of the frames during dynamic Test2. The data was cut off after collapse of the frame
was detected (see Chapter 4 for details). Effects of the variation in applied axial load on the
columns were considered in the analyses presented in Chapter 6. Note that this method of axial
load application does not correctly account for P-delta effects, as the horizontal component of
the applied axial load acts against the movement of the specimen; however, collapse of the
frames was expected to be controlled by material degradation (shear and axial failure) rather

than P-delta instability.
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Figure 3-9. Fluctuation in applied axial load to columns during Test1
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Figure 3-10. Fluctuation in applied axial load to columns during Test2

3.4.2.3 Inertial-Mass System

As mentioned earlier, each frame was assumed to be part of a six-story hospital building;
however, only the first two stories of the frame were constructed due to the payload capacity
and size of the shaking table, safety considerations during collapse tests, and the fact that
damage is normally expected to be concentrated at the base of frame buildings. To account for
the inertial forces from the upper stories, inertial-mass with a weight of approximately 100 kN
was connected to the frame. The inertial-mass could be located on the shaking table or off the
table. Each of these locations had advantages and disadvantages. For instance, selecting the

off-table mass could simplify the test setup, lower the total weight on the table, and increase
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the safety during the collapse tests. On the other hand, the drawbacks of an off-table mass
included incorporating an asymmetric connection to the specimen, larger displacements that
must be accommodated by the support system, and additional space required beside the
shaking table. Examining pros and cons of each system, on-table inertial-mass was selected. In
order to maintain the symmetry of the system, the inertial-mass consisted of two mass wagons,
each located above the mid span of the second-story beams. The required weight for each
wagon was achieved by the combination of the weight from steel plates used in the wagon,
steel sections employed in the connections, and lead packets similar to those used for the
gravity load on the beams. Break down of the weight of elements used for the inertial-mass
system is shown in Table B-1 in Appendix Section B.2. Since the applied axial loads were
provided by the hydraulic jacks, the connection of the inertial-mass to the frame should not
transmit any gravity load to the specimens. Therefore, the steel out-of-plane supporting frame
(see Figure 3-6) was employed to provide vertical support for the inertial-mass wagons using
rollers mounted underneath the wagons. The top surface of the steel supporting girder and the
rolling shafts of the vertical supports were machined to provide smooth contact surfaces with
negligible friction. Side rollers in contact with the edges of the steel supporting beam were
used to ensure any torsional movement of the inertial-mass wagons was restrained. Figure

3-11 demonstrates the details of the rolling supports and their connection to the wagons.
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Figure 3-11. Inertial-mass rolling system

During an assessment test prior to the main tests described in this dissertation, it was
observed that the inertial-mass wagons experienced rocking on the steel supporting beam.
Therefore, an anti-rocking system (Figure 3-12) was designed to restrict rocking of the mass
wagons; a machined-surface rolling shaft was placed underneath the steel girder at each corner
of the mass-wagon and connected to the wagon through a perpendicular steel beam and two
high-strength threaded rods. The high-strength rods were securely attached to the inertial-mass

wagons to limit relative movement between the hanging beam and the wagons during testing.
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Figure 3-12. Inertial-mass anti-rocking system

The most challenging part of design was the connection of inertial-mass wagons to the

specimen. The connection mechanism between the mass and the specimen should be designed

47



such that the inertial force could be transferred to the specimen, while the axial deformations
of the columns were not restrained. Furthermore, the connection must allow for large vertical
deformation of the frame at the point of collapse; otherwise, the downward force induced by
sudden drop of the specimen could dislocate the wagons and cause significant damage to the
shaking table. Connecting the inertial-mass wagons to second-story beams of the specimen
could restrain the flexural deformation of the beams and impact the overall behaviour of the
frame. Taking all aspects in consideration, the final design (Figure 3-13) consisted of a pin-
ended rigid strut connecting the center column stub to the inertial-mass wagon by means of a
perpendicular steel beam with slotted holes that allowed adjustment for imperfections in
specimen geometry and vertical alignment. Rotation was allowed at two ends of the strut by
using fish-eye hinges. A rectangular steel collar with 15mm thickness, enclosing the middle
column-stub, was used to transfer the inertial force from the strut to the specimen. It was
secured to the frame by bolting it to the second-story slab and using hydrostone (high strength

non-shrink grout) to fill the gap between the inside surface of the collar and the column-stub.
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Figure 3-13. Inertial-mass lateral force transferring system
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3.5 Instrumentation

Instrumentation used in the test experiments consisted of: 1) force transducers (load
cells) to measure shear and axial forces at the base of the specimen footings, and applied axial
load to the top of columns by means of pre-stressing system; 2) displacement transducers to
measure global deformations of the specimens and local deformations of columns and joints;
3) accelerometers to measure horizontal and vertical accelerations at several points on the
specimens; and 4) strain gauges to measure steel strain of longitudinal and transverse
reinforcement in columns and beams. Details for all instruments can be found in Appendix
Section B.3.

Each frame was attached to the shaking table through six load cells (two per column).
These load cells were capable of reading axial force and shear parallel and perpendicular to the
direction of motion. Due to significant shear and axial loads expected to be induced during the
tests, load cells with high capacity (1000 kN for axial load and 500 kN for shear) were
fabricated and pre-stressed to both shaking table and footings. Since the force transducers are
very sensitive to the stiffness of the end conditions, steel plates, anchored to the footing during
the construction phase, were used to provide an even and clean contact surface for the top plate
of the load cells (Appendix Section B.3.1).

Twenty-one accelerometers were used to measure the vertical, longitudinal, and out-of-
plane accelerations of the frame and inertial-mass. Accelerometers were mounted on the center
column footing and all beam-column joints (on transverse beam face). Longitudinal
accelerometers were also mounted on inertial-mass wagons to check that the wagons were

moving with the second-story beams. The longitudinal accelerometers at each story level
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provide data to check on the base shear measured by the force transducers. Details of location
and direction of accelerometers are shown in Appendix Section B.3.2.

Displacement transducers, consisted of string potentiometers (string pots) and
Novotechnik linear potentiometers, were used to measure the global vertical and horizontal
displacement of the frame and inertial-mass, as well as the local deformations in plastic hinge
zones of the first-story center column. Considering the severe damage to this column during
the tests, the data from local displacement transducers are valid only before shear failure in
Test2. Six Novotechnik potentiometers were mounted on the confined face of first-story
exterior joint C1 of all the specimens, while additional potentiometers were mounted on the
open face of exterior joints Al and C1 of specimens MUF and MUFS to measure the shear
deformations. This provides the opportunity to compare the shear deformations of the joint on
the confined and unconfined faces of the beam-column-joints. More details on displacement
transducers, locations and layout can be seen in Appendix Section B.3.3.

Strain gages were mounted on the longitudinal and transverse reinforcing bars in the
column, beams, and joints. The strain gages were concentrated in plastic hinge zones of first-
story columns and around the beam-column joints. The number of strain gages was increased
for the exterior joints of specimen MUF and MUFS. More details and location of strain gages

are provided in Appendix Section B.3.4.

3.6 Ground Motion Selection

Several factors were considered in selecting the ground motion record. First, the record
needed to have enough intensity to fail the frames. Secondly, the study was not intended to
include the effects of near fault ground motions; therefore, all considered ground motions were

recorded at an average distance of 20-40 km from the fault. Thirdly, a relatively long-duration
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ground motion was preferred as it would allow for observation of the interaction of structural
elements, mechanics of failure, and redistribution of load while the specimen was still
subjected to strong table shaking. Further restrictions were placed on selecting the ground
motion by the capacity of the shaking table. The maximum allowable acceleration for the bare
table was +£2.0g, while the maximum displacement of the table was limited to £200 mm.
Considering the weight of the specimen and lead packets, steel supporting frame, the inertial-
mass system, and the required equipments for pre-stressing the columns, the acceleration
capacity of the table was reduced to £1.1g. Various records from the 1999 Chi-Chi earthquake
in Taiwan (Lee W.H.K., 2001) were explored using the test frame analytical model described
in Chapter 6. Ultimately, the horizontal North-South component recorded at station TCU047
was selected for all tests. The station was located at 24.619°N, 120.939°E, in Da-Haes
Elementary School, Miaoli County in Taiwan. The epicentral distance, R.,, was 85.2km
(closest distance to the rupture plane, R, was 33.03km). Site soil condition was categorized
under class C (very dense soil & soft rock, average shear velocity of the upper 30m soil
deposit V,=360-760m/s) with a PGA of 0.41g.

The original record was filtered and scaled to a nominal peak ground accelerations of
0.3g (Half-yield Test), 1.1g (Testl), and 1.35g (Test2) (test definitions and details are
discussed in Section 3.7). As discussed earlier, the scale factor for the model was 1/2.25;
therefore, the ground motion time-step was scaled by 1/+/2.25 to satisfy the similarity
requirements. Figure 3-14 displays the input acceleration record, the achieved table motion,
table velocity, and table displacement for specimen MCFS during Testl. Recorded

acceleration at table- and story-levels for all the specimens are demonstrated in Chapter 4.
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Figure 3-14. Input and recorded table acceleration, velocity, and displacement for
specimen MCFS (Test1)

Figure 3-15 plots the displacement and pseudo-acceleration response spectra (2%
damping) of the recorded table motions for the four specimens during Testl. Although the
table control parameters and input motions were kept very similar making comparison of data
from the four tests possible, it is observed that the achieved spectral accelerations for the tests
were not equal, particularly around the peak spectral acceleration at a period of 0.2 seconds.
On the other hand, fundamental period for the specimens was determined to be approximately
0.29 seconds (using the White-noise Test results; see Chapter 4) and Figure 3-15 shows that
the spectral accelerations for all specimens were relatively close in the vicinity of such period

(dashed line). Spectral accelerations and displacements also remained close for periods greater
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than 0.29 seconds, an important observation as the periods of vibration for the specimens will

increase as the specimens experience damage.
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Figure 3-15. (a) Pseudo-acceleration and; (b) displacement response spectra for recorded
table motions with 2% damping (Test1)

Figure 3-16 demonstrates the displacement and pseudo-acceleration response spectra
(2% damping) of the recorded table motions for the specimens during Test2. Due to damage to
the specimens during Testl (see Chapter 4), natural periods for specimens MCFS and HCFS

were lengthened to 0.36 seconds, whereas the periods for specimens MUF and MUFS were
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lengthened to 0.46 seconds. Figure 3-16 reveals that while the spectral acceleration for
specimen HCFS was about 10% lower than MCFS in the vicinity of the lengthened period of
the specimens (dashed line), the spectral acceleration demand for specimen MUFS was only

4% higher than specimen MUF at the lengthened period of these two specimens (dotted line).

9 I ‘
8 | MCFS
I HCFS
™ 7 i MUF
\-; 6 RIAY [ - S A MUFS
.§ 5 A . < Périod Tof specimens
s, I\ g : MUF & MUFS before
% \[ \I:J W\, ; + Test2. T=0.46 sec
= 3 b-AA-f T -
= /48 V y °
',j'Peri[)d of | specimens | . \N
1 MCFS & HCFS before | = —~
0 Test2. T=0.36 sec L
0 01 02 03 04 05 06 07 08 09 1
Period (sec)
(a)
22 T v
20 ks | bR
o 18 MUF A Cf A
S 16 H e MUFS . : r J//‘\v} \
s 14 Period of specimens : :/-« f\é‘!ﬂw \
S 12 | -MCFS & HCFS befere:-/ !
B~ Test2, T=0.36 sec Loy J \
=] 10 ke KA ..' Ve
= X i
%) Period | of specimens
% 6 MUF..& MUFS. before
[ 4 Test2. T=0.46 sec
2
0
0 01 02 03 04 05 06 07 08 09 1
Period (sec)
(b)

Figure 3-16. (a) Pseudo-acceleration and; (b) displacement response spectra for recorded
table motions with 2% damping (Test2)
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3.7 Experimental Program

Table 3-3 lists the chronology of the dynamic tests applied to the four specimens. Before
applying the pre-stressing axial load to the columns, a low-amplitude white-noise with
amplitude of 0.025g was conducted (herein referred to as “White-Noise L1 Test”). This test
served as a check on all systems and instruments connected to the frame. Subsequent to pre-
stressing the columns, another low-level white-noise test with amplitude of 0.025g was
performed (herein referred to as “White-Noise L2 Test”). In order to obtain the natural periods
and damping ratios of the frames, a white-noise test with amplitude of 0.1g was performed on
the specimens (herein referred to as “White-Noise Test”). No damage (cracking) to the
specimens occurred during this test. Following the White-Noise Test, a low-level dynamic test
(herein referred to as “Half-yield Test”) was performed with an amplitude scaling factor of
0.75 from the original TCU047-NS ground motion. Similar to the White-Noise Test, no
cracking due to Half-yield Test was observed for the specimens. Subsequently, all the
specimens were subjected to the TCU047-NS motion scaled by a factor of 2.75 (herein
referred to as “Testl”). Immediately after this test, another low level white-noise test with
amplitude of 0.025g was imparted to the frames to assess the new “damaged” state dynamic
properties (herein referred to as “White-Noise L3 Test”). In the end, a scaling factor of 3.38
was used to cause collapse or severe damage to the frames (herein referred to as “Test2”). All
specimens except MUF experienced collapse at this level of table shaking. For specimen
MUF, the input motion was scaled by a factor of 4.05 (Test3); however, this test did not prove
sufficient to collapse the structure as the frame period had shifted significantly due to the
damage it incurred in Test2. The intensity of the table motion could not be amplified due to the

shaking table capacity limits.
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Table 3-3. Chronology of dynamic tests for specimens

Test Name Table Motion Table Motion Scaling
Factor
White-Noise L1 - N/A
White-Noise L2 - N/A
White Noise - N/A
Half-Yield TCU047-NS 0.75
Testl TCU047-NS 2.75
White-Noise L3 - N/A
Test2 TCU047-NS 3.38
Test3' TCU047-NS 4.05

T Not performed on specimen MCFS
§ Only performed on specimen MUF
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CHAPTER 4. EXPERIMENTAL TEST RESULTS

4.1 Introduction

This chapter presents the observations and results from dynamic tests performed on the
four test frames (as enumerated in the previous chapter). Comparison of the behaviour of the
specimens during the shaking table tests can be found in Chapter 5, while the results from the
tests are compared with analytical models in Chapter 6. Filtering, synchronization, and
procedures used to reduce the recorded data to the results presented here are summarized in
Appendix Section B.4.

As discussed in Section 3.7, each specimen was tested under a sequence of table motions
with increasing intensities. Since no visible cracks were found after the Half-Yield Test, for
the sake of brevity, this chapter investigates only the behaviour of the specimens for Testl and
Test2 in which significant damage was observed. The specimens did not collapse during Testl,
but, as described in detail below, all were to some extent damaged. As expected, columns of
specimens MCFS and HCFS experienced flexural and shear cracks mainly in the first story,
while Testl damage was mostly concentrated at first-story joints of specimens MUF and

MUEFS. The specimens did not perform similarly during Test2 and the failure mode was
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different for each frame. Only specimen MUF did not collapse during Test2. Frame MCFS
collapsed due to shear and axial failure of all first-story columns. This was not observed for
the other specimens, where a combination of plastic hinge development and damage to the
structural elements caused the collapse of the specimen.

Initial vertical-load state of the test frames are described in Section 4.2 and the specimen
dynamic properties at various damage stages as the frames were subjected to increasing levels
of dynamic shaking are demonstrated in Section 4.3. Observations during testing the four
specimens, global behaviour of the frames, and performance of the structural elements are
discussed in detail in Sections 4.4 to 4.7. In each section, important data for the columns such
as maximum experienced shear, V,,,, corresponding story drift, dyu.., and axial load, Pymay,
are summarized in tables for the positive and negative directions of each test. Based on the
envelope of the test data, Figure 4-1 demonstrates such parameters, where k. is defined as the
ratio of 0.75V,,4x and corresponding story drift. In Figure 4-1, dsge; is defined as the story drift
at which the column shear is degraded by 20%. Naturally, dsp,; may not be observed in the

summary tables for columns with no or limited shear degradation.
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Figure 4-1. Definition of key parameters based on column shear-drift data envelope
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The following definitions are used throughout this study:
- Initiation of column shear failure - the point where “notable” shear strength loss
(defined here as 20% reduction in shear resistance) starts and large shear cracks are
developed. In some cases, columns may experience axial failure prior to 20%

reduction in shear resistance.

- Onset of column axial failure - the point at which the peak vertical displacement due

to column lengthening is recorded followed by a sudden shortening of the column.

- Collapse of a specimen - the point where minimum axial load is recorded for the last
column to experience axial failure. Specimen cannot stand the vertical demand at

this point. Data is not shown beyond the point of specimen collapse.

It is noted that the data shown in this chapter are directly from the load and displacement
readings during the tests (as described in Appendix B). The results have not been corrected for
P-delta effects. Collapse of the frames was controlled by shear and axial column failure at low
drifts (less than 2.5%) prior to dynamic instability due to P-delta effects and strength
degradation. In order to provide similar grounds for comparison of the results, P-delta effects
were also considered in the analytical simulations discussed in Chapters 6 and 7.

In the following sections, the positive direction for acceleration records is from South to
North or from column axis C to column axis A (see Figure 3-2), while positive direction for

shear and displacement are from North to South or from column axis A to column axis C.

4.2 Initial Vertical Load State

Ideally, measurements must be conducted before the dynamic tests to identify the pre-

existing stresses/forces and strains/deformations due to gravity loading. For this purpose,
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readings from load cells supporting the frames were taken at several intervals to monitor the
change in loads on the specimens as they were being loaded. However, due to corrupted data
recorded in a couple of intervals, the readings could not be used to assess the initial vertical
forces in the frame. Furthermore, it was impractical to monitor the frame gravity-load
deformations (which are very small) during the installation and loading process. Consequently,
the frames initial forces and their corresponding deformations could only be estimated using
an analytical model. The analytical model used for this task was the OpenSEES model
described in Chapter 6, which was adjusted to match the actual frames material properties and
loads. The initial readings from all the instruments were zeroed for the dynamic tests sequence,
therefore, the analytically obtained initial values, were added to the measured values to

account for the initial state of the specimens.

4.3 Fundamental Periods and Damping Ratios

Modal properties of the test frames were extracted from white-noise dynamic tests
performed on undamaged specimens. Due to test setup and lab limitations, other methods,
such as snap-back tests, were not feasible. The dynamic properties of the frames as obtained
from all the corresponding tests are summarized in Table 4.1. It is noted that the “Initial State”
in Table 4.1 refers to the status of the frames after applying the pre-stress axial load on the
columns and before subjecting to ground motion records. This table contains the first two
modal periods, frequencies, and the damping ratio of the frames. ARTeMIS Extractor (2010),
an operational modal analysis software, was used to obtain the modal properties of the frames
in the frequency domain, using peaks in the response Fourier Transformations or Transfer
Functions. A white-noise test was not performed on specimen MCEFS after Testl, therefore,

lengthening of period for this specimen could not be calculated. Due to significant damage to
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first-story joints during Testl, damping ratios for specimen MUF and MUFS could not be
accurately extracted from the low-level white-noise test after Testl. Figure 4-2 demonstrates
the first and second mode shapes for the specimens. Modal participating mass ratios for the
first and second modes were obtained as 94% and 6%, respectively. This demonstrates that the
behaviour of the specimens was mainly influenced by the first mode.

Table 4-1: Summary of frames modal properties

Initial State (White Noisel) After Testl (White Noise2)
Specimen | Mode No. | Period |Frequency| Damping Ratio | Period | Frequency | Damping Ratio
(sec) (Hz) (%) (sec) (Hz) (%)
I 0.29 345 - -
MCFS o 0.08 12.50 26 - - i
I 0.28 3.57 0.36 2.78
HCFS 2 0.07 14.28 2.9 0.09 11.11 1.4
I 0.29 3.45 0.46 2.18 *
MUF 2™ 0.07 | 1428 32 0.09 | 11.11 N/A
I 0.29 345 0.46 2.18 *
MUFS ond 0.07 14.28 3.1 0.10 10.00 N/A

* Damping ratios could not be extracted accurately.

Figure 4-2. First and Second mode shapes for the specimens

4.4 Behaviour of Specimen MCFS

While subjected to moderate axial load, specimen MCFS with confined joints and non-
ductile columns was considered as the benchmark for evaluation and comparing the behaviour
of the four tested frames (see Chapter 5). Figure 4-3 compares the spectral accelerations for the

table motions of Testl and Test2, while displacement response spectra for the two tests are
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compared in Figure 4-4. It is observed that the spectral acceleration demand was increased by
20% in the vicinity of the initial fundamental period of the frame (from 2.1g to 2.5g, dashed
line). Due to lack of data records (see Section 4.3), the lengthened period of specimen MCFS
after Testl could not be obtained. However, similarity of the frame structural detailing with
specimen HCFS suggests that the period of the damaged frame should be close to 0.36 seconds
(see Table 4-1). At such period (dotted line), Figure 4-3 demonstrates a spectral acceleration

demand of 3.1g for Test2, which is about 40% higher than Testl.
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Figure 4-3. Comparison of spectral acceleration with 2% damping for Testl and Test2
table motions, specimen MCFS
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Figure 4-4. Comparison of displacement response spectra with 2% damping for Testl
and Test2 table motions, specimen MCFS
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After Test 1, flexural cracks were seen in columns at both story levels, while shear
cracks were mainly observed in column B1. None of the columns experienced severe shear
damage, yet a few shear cracks with maximum width of 0.3 mm were observed at the top and
bottom of Column B1 during Testl (Figure 4-5). Maximum width for flexural cracks of

columns A1 and C1 were observed as 0.15 mm and 0.2 mm, respectively.

(a) (b)
Figure 4-5. Shear and flexural cracks in columns of specimen MCFS, Testl; a) column
Al base; b) column B1 top; c¢) column B1 base; d) column C1 base.

Although specimen MCFS survived Testl, it collapsed at 34.30 seconds of Test2. The
failure mode for specimen MCFS is shown in Figure 4-6, where the increasing demand in
Test2, in addition to the damage caused by Testl, forced the frame to collapse by means of
shear and axial failure of first-story columns at the base. As shown later in this section, by
examining the maximum recorded shear, axial load, column vertical displacement, and
corresponding drift ratios and occurrence time during Test2, it was observed that shear failure
of column B1 occurred first, followed by axial failure of the column. Shear failure of column
C1 took place later, followed by its axial failure. Finally, column A1 experienced shear failure

leading to axial failure of the column and collapse of the frame.
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The photographs in Figure 4-7 show the state of first-story columns after Test2. While
bases of the columns were extensively damaged, only minor cracks were observed at top end
of the columns. It was observed that the first two ties located within 300 mm of the column
base were fractured, while the 90° hooks in the third layer opened. None of second-story

columns experienced noticeable damage.

Q ®

Column Shear
X' & Axial Failure

«— Direction of Peak
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Figure 4-6. Failure mode of specimen MCFS

Figure 4-7. Failure of first-story columns of specimen MCFS in Test2
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Maximum recorded shear for the columns and corresponding drifts, axial loads, and time
steps in the positive and negative directions of Testl and Test2 are shown in Table 4-2 and
Table 4-3, respectively (see Figure 4-1 for details). These points will be discussed later in
relation with the discussion on recorded data. Columns did not experience significant shear
degradation during Testl; therefore, drift at 20% shear loss, Jsgps, could not be obtained.
However, Table 4-3 demonstrates that all first-story columns experienced excessive shear
degradation in the positive direction of Test2. It is observed that column Bl showed the
highest effective stiffness, k.5 while column Al demonstrated the lowest during both tests.
Comparison of effective stiffness of the columns during Testl and Test2 shows about 40%

reduction in k. resulted from shear and flexural cracking of the columns.

Table 4-2. Critical parameters for columns of specimen MCFS, Test1

Al B1 C1 A2 B2 C2
Viax+  (kN) 66.15 75.26 78.88 57.15 76.20 57.15
Ovmax+ (%) 2.08 1.65 1.97 1.89 1.89 1.89

Pymaxs KN) | -53.47 | -361.26 | -312.29 | -33.32 | -333.25 | -307.22
tymaxs (so0) | 3423 | 3420 | 3422 | 3424 | 3424 | 3424
080%+ (%) - - - - - -

Vi (N) | -6432 | -79.93 | -61.93 | -56.60 | -7547 | -36.60
Symar. (%) 2195 | <195 | 204 | -130] -129] -1.30
Pymax. (kN) | -311.34 | -344.72 | -48.08 | -296.46 | -329.27 | -48.06
tymax. (sc0) | 3445 | 3445 | 3446 | 3443 | 3443 | 3443
Bsovi- (%) : : : - - —

Kegr  (KN/m) 4043.2 | 6135.5 | 5490.1 | 3754.1 | 5006.2 | 3754.1
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Table 4-3. Critical parameters for columns of specimen MCFS, Test2

Al B1 C1 A2 B2 C2
Vmax+ (kN) 65.73 79.49 87.24 68.08 90.77 68.08
Ovmax+ (%) 2.60 1.89 2.16 2.39 2.39 2.39

Pvmax+ (kN) -93.92 | -377.27 | -350.99 | -78.47 | -250.20 | -318.96
tvmax+ (sec) 34.23 34.20 34.21 34.23 34.23 34.23

080%+ (%) 4.01 2.35 2.73 - - -

Vmax-  (kN) -59.60 | -64.35| -4895| -47.08 | -62.78 | -47.08
Ovmax- (%) -1.81 -1.79 -1.81 -1.50 -1.50 -1.50
Pvmax- (kN) | -29291 | -315.10 | -71.30 | -282.07 | -291.66 | -57.97
tVmax-  (sec) 34.04 34.03 34.04 34.05 34.05 34.05

080%- (%) - - - - - _
Kest  (KN/m) 2320.1 3923.2 3317.5 2197.5 2930.3 2197.5

6zlxial failure (%) 3 44 2 1 6 2 3 9 - - -
taxial failure (s€C) 34.25 34.21 34.22 - - -

Figure 4-8 plots the achieved table motion, as well as the longitudinal acceleration
responses at footing and story levels. It is observed that the peak acceleration at table level was
increased from Testl to Test2 by 17% at 34.12 seconds, and a similar increase was recorded in
acceleration at inertial-mass level, slightly later at 34.23 seconds. However, the maximum
acceleration at second-story level is approximately the same for the two tests. Figure 4-8
demonstrates that the accelerometers at first-story level recorded a significant acceleration
spike up to 2.45g at 34.20 seconds in Test2. This corresponds to the time at which column B1
failed in shear followed by shear failure of other first-story columns (see Table 4-3). It is also
the time step in which the peak axial load was recorded for column B1. While acceleration
phasing was similar for the two tests at the table and footing levels, Figure 4-8 shows a
significant divergence in phasing of acceleration at story levels. Damage to the frame during

Testl increased the period of structure which affected the phasing of the frame response.
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However, it is observed that the time at which the peak acceleration was recorded, remained

the same for both tests in all story levels.
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Figure 4-8. Story-level acceleration records for specimen MCFS, Testl and Test2
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Figure 4-9 plots inter-story drift ratio responses for the two story levels (i.e., differential
movement between floors divided by the column clear height of 1.40 m), as well as the total
drift ratio of the frame, which was obtained from dividing second-story lateral displacement by
the height measured from top of the footing up to bottom of second-story beam (3.10 m for
specimens MCFS and HCFS, and 3.11 m for specimens MUF and MUFS). It is observed that
specimen MCFS experienced larger drifts in Test2, particularly in the time interval between 28
and 30 seconds. Figure 4-10 plots the minimum and maximum inter-story drift ratio profiles
showing that the peak second-story drift remained smaller than the peak first-story drift in both
tests. It is observed that the drift ratios in the positive and negative directions were nearly
symmetric during Testl. On the other hand, damage to the frame in Test2, particularly in the
positive direction, caused a concentration of deformations in the positive direction leading to
collapse of the frame.

Figure 4-11 demonstrates the shear response histories of first-story columns as well as
the base shear for Testl and Test2. It is observed that except for the maximum peak shear and
peaks in a time interval between 28.4 and 29.6 seconds, the peak column shear forces recorded
during Test2 remained smaller than Testl. Shear demands were limited by yielding of first-
story columns. After 34.05 seconds, similar shear values were observed for the two tests, until
the maximum base shear of 223 kN was reached at 34.20 seconds. The specimen was not able
to withstand the demands beyond this point in Test2 where shear failure of column B1 was
initiated. Figure 4-12 plots the story shear hysteretic response of specimen MCFS for Testl
and Test2 and shows the softening of the frame stiffness due to damage sustained in Testl.

Yielding of first-story columns during Testl is observed at 0.9% drift ratio. Due to damage to
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the columns during Testl, their initial stiffnesses in Test2 were lower than Testl

(see Table 4-3).
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Figure 4-9. Story-level drift response history for specimen MCFS, Testl and Test2
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Figure 4-10. Minimum and maximum inter-story drift ratio profiles for specimen MCFS,
Testl and Test2
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Figure 4-12. Story-level shear hysteretic response of specimen MCFS, Testl and Test2
Observation of shear and axial load responses of the columns was one of the primary
objectives of this experimental study. While Figure 4-13 plots the shear hysteretic response of
the columns, Figure 4-14 to Figure 4-20 present other response quantities for the columns such
as axial load and moments, in addition to the deformations measured by the instrumentation.
Figure 4-13 shows that shear strength degradation of first-story columns in Test2 started
at 1.9% drift ratio for column B1, 2.2% for column CI, and 2.6% for column Al. This
suggests that the center column (with axial load ratio of P/A4,f°=0.28 at 1.9% drift ratio)

experienced shear failure first, followed by exterior column CI experiencing increased
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compression (P/A.f"~0.26) due to overturning, and finally column A1 with the lowest axial

load (P/Af"=0.08) was the last to experience shear failure.

100 , , 100 100
80 Testl 80 A 80

—~ Test2 ~ I ~
Z 60 / Z 60 / Z 60 /
= 40 7 = 40 = 40
% 20 % 20 / % 20
g 0 7 8 0 J 5 0 Y
c -20 - -20 -~ -20
£ 0 v £ o / £ o /
8 -60 8 -60 b 8 -60

-80 -80 -80

-100 -100 -100

4 2 0 2 4 4 2 0 2 4 4 2 0 2 4
100 100 100
80 80 80 /“\

Z 60 g 60 \ g 60 / \
5 40 5 40 = 40
) ) \ () \
c 20 S 20 c 20
2 o 2 0 2 0
— — —
< 20 9 20 /A 2 20 4
E 40 p E 40 / € 40 /
> - > - / / ER %
3 -60 3 -60 b 3 -60

-80 -80 -80

-100 -100 . -100

4 2 0 2 4 4 2 0 2 4 4 2 0 2 4
Story Drift Ratio (%) Story Drift Ratio (%) Story Drift Ratio (%)

Figure 4-13. Shear hysteretic response of specimen MCFS columns, Testl and Test2

Figure 4-14 and Figure 4-15 demonstrate the variation of axial load with time and
hysteretic response of first-story columns during the two tests. As the direction of shaking
reversed at 34.06 seconds of Test2, compression on column Al decreased, while columns Bl
and C1 started to pick up the load. The excessive load on the two columns at the peak table
motion demand caused the axial failure of column Bl at 34.21 seconds, followed by axial
failure of columns C1 and A1 at 34.22 and 34.25 seconds, respectively.

Maximum variation for axial load in column B1 was limited to 25% of the initial load in

Testl (95 kN at 34.2 seconds). However, the exterior columns Al and C1 experienced much
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larger variation in axial load resulting from overturning moment and fluctuation of applied
pre-stress load. While the difference between maximum and initial axial load in column ClI
was about 110% (173.7 kN at 34.2 seconds) during Testl, a maximum variation of 98% (160
kN) was recorded at 34.4 seconds for column Al.

While Figure 4-16 demonstrates the vertical displacement of the columns versus drift
ratio during Testl and Test2, Figure 4-17 plots the relationship between axial load and the
vertical displacement of the first-story columns. The convex shape of the plots in Figure 4-16
is controlled by the lengthening and shortening of the column due to an increase in
longitudinal strains over the length of the column resulting from flexural cracking. While the
plot for the center column shows a nearly symmetric behaviour, effect of overturning moment
can be observed by means of additional elongation or shortening of the exterior columns. A
permanent elongation ratio of 0.02% (0.3 mm) was recorded for column B1 during Testl,
whereas the ratio was limited to 0.01% (0.14 mm) for the exterior columns. As defined in
Section 4.1, the initiation of axial failure is considered as the point at which the maximum
vertical displacement is recorded. Figure 4-14 demonstrates that the axial failure of column B1
commenced at 2.03% drift ratio during Test2, while columns C1 and Al failed at 2.39% and
3.44% drift ratios, respectively. These drift ratios and corresponding time instants were shown
in Table 4-3, revealing the sequence of failure in first-story columns of specimen MCEFS.
Column B1 was the first column that experienced shear failure followed by axial failure. Shear
and axial failure of column C1 took place later and at last, column Al experienced shear

failure leading to axial failure of the column and collapse of the frame.
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Figure 4-15. Axial load hysteretic response of first-story columns of specimen MCFS,
Testl and Test2
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Figure 4-16. Vertical displacement ratio for columns of specimen MCFS, Testl and Test2
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Figure 4-17. Variation of axial load of specimen MCFS columns with vertical
displacement, Testl and Test2

To account for the rotation of first-story joint blocks, column top chord rotation was
used for the moment hysteretic response at the top of first-story columns. The chord rotation is
defined as the angle between the chord connecting the column ends and the tangent at the
member end (Figure 4-18a). Figure 4-18b illustrates that while the chord rotation at the base of
a first-story column is equal to the story drift ratio, 6,4, the chord rotation at the top of the
column should be considered as O, - 0, where 6, is the rotation of the joint caused by the
deformation of the connecting elements. Detail of measuring the joint rotation 6; is shown in

Appendix Section B.3.

(b)

Figure 4-18. a) Definition of chord rotation; b) First-story column chord rotation at base
and top

Contribution of deformation of first-story beams and columns in first-story drift ratio in
elastic range, 6,1, can be obtained by calculating the relative stiffness ratio of those elements.

While Equation 4.1 demonstrates the ratio of relative stiffness of elements at a connecting
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joint, Equations 4.2 and 4.3 show the contribution of deformation of connecting columns and

beams to the total inter-story drift ratio, respectively (Thermou and Panatazopoulou, 2011).

2= [ 2 @1
Aot =A/(1+ 4) 4.2)
Apeam =1 — A¢q (4.3)

In the above-mentioned equations, Elp.., is the beam rigidity, EI,.,; is the column rigidity
determined based on moment-curvature response at first yield, and /p.,, and /.,; are the beam
and column spans, respectively. 4., is the fraction of drift ratio due to column deformation and
Apeam 18 the portion of drift ratio due to beam deformation. Using the properties of first-story
columns and beams, 4 is calculated as 1.78 at first-story exterior joints of specimen MCFS,
which results in a A.,; of 0.64 and a Apeqm of 0.36. On the other hand, due to significant rigidity
of the footings, 4., is equal to 1.0 at the column base. Subsequently, chord rotation at the top
of first-story exterior columns can be estimated as 6,= 0.64x(A/h;) < 6,41, Whereas the column
chord rotation at the base is 0, = 1.0x(A/h;) = 6,511, Where A is the story displacement and h, is
the height of the column. Comparison of 6, and 6, clearly shows a larger rotational demand at
the column base, resulting in the expected failure of first-story columns at the base rather than
the top. This is confirmed by observations from testing specimen MCFS where all first-story
columns experienced shear and axial failure at the base. It should be noted that once either a
beam or column has yielded, it accommodates more of the deformations and changes the
rotation demands in all members. As it will be discussed in Section 5.6, column chord rotation
can provide a better measurement of lateral demand on columns compared with story drift
ratio. As mentioned earlier, chord rotation at the base of a first-story column is equal to inter-

story drift ratio and larger than the chord rotation at the top-end. Note that chord rotations are
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not available for the second story columns. To facilitate comparison with past testing and
second story response, plots shown in this chapter will primarily use the column drift ratio.
Moment hysteretic response for the top and bottom ends of the first-story columns are
shown in Figure 4-19 and Figure 4-20, respectively. Comparison of the figures reveals that the
moments recorded for the top of first-story columns were not equal to the base moments.
While the peak moments at the top of columns Al and B1 were smaller than the corresponding
moments at the base during Testl (39% and 33%, respectively), top end of column ClI
experienced 21% larger moment than the base. This suggests that the inflection points for
columns Al and B1 were moved toward the top, while the inflection point for column C1 was

shifted toward the column base.
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Figure 4-19. Moment-chord rotation relationship at top of first-story columns of
specimen MCFS, Testl and Test2
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Figure 4-20. Moment hysteretic response of first-story columns of specimen MCFS at
base, Testl and Test2
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In order to force the failure to happen only in the non-ductile columns of specimen
MCEFS, inelastic deformations were avoided at the joints by confining them thoroughly using
transverse and end beam stubs, and additional hoops in the joint. To make certain that all
possible deformations were captured, a complete set of instruments was used at joint C1 to
measure any flexural and shear deformations of the joint (see Appendix Section B.3, for details
of instrumentation). No shear or flexural crack was observed at the edges of the joints after
Testl or Test2, suggesting that the joints experienced very little local deformation during the
tests. Data from the instrumentation of joint C1 also showed very limited deformations, with a

maximum elastic shear deformation less than 0.001 rad recorded during Test2.

4.5 Behaviour of Specimen HCFS

Similar to specimen MCFS, confined joints and non-ductile columns were considered
for test frame HCFS. The only difference was the applied axial load on the columns, where the
pre-stressed axial load on the columns of specimen HCFS was almost twice the applied axial
load for specimen MCFS (Table 3-2). This provides the opportunity to study the effect of high
axial load on performance of non-ductile frames (see Chapter 5).

Figure 4-21 compares the spectral accelerations for Testl and Test2 table motions, while
Figure 4-22 plots the displacement response spectra for the two tests. It is observed that the
spectral acceleration demand at the initial fundamental period of the specimen in Testl (2.7g)
was increased by 28% in Test2. As shown in Table 4-1, the natural period of the specimen was
increased from 0.28 seconds (dashed line) to 0.36 seconds (dotted line) due to damage to the
frame during Testl. Figure 4-21 demonstrates that the spectral acceleration demand at the new
period for Test2 (2.8g) was only 4% higher than the observed spectral acceleration at the initial

period for Testl.
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Figure 4-22. Comparison of displacement response spectra with 2% damping for Testl
and Test2 table motions, Specimen HCFS

Figure 4-23 shows the flexural and shear cracks in the columns of specimen HCFS after

Testl. Note that all cracks on the exterior columns (except the crack at the top of column Al)

occurred during the transportation phase (maximum width of 0.1 mm). Limited flexural cracks

were seen at the top end of columns A1 and B2 after Testl (maximum width of 0.1 mm). None

of the columns experienced severe shear damage, yet few diagonal cracks with maximum
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width of 0.3 mm were observed only at the base of Column B1 after Testl (Figure 4-23b).
While Figure 4-23b also demonstrates limited vertical bond cracks at the column base, no
significant cracks were observed elsewhere.

Figure 4-24 demonstrates minor cracks in first-story beams near the exterior joints with
maximum width of 0.1 mm. While beams in specimen MCFS remained uncracked during
Testl, the beam cracking in specimen HCFS suggests slight beam yielding due to higher

capacity of columns from higher axial loads.

(©)

Figure 4-23. Shear and flexural cracks in columns of specimen HCFS after Testl; a)
column A1; b) base of column B1; c) top of column B2; d) column C1

(b)

Figure 4-24. Cracks in beams after Test1; a) near joint C1; b) near joint Al
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Failure mechanism of specimen HCFS was rather complicated due to the influence of
high axial load on the columns. Unlike specimen MCFS, specimen HCFS suffered from
damage in both levels, where collapse of the frame in Test2 resulted from failure of columns
B1 and CI in the first story, as well as column A2 in the second story. The failure mode for
specimen HCFS during Test2 is shown in Figure 4-25. Due to the high axial loads imposed on
column line B, axial failure of column B1 occurred right after shear failure and sudden
shortening of the column was observed. Such rapid axial deformation in column B1 caused
large flexural cracks in the connecting beams in the first story. Such nonlinear beam
deformation accommodated the shortening of column Bl to some extents resulting in
reduction of deformation demand on columns Al and Cl. Consequently, the first-story
exterior columns survived to the next cycle, where redistribution of axial load from columns
on line B, in addition to the local deformation at top of column A2, caused shear and axial
failure of column A2. It should be noted that the local deformation at top of column A2 due to
shortening of column B added to the deformation from lateral response, while the deformation
at the top of column C2 due to shortening of column line B counterbalanced the deformation
due to lateral response. Finally, axial failure of column CI1 led to collapse of the frame.
Employing the definition for axial failure described in Section 4.1, column B1 failed at 34.23
seconds, followed by failure of columns A2 and C1 at 35.41 and 35.76 seconds, respectively
(Table 4-5). Figure 4-26 shows the state of these columns after Test2. Details of the steps that

led to collapse of the frame will be discussed later in this section using the recorded data.
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Figure 4-26. Failure of columns of specimen HCFS, Test2; a) column A2; b) column B1;
¢) column C1

Maximum recorded shear for the columns and corresponding drifts, axial loads, and time
steps in the positive and negative directions of Testl and Test2 are shown in Table 4-4 and
Table 4-5, respectively (see Figure 4-1 for details). Since columns did not experience
significant shear degradation during Testl, drift at 20% shear loss, dsps, Was not reached
during that test. On the other hand, Table 4-5 demonstrates that columns Bl and ClI

experienced more than 20% shear strength loss in the positive direction of Test2.
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Table 4-4. Critical parameters for columns of specimen HCFS, Testl

Al B1 C1 A2 B2 C2
Vmax+ (kN) 48.50 95.13 71.86 57.03 76.04 57.03
Ovmax+ (%) 1.68 1.76 1.68 1.78 1.78 1.78

Pvmax+ (kN) | -155.08 | -551.96 | -414.35 | -131.70 | -531.78 | -408.16
tvmax+ (sec) 34.18 34.19 34.18 34.20 34.20 34.20
030%+ (%) - - - - - -

Viax. &N | 7595 | -69.47 | 6836 | -5739 | -76.52 | -57.39
dvmae %) | -2.14| -1.69 | -209| -08 | -088| -0.88
Pymax. (kN) | -420.12 | -548.69 | -160.77 | -413.47 | -529.78 | -158.03
tymax. (sc0) | 3446 | 3442 | 3445 | 3443 | 3443 | 3443
080%- (%) - - - - - -

Kett  (kKN/m) 2822.3 6393.9 46342 | 4162.8 5550.6 | 4162.8

Table 4-5. Critical parameters for columns of specimen HCFS, Test2

Al B1 C1 A2 B2 C2
Vmax+  (kN) 58.28 86.46 81.59 60.12 80.17 60.12
Ovmax+ (%) 2.40 2.40 2.40 2.61 2.61 2.61

Pvmax+ (kN) [ -170.43 | -590.90 | -444.70 | -149.03 | -497.23 | -431.65
tvmax+ (sec) 34.22 34.22 34.22 34.24 34.24 34.24

080%+ (%) - 2.73 3.56 - - -
Viax-  (kN) -74.87 -64.19 -63.96 | -47.34 | -63.13 -47.34
Ovmax- (%) -1.66 -1.54 -2.46 -1.34 -1.34 -1.34

Pymax- (kN) -464.01 | -544.84 | -281.93 | -399.97 | -523.61 | -168.19
tVmax-  (sec) 34.52 34.04 34.59 34.04 34.04 34.04
080%- (%) - - - - - -

Kerr  (KN/m) 2267.3 4260.5 2648.0 2847.3 3796.5 2847.3

8axial failure (%) - 2.60 0.33 0.35 - -
taxial failure (s€C) - 34.23 35.76 3541 - -

Figure 4-27 plots the recorded table motion and longitudinal acceleration response
history at footing and story levels for Testl and Test2. The peak acceleration of 0.91g was

recorded for the first story at 34.2 seconds of Testl, whereas the second story experienced
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higher peak acceleration of 1.4g at the same time. Figure 4-27 also demonstrates that the
accelerometers at first-story level recorded a peak acceleration of 1.7g at 34.30 seconds of
Test2, while the acceleration of the second story peaked earlier at 34.2 seconds. Acceleration
phasing was similar for the two tests at table and footing levels. However, a significant
divergence in phasing and amplitude is observed for acceleration records at story levels, where
softening of the frame stiffness influenced the response.

As shown in Figure 4-27, two spikes were observed in the acceleration data recorded for
first-story level at 34.30 and 35.48 seconds of Test2. To study this better, Figure 4-28 plots the
acceleration records for the first story between 32.0 and 36.0 seconds. Diamond, star, and
square markers in Figure 4-28 refer to onset of axial failure for columns B1, A2, and CI,
respectively. These markers will be used throughout the section on specimen HCFS. It is
observed that the first and second spikes were recorded 0.07 seconds after the initiation of
axial failure of columns Bl and A2, respectively. This suggests that the columns did not
suddenly lose all their axial load capacity after the onset of axial failure and there was a very
small time gap between the initiation of axial failure and crushing of the column end.

Figure 4-29 compares the inter-story drift ratios that specimen HCFS experienced during
Testl and Test2, while Figure 4-30 demonstrates the minimum and maximum inter-story drift
ratio profile for the specimen. It is observed that the specimen underwent much larger drifts
during Test2, where the peak drift ratio for the first story (at 34.3 seconds) was twice the peak

drift ratio recorded in Testl.
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Figure 4-30. Minimum and maximum inter-story drift ratio profiles for specimen HCFS,
Testl and Test2

Figure 4-31 plots the shear response histories of the first-story columns and the frame
base shear for Testl and Test2. The maximum base shears of 216 kN at 34.15 seconds and 227
kN at 34.21 were recorded during Testl and Test2, respectively. Shear degradation in column
B1 and CI started at 34.22 seconds of Test2, leading to axial failure of column BI1.

Figure 4-32 compares the story shear hysteretic response of the frame for Testl and
Test2. While no significant shear degradation was observed during Testl, first-story shear
resistance for Test2 noticeably degraded after a first-story drift ratio of 2.4%. This is the same

drift ratio at which degradation of shear strength of column B1 was initiated.
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Figure 4-32. Story-level shear hysteretic response of specimen HCFS, Testl and Test2

Figure 4-33 plots the shear hysteretic response of the columns during Testl and Test2,
while Figure 4-34 demonstrates only the cycles between 32.0 and 36.0 seconds of the tests. As
discussed in Appendix Section B.4, shear response of second-story columns could not be
captured directly using the instrumentation and therefore, Figure 4-33 and Figure 4-34 plot
only an estimate of the shear hysteretic response of those columns. Figure 4-33 shows slight
shear degradation for column B1 at 1.8% drift ratio in the negative direction of Testl (marked
by circle marker). The cracks shown in Figure 4-23b can be the source for such degradation.

Figure 4-33 also reveals that while no significant loss of shear resistance was recorded for the
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columns during Testl, column B1 experienced substantial shear degradation leading to shear
failure after 2.4% drift ratio in Test2. Column C1 also suffered from shear degradation after
2.4% drift ratio in Test2, however, the column did not lose all shear resistance and withstood

the lateral demand in that cycle. Although column Al yielded during Test2, it did not fail

during the test.
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Figure 4-33. Shear hysteretic response of specimen HCFS columns, Testl and Test2
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Figure 4-34. Shear hysteretic response of specimen HCFS columns, Testl and Test2,
32<t <36 seconds

Figure 4-35 and Figure 4-36 demonstrate the variation of axial load with time and
hysteretic response of first-story columns during Testl and Test2. Similar to Figure 4-28,
diamond, star, and square markers in Figure 4-35 refer to onset of axial failure for columns B1,
A2, and Cl1, respectively. It is observed that the maximum difference between peak and initial
axial load in column B1 was only 10% of the initial during Testl (53 kN at 34.2 seconds,
Testl). However, due to effects of overturning moment, the difference between the maximum
experienced and initial axial load was much larger for exterior columns A1 and C1. While the
difference between the maximum and initial axial loads in column C1 during Testl was about

38% (165.3 kN at 34.2 seconds), the maximum difference of 64% (170.2 kN) was recorded at
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34.4 seconds for axial load in column Al. Figure 4-36 shows that while the sudden drop in

axial load in column B1 started at 2.4% drift (shear failure of the column), rapid loss in axial

loads of columns Al and C1 occurred at -0.1% and 0.33% drift ratios, respectively. It should

be noted that the point of sudden drop in axial load of column Al, shown in Figure 4-36,

corresponds to loss of axial load capacity in column A2. However, axial failure of column A2

was recorded at 0.35% second-story drift ratio.
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columns of specimen HCFS,

While Figure 4-37 demonstrates the relationship between axial load and the vertical

displacement of first-story columns during Testl and Test2, Figure 4-38 plots the vertical

displacement ratio versus drift ratio for all the columns. Figure 4-38 shows that the

lengthening of column B1 in the positive direction during Test2 was terminated at 2.6% drift

ratio and 0.11% vertical displacement ratio due to initiation of axial failure after shear failure

of the column at 2.4% drift ratio.
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Figure 4-38. Vertical displacement ratio for columns of specimen HCFS, Testl and Test2

Moment hysteretic response for the top and bottom ends of the first-story columns
during Testl and Test2 are shown in Figure 4-39 and Figure 4-40, respectively. To account for
the elastic rotation of first-story joint blocks, column chord-rotation (see the definition in
Section 4.4) was used for the moment hysteretic response of the top end of first-story columns
(Figure 4-39). It is observed that the peak moments at the base of columns Al and B1 were
about 40% larger than the corresponding peak moments at columns top-end in Testl, thus, the
inflection point of the columns were shifted toward the top when the moment peaked. In
contrast, the peak moment at the top of column C1 was 15% larger than the bottom end-
moment suggesting that the inflection point of the column was shifted toward the base when

the moment peaked. While considerable difference between the top and bottom end-moments
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was observed for the columns at the peaks, the average differences were calculated as 5.3 kN-
m, 4.1 kN-m, and 1.9 kN-m for columns Al, Bl, and CI, respectively. This suggests that
except for the points of peak moment, the inflection points were not significantly shifted from

the mid height of first-story columns. Similar observations were achieved for Test2.
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Figure 4-39. Moment-chord rotation relationship at top of first-story columns of
specimen HCFS, Testl and Test2
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Figure 4-40. Moment hysteretic response of first-story columns of specimen HCFS at
base, Testl and Test2
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4.6 Behaviour of Specimen MUF

As discussed in Section 3.2, details of specimen MUF were selected with the intention of
forcing failure at the first-story joints. Typical of joint details from older reinforced concrete
frames, all hoops were removed from the first story joints. In contrast to specimens MCFS and
HCFS, end beam stubs were not included at the exterior joints in the first story, while
transverse beams were limited to only one side of the frame at this story level (see Figure 3-2
and Figure 3-3). This exposed two faces of the exterior joints and one face of the interior joint,
further decreasing the confinement of first-story joints. On the other hand, the second-story
joints were properly confined (with hoops and beam stubs) as they were not intended to
experience any damage during the tests to ensure no loss of support for the axial load pre-
stress system. Additional column hoops, decreasing the spacing to 20% of the column width
(40 mm), provided good confinement for the columns in both stories of the specimen.

Figure 4-41 compares the spectral table accelerations recorded during Testl, Test2, and
Test3, while Figure 4-42 plots the displacement response spectra for the three tests. As shown
in Table 4-1, period of the frame increased significantly due to damage to the joints during
Testl. The spectral acceleration demand for Test2 (2.9g) was 30% higher than Testl (2.2g) at
the initial fundamental period of the specimen (0.29 seconds, dashed line in Figure 4-41),
however the spectral acceleration increased by only 4% (2.3g) in the vicinity of the elongated
period (0.46 sec, dotted line in Figure 4-41). Consequently, the specimen did not experience
significantly higher demands during Test2. As discussed in Section 3.7, the input acceleration
was subsequently amplified up to the shaking table limits for Test3. Figure 4-41 demonstrates
that the spectral acceleration for Test3 (3.1g) was about 35% larger than Test2 at the period of

the damaged frame (0.52 sec, dash-dotted line in Figure 4-41). However, the corresponding
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spectral acceleration remained lower than the demand required to cause collapse of the

specimen.
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Figure 4-41. Comparison of spectral acceleration with 2% damping for Testl, Test2, and
Test3 table motions, Specimen MUF
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Figure 4-42. Comparison of displacement response spectra with 2% damping for Testl,
Test2, and Test3 table motions, Specimen MUF

Figure 4-43 shows the damage to the first-story joints of specimen MUF after Testl,
where the exterior joint Al experienced the most damage. As discussed in Section 3.2,

columns were designed and constructed weaker than the beams to provide the weak-column-
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strong-beam mechanism common of many existing concrete frame buildings. As a result, it
was observed that the joint cracks were extended into the columns rather than the beams. It
was also observed that the transverse beams provided confinement to one side of the joints and
therefore, joint cracking propagated mostly on the unconfined face of the joints.

Adequate transverse reinforcement prevented shear cracks in the columns, however,
flexural cracks were observed at the base of first-story columns. While flexural cracking was
not significant for the exterior columns, bottom end of column B1 suffered the most during

Testl (Figure 4-44).

Figure 4-43. Damaged first-story joints of specimen MUF after Testl; a) joint Al; b)
joint B1; ¢) joint C1

Figure 4-44. Flexural cracks at the base of first-story columns of specimen MUF, Testl;
a) column Al; b) column B1; ¢) column C1

99



Specimen MUF was the only test frame amongst the four specimens that did not collapse
during Test2, although all the first-story joints were severely damaged (Figure 4-45). Even the
higher demands from Test3 did not cause collapse of specimen MUF, while increased damage
to the joints (Figure 4-46). Cracks at first-story joints opened and closed during Test2 and
Test3, localizing response through shear deformations at the joints. Therefore, these
unconfined joints worked as a fuse and by accommodating much of the deformation demands,
did not allow high shear forces to be developed in the first-story columns. Flexural cracks at
the base of first-story columns increased in width during Test2 and Test3, suggesting the
formation of plastic hinges at the base of first-story columns. Based on the observations from
Test2 and Test3, the failure mode for specimen MUF can be considered as shown in

Figure 4-47.

Figure 4-45. Damaged first-story joints of specimen MUF after Test2; a) joint Al; b)
joint B1; ¢) joint C1
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Figure 4-46. Damaged first-story joints of specimen MUF after Test3; a) joint Al; b)
joint B1; ¢) joint C1
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Figure 4-47. Failure mode of specimen MUF

The mechanism that led to joint failure is shown in Figure 4-48. Cracking occurs along
the diagonal compression strut which connects the compression zones in the beam and top
column to the compression zone in the bottom column. Note that after shear failure of the joint
and degradation of shear resistance (Figure 4-48c), moments at the face of the joint will
decrease as the joint begins to act like a “hinge”. The compression zones at the top and bottom

of the joint therefore must shift toward the centerline of the column and axial loads must be
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transferred across the diagonal shear cracks. It is observed that the direction of cracking,
induced by internal forces, is such that the movement of upper stories tends to close the
diagonal cracks and increase contact across the failure surface. This is in contrast with
generation of shear cracks in a column, where after shear failure the contact across the failure
surface is decreased due to opening of the diagonal cracks (Figure 4-49). Although only
qualitative, Figure 4-48 and Figure 4-49 suggest that the likelihood of collapse of a frame due
to failure of unconfined joints is lower than failure of non-ductile columns in the frame. It is
noted that the observation is valid for the specimens studied here, while further studies are

required to generalize this hypothesis.

Direction of Movement
—> )
/l/
\/joint
<= State of
joint in
(b)
7
(b) (©)

Figure 4-48. a) direction of shear cracking in joint; b) state of joint after shear failure; c)
shear-strain response of joint
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Figure 4-49. a) direction of shear cracking in column; b) state of column after shear
failure; c)shear-rotation response of column
Maximum recorded shear for columns in the positive and negative directions and
corresponding drifts, axial loads, and time steps during Testl and Test2 are shown in Table 4-6
and Table 4-7, respectively (see Figure 4-1 for details). While maximum shear for first-story
columns was recorded in different time steps of Testl (Table 4-6), it is observed that the

columns reached their peak shear at the same time during Test2.

Table 4-6. Critical parameters for columns of specimen MUF, Test1.

Al B1 C1 A2 B2 C2
Vmax+ (kN) 36.34 71.29 66.14 46.25 61.66 46.25
Ovmax+ (%) 2.72 1.69 248 2.01 2.01 2.01

Pvmax+ (kN) -78.88 | -314.45 | -323.53 -82.87 | -295.01 | -300.05
tvmax+  (sec) 34.26 34.21 34.25 34.22 34.22 34.22
Vmax-  (kN) -56.38 -68.19 -45.46 -44.17 -58.89 -44.17
Ovmax- (%) -1.95 -1.86 -1.96 -1.66 -1.66 -1.66
Pvmax- kN) | -296.58 | -312.16 -73.21 | -284.66 | -287.80 -56.40
tvmax-  (sec) 34.54 34.53 34.53 34.55 34.55 34.55

Keer  (kN/m) [ 2673.02 | 6174.94 | 4356.73 | 2755.74 | 3674.46 | 2755.74
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Table 4-7. Critical parameters for columns of specimen MUF, Test2.

Al B1 C1 A2 B2 C2
Vmax+ (kN) 28.76 61.92 56.95 39.56 52.75 39.56
Ovmax+ (%) 2.59 2.59 2.59 2.25 2.25 2.25

Pvmax+ (kN) -77.76 | -315.66 | -298.08 -83.86 | -308.29 | -279.38
tvmax+ (sec) 34.32 34.32 34.32 34.29 34.29 34.29
Vmax-  (kN) -46.15 -66.66 -47.21 -43.61 -58.15 -43.61
Ovmax- (%) -2.50 -2.40 -2.50 -2.09 -2.09 -2.09
Pvmax- (kN) | -280.59 | -364.39 -78.40 | -273.94 | -336.28 -57.91
tvmax-  (sec) 34.59 34.58 34.59 34.61 34.61 34.61

Keer  (kN/m) [ 1169.03 | 2492.93 | 2033.48 | 1374.68 | 1696.93 | 1374.68

Figure 4-50 plots the recorded table motion and longitudinal acceleration response at
footing and story levels for Testl and Test2. As discussed earlier, the spectral acceleration
demand from the two tests were relatively close and therefore, it is observed that the peak
acceleration records in both tests were comparable. First story of the frame experienced peak
accelerations of 0.81g and 0.9g in Testl and Test2, respectively. The peak acceleration for
second-story level was recorded as 1.05g during Testl, while it was decreased to 0.99¢g in
Test2. Acceleration phasing was similar for the two tests at the table and footing levels,
however, divergence in phasing is observed for the acceleration records above the base,
particularly for the second story. Softening of the frame stiffness due to joint damage during
Testl significantly increased the natural period of the specimen and influenced the phasing of
the response.

Figure 4-51 compares the story-level drift ratios for specimen MUF during Testl and
Test2, while Figure 4-52 demonstrates the minimum and maximum inter-story drift ratio
profiles for the specimen. It is observed that the specimen experienced much larger drifts

during Test2 up to 34 seconds. After 34 seconds, however, Figure 4-51 shows relatively close
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amplitudes for the two tests for both story levels. Peak drift ratios during Testl were recorded
as 2.8% and 2.4% for the first and second stories, respectively. While the first story
experienced a maximum drift ratio of 2.8% in the negative direction during Test2, the second
story drifted up to 2.7% in the positive direction. As discussed earlier, damage to the
unconfined joints at first-story level caused joint deformation that tended to make the story
drift ratios similar.

Figure 4-53 plots shear response histories for the two stories and individual columns in
the first story during Testl and Test2, showing that the peak shear recorded for each column
during the two tests remained relatively close. Figure 4-54 presents the shear hysteretic
response of the frame stories during Testl and Test2, which reveals the noticeable softening of
lateral stiffness of the frame in both story levels. It is observed that stiffness softening occurred
after 1% drift ratio at first-story level in the positive direction of Testl, where joint cracking
was initiated. While damage to the base of the columns was not significant during Testl,
development of cracks in the unconfined joints and propagation of cracks into the columns

limited the shear demand on first-story columns and reduced their lateral stiffness.
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Figure 4-50. Story-level acceleration records for specimen MUF, Testl and Test2
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Figure 4-51. Story-level drift response history for specimen MUF, Testl and Test2
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Figure 4-54. Story-level shear hysteretic response of specimen MUF, Testl and Test2

Figure 4-55 compares the shear hysteretic response of the columns during Testl and
Test2. It is observed that the softening of stiffness was more evident for column A1, where the
exterior joint Al experienced more damage compared to the other joints during the two tests.

While Figure 4-56 plots the axial load hysteretic response of first-story columns, Figure
4-57 demonstrates the axial load response history of these columns. Variation in axial load
during Testl was noticeably less then Test2, particularly in time interval between 32 and 34

seconds.
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Figure 4-55. Shear hysteretic response of specimen MUF columns, Testl and Test2
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Figure 4-56. Axial load hysteretic response of first-story columns of specimen MUF,
Testl and Test2
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and Test2

Figure 4-58 plots the vertical displacement ratio versus story drift ratio for the columns
during Testl and Test2, while Figure 4-59 presents the relationship between axial load and
vertical displacement of first-story columns. With a ratio greater than 0.12%, column Al
experienced the largest vertical displacement amongst the columns. The maximum vertical

displacement for column Al occurred at the time when the minimum axial load was recorded
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for the column. Furthermore, joint Al was damaged the most during the tests and
consequently, releasing the restraints at the top end lowered the strains integrated over the

height of the column.
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Figure 4-58. Vertical displacement ratio for columns of specimen MUF, Testl and Test2
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Figure 4-59. Variation of axial load of specimen MUF columns with vertical
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Figure 4-60 and Figure 4-61 demonstrate the moment hysteretic response of first-story
columns during Testl and Test2 at the top and base of the columns, respectively. To account
for the rotation of first-story joints, chord rotation at the top of columns (see the definition in
Section 4.4), instead of story drift ratio, was used for Figure 4-60. It is observed that columns
Bl and C1 were able to resist the moment demands at both ends. However, the moment
hysteretic response of column A1 at the top-end demonstrates that a relatively small moment

was transferred to the column due to shear failure and formation of a hinge at joint Al.
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Figure 4-60. Moment-chord rotation relationship at top of first-story columns of
specimen MUF, Testl and Test2
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Figure 4-61. Moment hysteretic response of first-story columns of specimen MUF, Test1l
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The main focus of testing specimen MUF was studying the behaviour of unconfined
joints. Therefore, additional instruments were mounted on the exposed side of the exterior
joints to measure their shear deformations during the tests. Details of such instrumentation are
shown in Appendix Section B.3. Comparing the data from the instruments on both confined
and unconfined surfaces of a joint reveals the effectiveness of transverse beams in restricting
the development of shear cracks through the width of the joint in the direction of shaking.
Figure 4-62 plots the shear deformations recorded for the transverse beam face (confined side)
and the exposed face (unconfined side) of joint C1, during Testl and Test2. It is observed that
smaller shear deformations were recorded by the instruments on the confined side of joint C1,
suggesting that the transverse beam restrained the development of shear cracks on the confined
face. Photos in Figure 4-63 show the propagation of cracks into the column C1 for the two

sides of the column after Test3, confirming the above conclusion.
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Figure 4-62. Comparison of shear deformation at joint C1 of specimen MUF, recorded
by diagonal instruments on exposed and transverse beam faces of the joint
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Figure 4-63. Comparison of propagation of shear cracks to the top of column C1 of
specimen MUF after Test3; a) exposed face; b) transverse beam face

Figure 4-64 demonstrates the relationship of shear at the top of column C1 and the shear
deformation recorded for the exposed face of the joint. Due to damage to the strain gages
during the construction phase, strain and forces in the longitudinal bars of the connecting beam
and consequently shear at joint C1 were not available. Therefore, shear at the top of columns
were used in Figure 4-64. Joint C1 was initially able to withstand the shear demand. However,
large shear cracks developed in the joint after a shear deformation of -0.004 rad during Testl1,
resulting in significant reduction in stiffness of the joint panel. As shown in Figure 4-65, this

corresponds to 1.9% drift ratio in the positive direction of Testl.
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Figure 4-65. Relation between first-story drift ratio and shear deformation of joint C1
recorded at unconfined face of the joint for specimen MUF

4.7 Behaviour of Specimen MUFS

Amongst the four specimens, MUFS was composed of structural elements with details
which most closely resembled the details expected in existing reinforced concrete frames. The
columns had light transverse reinforcement (similar to MCFS and HCFS), while transverse

reinforcement was omitted from the joints (similar to MUF). Consistent with specimen MUF,
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transverse beams were limited to only one side of the frame at first-story level, whereas the
second-story joints were properly confined as they were not intended to experience any
damage during the tests.

Figure 4-66 compares the spectral table accelerations recorded during Testl and Test2,
while Figure 4-67 demonstrates the displacement response spectra for the two tests. As shown
in Table 4-1, period of the frame was increased from 0.29 seconds (dashed line) to 0.46
seconds (dotted line) mainly due to joint damage during Testl. Although the spectral
acceleration demand for Test2 was 45% higher than Testl at the original period of the
undamaged structure, the spectral acceleration in the vicinity of the new period was only 10%
higher. Consequently, the specimen did not experience notably higher acceleration demands
during Test2. However, significant damage to the joints led to reduction in the frame lateral
load capacity in Testl, where failure of second-story columns in Test2 caused the collapse of

the specimen.
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Figure 4-66. Comparison of spectral acceleration with 2% damping for Testl and Test2
table motions, specimen MUFS
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Figure 4-67. Comparison of displacement response spectra with 2% damping for Testl
and Test2 table motions, specimen MUFS

Figure 4-68 shows the damage to first-story joints of specimen MUFS during Testl. It is
observed that the exterior joints experienced substantial damage, while interior joint Bl
suffered only limited cracking. Since the columns were designed and constructed weaker than
the beams, the cracks in the exterior joints extended into the columns rather than the beams. In
contrast, relatively minor damage to joint B1 was localized in the joint and cracks did not
propagate into column B1. Shear cracking was observed at the top of column B1 due to the
low transverse reinforcement ratio used in this specimen (Figure 4-68b). Columns B1 and Cl
experienced noticeable flexural and shear cracks at the base, whereas minor flexural cracks
were observed at the base of column A1 (Figure 4-69).

While extensive cracking of exterior first-story joints were propagated into columns Al
and Cl1, Figure 4-70 demonstrates negligible cracks at the base of second-story columns after
Testl, apparently due to the additional stiffness and strength provided by the slab. Shear and

flexural cracks at the top end of column B2 are shown in Figure 4-70b.
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Figure 4-68. Damaged first-story joints of specimen MUFS after Testl; a) joint Al; b)
joint B1; ¢) joint C1
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Figure 4-69. Damage to the base of first-story columns of specimen MUFS during Test1;
a) column A1l; b) column B1; ¢) column C1

Figure 4-70. Damage to second-story columns of specimen MUFS during Testl; a) base
of column A2; b) top of column B2; c) base of column C2
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Although first-story joints and columns, particularly the exterior joints, were damaged
during Testl, specimen MUFS survived the test demands. Similar mechanism that led to joint
failure in specimen MUF (Figure 4-48) was observed for specimen MUFS. Cracks at first-
story joints were opened and closed during Test2, localizing shear deformation at the joints.
Therefore, the unconfined joints did not allow shear to be fully developed in first-story
columns by accommodating much of the deformation demands. As discussed in Section
3.4.2.3, lateral force on the specimen resulted mainly from the inertial-mass system. Therefore,
lateral and vertical demands in the second story were large enough to cause shear and axial
failure of columns B2 and C2. Axial failure of columns B2 and C2 occurred at 34.29 and
37.66 seconds of Test2, respectively. Cracks at the base of first-story columns were intensified
during Test2, allowing formation of plastic hinge at the base of these columns. Based on the
observations from Test2, the failure mode for specimen MUFS is shown in Figure 4-71, where
a combination of joint failure at first-story level and column failure in the second story caused
collapse of the frame. While Figure 4-72 demonstrates the damaged first-story joints after
Test2, Figure 4-73 shows the state of second-story columns after the test.

As shown in Figure 4-70, very limited cracks were observed in the first-story slab and
base of second-story columns, suggesting that the undamaged portion of the joint at the slab
depth (70 mm) provided a partially-fixed condition for the base of second-story columns. In
contrast, damage to the joints, below the slabs, and propagation of cracks into the top end of
first-story columns reduced the end-moment at the top of these columns. The rigid and well-
confined joints at second-story level also provided a fixed-end condition at the top of the
columns in the second floor, resulting in higher local deformation at column ends and more

vulnerability to failure comparing to first-story columns.
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Figure 4-71. Failure mode of specimen MUFS
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Figure 4-72. Damaged first-story joints of specimen MUFS after Test2; a) joint Al; b)
joint B1; ¢) joint C1
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©
Figure 4-73. Damage to second-story columns of specimen MUFS after Test2; a) column
A2; b) column B2; ¢) column C2

Maximum recorded shear for columns and corresponding drift, axial load, and time steps

in the positive and negative directions of Testl and Test2 are shown in Table 4-8 and Table
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4-9, respectively (see Figure 4-1 for details). It is observed that while no severe shear strength
degradation with more than 20% loss was recorded during Testl, columns in the second story
of specimen MUFS experienced significant shear strength degradation in vicinity of 2.61%

second-story drift ratio.

Table 4-8. Critical parameters for columns of specimen MUFS, Testl.

Al B1 C1 A2 B2 C2
Vimnax+ (kN) 52.74 68.12 67.12 50.93 67.91 50.93
Ovmax+ (%) 2.70 1.78 2.01 2.01 2.01 2.01

Pymax+ (kN) | -54.69 | -348.50 | -293.11 | -48.37 | -329.27 | -282.87
tvmax+ (sec) 34.24 34.20 34.21 34.21 34.21 34.21
0s0%+ (%) - - - - - -

Vmax.  (kN) -48.56 | -85.71 | -55.76 | -49.16 | -65.55 | -49.16
Ovmax- (%) -1.95 -2.01 -1.96 -1.41 -1.41 -1.41
Pymax- (kN) | -232.14 | -359.34 | -46.94 | -224.09 | -340.18 | -35.42
tvmax-  (sec) 34.50 34.51 34.50 34.51 34.51 34.51
080%- (%) - - - - - -

Keer  (kN/m) [ 3306.75 | 5213.38 | 4320.46 | 3099.24 | 4131.78 | 3099.24

Table 4-9. Critical parameters for columns of specimen MUFS, Test2.

Al B1 C1 A2 B2 C2
Vinax+  (kN) 32.13 57.06 54.68 38.65 51.53 38.65
Ovmax+ (%) 2.17 2.52 2.49 2.26 2.26 2.26

Pvmax+ (kN) -91.02 | -271.71 | -276.13 -77.13 | -300.45 | -264.61
tvmax+ (sec) 31.72 34.31 34.30 34.29 34.28 34.29

080%+ (%) - - - 2.61 2.60 2.61
Vmax.  (kN) 3934 | -63.54 | -35.81 3767 | -5022 | -37.67
Ovmax. (%) -1.91 -1.82 -1.83 -1.56 -1.56 -1.56

Pvmax- (kN) -215.77 | -317.15 -72.48 | -205.44 | -297.98 -64.14
tvmax- (sec) 32.00 32.00 32.00 32.00 32.00 32.00
080%- (%) - - - - - -

Kesr  (KN/m) 1368.74 | 2092.71 | 1761.86 | 1785.76 | 2380.90 | 1785.76

6axial failure (%) = = - - 234 1 72
Caxial failure (s€C) - - - - 34.29 37.66

122



Figure 4-74 plots the recorded table motion and longitudinal acceleration response at the
footing and story levels for Testl and Test2 revealing that the acceleration phasing above the
base of the frame was not similar for the two tests, particularly between 32 and 34 seconds.
Softening of the frame stiffness due to joint damage during Testl significantly increased the
natural period of the specimen and influenced the phasing of response.

Figure 4-75 compares the story-level drift ratios experienced by specimen MUFS during
Testl and Test2, whereas Figure 4-76 demonstrates the minimum and maximum inter-story
drift ratio profiles recorded for the specimen. In contrast to Testl, Figure 4-75 shows that the
specimen went through large drifts between 30 and 34 seconds of Test2. Figure 4-76 reveals
that in contrast with Testl1, the peak drift ratio in the second story was larger than the first story
in Test2 due to shear and axial failure of column B2.

Figure 4-77 plots shear response histories for the two stories as well as first-story
columns. It is observed that while the base shear reached the maximum of 189.6 kN during
Testl in the negative direction, the peak base shear was recorded as 143.7 kN in the positive
direction of Test2. Comparison of shear response histories from the two tests reveals that the
maximum shear responses in the story levels were closer in the positive direction than the
negative direction. Figure 4-77 also demonstrates a more symmetric behaviour for column Al
than other first-story columns. Since joint A1 was damaged more during the tests, less shear
was developed in column A1 and therefore, damage to the column remained minimal.

Figure 4-78 presents the shear hysteretic response of the frame stories during Testl and
Test2. Base shear degradation, marked by a square marker, started at positive 2.0% drift ratio
(34.22 seconds). Slightly later, shear degradation in the second story was commenced at 2.1%

second-story drift ratio (triangular marker). Degradation of base shear in the negative direction
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was sharper and started at 34.5 seconds and 2.0% drift ratio (diamond marker), followed by a

significant loss in stiffness of the frame.
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Figure 4-74. Story-level acceleration records for specimen MUFS, Testl and Test2
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Figure 4-75. Story-level drift response history for specimen MUFS, Testl and Test2
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Figure 4-78. Story-level shear hysteretic response of specimen MUFS, Testl and Test2

Figure 4-79 compares the shear hysteretic response of the columns for Testl and Test2.
Shear degradation for column B1 and C1, shown by square markers, commenced at 1.9% and
2.0% drift ratios in the positive direction of Testl, respectively. The degradation could be due
to shear cracking in the columns, propagation of joint cracks into the columns, or combination
of both. To identify the source of shear degradation for first-story columns, hysteretic response
of those columns were closely examined. While joint A1 was damaged more than the two
other joints during Testl, no sign of shear degradation was observed for the column in the
positive direction. Therefore, it can be concluded that joint damage was not the source of shear
strength degradation for columns Bl and C1 in the positive direction and as shown in

Figure 4-69b and Figure 4-69c, damage to the base of these columns was the source of shear
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strength degradation in that direction. On the other hand, as marked by diamond markers in
Figure 4-79, shear degradation was observed for all the first-story columns (at -1.9% drift ratio
for columns Al and Cl1 and -2.0% drift ratio for column Bl). As demonstrated in
Figure 4-69a, the bottom-end of column A1l did not experience noticeable damage, whereas
the column top-end was damaged due to propagation of cracks from joint Al (Figure 4-68a).
Therefore, it can be inferred that the source of shear degradation for column Al in the negative
direction (diamond marker) was joint damage, and similar conclusion can be reached for the
other exterior column. Considering limited cracks in joint B1, Figure 4-68b and Figure 4-69b
demonstrate shear cracks at both ends of column B1 which can be the source of shear strength
degradation for the column in both directions.

Shear degradation for second-story columns during Testl and Test2 could be caused by
shear cracks at the top end of the columns. Onset of shear degradation for second-story
columns was marked by triangular and circle markers for Testl and Test2, respectively. As
shown in Figure 4-70a and Figure 4-70c, joint cracks did not extend to the base of second-
story columns, whereas Figure 4-70b demonstrates shear cracks at the top of column B2.
Figure 4-79 demonstrates severe shear degradation for second-story columns during Test2.
Since cracking in joint B1 remained similar in both tests, it can be concluded that the sharp
shear degradation after the circle markers (2.3% drift ratio) was caused by damage to top-end
of second-story columns. It is observed that the degradation for column B2 was the steepest,
whereas shear degradation for column A2 was the least severe due to lower compression on

the column resulted from overturning.
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Figure 4-79. Shear hysteretic response of specimen MUFS columns, Testl and Test2

Figure 4-80 plots the axial load hysteretic response of first-story columns, whereas
Figure 4-81 demonstrates the axial load response history of these columns. Variation in axial
load recorded for the columns during Test2 was larger than Testl, particularly for column B1.
However, it is observed that the peak axial load for the exterior columns remained nearly
similar during both tests. Figure 4-81 shows that following the failure of column B2 at 34.29
seconds (star marker), which released the load on column B1, the exterior columns started to
pick up the load until the failure of column C2 at 37.66 seconds which released the load on

column C1 (cross marker).
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Figure 4-80. Axial load hysteretic response of first-story columns of specimen MUFS,
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Figure 4-82 plots the vertical displacement ratio versus drift ratio of the columns during
Testl and Test2, while Figure 4-83 presents the relationship between axial load and vertical
displacement of the first-story columns. With the maximum ratio of 0.21% during Test2,
column A2 experienced the largest vertical displacement ratio amongst the columns. It should
be noted that such large vertical displacement for column A2 was recorded before the failure
of other columns. It is observed that the vertical displacement ratio for column B2 suddenly
dropped at 0.12% vertical displacement ratio and 2.34% drift in Test2, which was the onset of
axial failure of column B2. As mentioned earlier, the exterior columns started to pick up the
load until axial failure of column C2 occurred at a lower vertical displacement ratio of 0.06%

and 1.72% drift ratio.
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Figure 4-82. Vertical displacement ratio for columns of specimen MUFS, Testl and Test2
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While Figure 4-84 plots moment versus chord rotation for the top-end of first-story
columns during Testl and Test2, Figure 4-85 compares the moment-drift hysteretic response
of the columns at the base during the tests. It is observed that the hysteresis was very noisy for
the column top (Figure 4-84). The source of such noise is unknown and therefore, the results
should be interpreted with caution. Figure 4-85 shows that the end-moments for each column

remained relatively similar during both tests.
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Figure 4-84. Moment-chord rotation relationship at top of first-story columns of
specimen MUF, Testl and Test2
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Figure 4-86 plots the moment-rotation relationship for the plastic hinge zones at the top

and bottom of column B1. Details of the local instrumentation for column B1 can be found in

Appendix Section B.3. The rotational stiffness at the base of the column was reduced during

Testl at about 0.0014 rad (shown by triangular marker, t = 28.4 seconds). As an interpretation

of damage to the column base, the moment-rotation hysteresis clearly showed the reduction of

rotational stiffness, whereas the moment-drift hysteresis was not sensitive enough to capture

the minor damage to the column bottom. This suggests that examining the rotation, rather than

the drift, results in better prediction of damage to a column.
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Similar to specimen MUF, additional instruments were used to measure the diagonal
deformation of the exterior joints on their exposed face located on the east side of the frame
(see Appendix Section B.3). Comparison of shear deformations recorded for both confined
(transverse beam face) and unconfined (exposed) surfaces of joint C1 (Figure 4-87) reveals
that the out-of-plane beam significantly restricted the development of shear cracks through the
width of the joint in the direction of shaking. It is observed that the largest shear deformation
on the transverse beam face of the joint was recorded as 0.005 rad during Testl, whereas the
maximum deformation on the exposed surface was 0.019 rad. Similar observation is attained
for Test2, where maximum shear deformations of 0.006 rad and 0.016 rad were recorded for
the transverse beam and exposed faces of the joint, respectively. Photos in Figure 4-88
compare the propagation of cracks into column C1 for the two faces and confirm the
mentioned observations.

Figure 4-89 demonstrates the relationship of shear at the top end of column C1 and the
shear deformation recorded for the exposed face of the joint. The joint was initially able to
withstand the shear demand. However, due to development of shear cracks, a significant
reduction in stiffness of the joint panel was observed after a joint deformation of -0.0025 rad in
Testl. As shown in Figure 4-90, such deformation corresponded to a first-story drift ratio of
0.4% in the negative direction of the test. Although joint C1 presented a softer behaviour
during Test2, it was able to resist the shear demand until the failure of the columns in the

second story occurred.
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Figure 4-87. Comparison of shear deformation at joint C1 of specimen MUFS, recorded
by diagonal instruments on east and west sides of the joint

Figure 4-88. Comparison of propagation of shear cracks to the top of column C1 of
specimen MUFS after Test2; a) exposed face; b) transverse beam face
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CHAPTERS. COMPARISON OF RESPONSE OF
THE TEST SPECIMENS

5.1 Introduction

This chapter will compare and discuss the results from testing the four specimens
described in Chapter 4. The table demands for the test frames during Testl and Test2 are
compared in Section 5.2. Similarity of lateral demands and comparability of material
properties and frame geometries allowed for a valid comparison of the test results. While
failure modes of the specimens are discussed and compared in Section 5.3, test results
including acceleration recorded at story levels, peak drift demands, and shear backbone for
first-story columns of the specimens are compared in Section 5.4. Effects of higher axial load
on key parameters for columns including drift ratio, effective and secant stiffness, and slope of
vertical deformation before and after axial failure are studied in Section 5.5. Finally,
advantages of column chord rotation over drift ratio for characterizing column deformation

demands are discussed in Section 5.6.
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5.2 Comparison of Table Demands

In order to study the influence of one parameter (e.g. axial load) on behaviour of
structural elements during different tests, it is important to keep the other influential
parameters (e.g. table demands) similar. In this section, acceleration at table level and spectral
acceleration demands for the specimens are compared during Testl and Test2. To allow for
better comparison, table demands for only two specimens are shown in each figure.
Considering specimen MCEFS as the benchmark test, input demands for other specimens during

Test] and Test2 are compared with this specimen in Sections 5.2.1 to 5.2.4.
5.2.1 Comparison of Table Demands for Specimens MCFS and HCFS

As discussed in Chapter 4, the main difference between specimens MCFS and HCFS
was the applied axial load, where columns of specimen HCFS carried almost twice the axial
load as columns of specimen MCFS (see Table 3-2). Comparison of recorded table motion and
acceleration response recorded at the footing and story levels of specimens MCFS and HCFS
during Testl demonstrates that the table- and footing-level acceleration records remained very
similar for both specimens (Figure 5-1).

The spectral accelerations recorded for specimen MCFS and HCFS during Testl are
compared in Figure 5-2. As discussed in Section 4.3, the fundamental period of specimen
HCEFS (0.28 sec) was slightly shorter than specimen MCFS (0.29 sec). It is observed that while
the spectral acceleration for specimen HCFS remained smaller than specimen MCFS for
periods smaller than 0.27 seconds, the spectral acceleration for specimen HCFS became larger

than specimen MCFS right before the fundamental period of specimen HCFS. Figure 5-2
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demonstrates that the spectral acceleration demand for specimen HCFS was about 14% higher

than MCFS at the fundamental periods of the frames.
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Figure 5-1. Comparison of acceleration response history for specimens MCFS and HCFS
at table and footing levels, Test1
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Figure 5-2. Comparison of spectral acceleration with 2% damping for specimens MCFS
and HCFS, Testl table motion
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Figure 5-3 plots the recorded table motion and longitudinal acceleration response at the
footing level for specimens MCFS and HCFS during Test2, where the acceleration at the table
and footing levels remained identical for both specimens up to the point of collapse of
specimen MCFS. (Note that data in Figure 5-3, and subsequent figures for the collapse tests,
were terminated at the time of specimen collapse). It is observed that specimen HCFS survived
longer than specimen MCFS before collapse. While test frame MCFS collapsed at 34.30

seconds (circle marker), collapse of specimen HCFS was recorded at 35.85 seconds.
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Figure 5-3. Comparison of acceleration response history for specimens MCFS and HCFS
at table and footing levels, Test2

Figure 5-4 compares the spectral accelerations recorded for specimen MCFS and HCFS
during Test2. As discussed in Chapter 4, the natural period of the specimens lengthened to
0.36 seconds due to damages to the frames during Testl. Figure 5-4 demonstrates that unlike
the spectral accelerations at the original periods of the frames, the spectral acceleration for
specimen HCFS became smaller than specimen MCEFS at the lengthened period. Figure 5-4
shows that the spectral acceleration demand for specimen HCFS was about 8% lower than

MCEFS in the vicinity of the lengthened period of the frames (dashed line).
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Figure 5-4. Comparison of spectral acceleration with 2% damping for specimens MCFS
and HCFS, Test2 table motion

5.2.2 Comparison of Table Demands for Specimen MCFS and MUF

As discussed in previous chapter, specimen MCFS was built with non-ductile columns
and confined joints, whereas specimen MUF was constructed with ductile columns and
unconfined joints. Applied axial loads on the columns of the two specimens were similar
(Table 3-2).

Comparison of recorded table motion and longitudinal acceleration response at the
footing level for specimens MCFS and MUF during Testl (Figure 5-5) demonstrates that the
table and footing level accelerations recorded for the specimens remained very similar during
the test. Figure 5-6 compares the spectral accelerations recorded for specimen MCFS and
MUF during Testl, showing that spectral acceleration demand for specimen MUF was only
2% higher than specimen MCFS at the fundamental period of the two frames (0.29 seconds,

dashed line).
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Figure 5-5. Comparison of acceleration response history for specimens MCFS and MUF
at table and footing levels, Test1
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Figure 5-6. Comparison of spectral acceleration with 2% damping for specimens MCFS
and MUF, Testl table motion

The recorded table motion and longitudinal acceleration response at the footing level for
specimens MCFS and MUF during Test2 are compared in Figure 5-7. It is observed that the
table and footing level accelerations remained similar for the two specimens up to the point of

failure of specimen MCFS at 34.30 seconds (circle marker). Although larger peaks were
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recorded for specimen MUF between 30.8 and 32.0 seconds of the test, the peak recorded

acceleration remained very close for the two specimens.
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Figure 5-7. Comparison of acceleration response history for specimens MCFS and MUF
at table and footing levels, Test2

Figure 5-8 compares the spectral accelerations recorded for specimens MCFS and MUF
during Test2. As shown in previous chapter, the natural period of specimen MCFS lengthened
from 0.29 seconds to 0.36 seconds (dashed line), whereas the period of test frame MUF
increased from 0.29 seconds to 0.46 seconds (dotted line), where the larger increase in the
frame period resulted from the additional damage to the unconfined beam-column joints in
specimen MUF. Figure 5-8 demonstrates that the spectral acceleration demand for specimen
MCEFS at 0.36 seconds was about 3.1g, whereas the acceleration demand for specimen MUF at

0.46 seconds was only 2.3g.
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5.2.3 Comparison of Table Demands for Specimen MCFS and MUFS

While the recorded table motion and longitudinal acceleration response at the footing
level during Testl for specimens MCFS and MUFS are compared in Figure 5-9, Figure 5-10
compares the spectral acceleration records for specimen MCFS and MUFS during Testl,
demonstrating that the spectral acceleration demand for specimen MUFS was about 9% higher

than MCEFS at the initial fundamental period of the frames (0.29 sec, dashed line).
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Figure 5-9. Comparison of acceleration response history for specimens MCFS and MUFS
at table and footing levels, Test1
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Figure 5-10. Comparison of spectral acceleration with 2% damping for specimens MCFS
and MUFS, Testl table motion

Figure 5-11 compares the recorded table motion and longitudinal acceleration response
at the footing level for the above-mentioned specimens during Test2. Acceleration records
remained very similar for the two specimens at the table and footing levels except for the time
between 30.7 and 32.0 seconds, where larger acceleration peaks were observed for specimen
MUEFS. The peak acceleration recorded for specimen MCFS was 12% lower than the other
specimen. While collapse of specimen MCFS occurred at 34.30 seconds (circle marker),
specimen MUFS collapsed later at 37.95 seconds of Test2.

Despite differences in the acceleration histories, Figure 5-12 compares the spectral
accelerations recorded for specimen MCFS and MUFS during Test2 and shows a close
agreement for the spectral acceleration of the two specimens. As discussed in Chapter 4,
natural period of specimen MCFS was lengthened from 0.29 seconds to 0.36 seconds (dashed
line), whereas the period of test frame MUFS was lengthened from 0.29 seconds to 0.46
seconds (dotted line) due to severe damage to first-story joints. As shown in Figure 5-12, the
spectral acceleration demand for specimen MCFS at 0.36 seconds was 3.1g, whereas the

demand for specimen MUFS at 0.46 seconds was 2.4g.
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Figure 5-12. Comparison of spectral acceleration with 2% damping for specimens MCFS
and MUFS, Test2 table motion

5.2.4 Comparison of Table Demands for Specimen MUF and MUFS

Comparison of the recorded table motion and longitudinal acceleration response at the

footing level during Testl for specimens MUF and MUFS (Figure 5-13) shows that the
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acceleration remained almost identical for the two specimens throughout the test. Figure 5-14
compares the spectral accelerations recorded for the two specimens during Testl. Very similar
spectral acceleration demands were observed for the two specimens at the fundamental period

of the frames (0.29 sec, dashed line).
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While Figure 5-15 compares the recorded table motion and longitudinal acceleration
response at footing level during Test2 for specimens MUF and MUFS, Figure 5-16 compares
the spectral accelerations recorded for the two specimens. Acceleration records remained
almost equal at the table and footing levels before collapse of specimen MUFS. Figure 5-16
shows that the spectral acceleration demand for specimen MUFS was only 4% higher than

specimen MUF at the lengthened period of the two frames (0.46 sec, dashed line).
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Comparison of acceleration response histories and spectral acceleration demands for the
specimens during the shaking table tests, shown in Sections 5.2.1 to 5.2.4, demonstrates that
the table motion demands were relatively similar for all the specimens. This provides strong

grounds for comparison of the test results from the four specimens.

5.3 Comparison of Failure Modes

Although the lateral demands, material properties, and global geometry of the specimens
were reasonably similar, collapse of the specimens occurred differently due to axial load
demands and detailing of columns and joints. While specimen MCEFS collapsed due to shear
and axial failure of all of first-story columns at the base, combination of column shear and
axial failure and formation of plastic hinges caused the collapse of specimen HCFS. Photos in
Figure 5-17 show the failure modes of frames MCFS and HCFS in Test2. No sign of plastic
hinging was observed in specimen MCFS, whereas the inset of Figure 5-17b shows severe
cracking of the beam suggesting that a plastic hinge was formed in the beam at the face of joint

B1 of specimen HCFS.

Figure 5-17. Comparison of failure modes during Test2; a) specimen MCFS; b) specimen
HCFS
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Comparison of axial load in column Bl of specimens MCFS and HCFS demonstrates
that the axial load at the point of shear failure of column B1 of specimen HCFS was 1.6 times
the axial load in the corresponding column of specimen MCFS. Due to such excessive axial
load in the center column of specimen HCFS, axial failure of column B1 occurred immediately
after shear failure and sudden shortening of the column was observed. Due to the higher axial
loads in the columns of specimen HCFS, the beam to column strength ratio at the exterior
joints was lower for specimen HCFS compared with specimen MCFS. Consequently,
additional beam deformations, at the drift at which column B1 failed, caused additional
flexural cracking in first-story beams. Such beam deformation means that the exterior columns
did not need to experience as much deformation (chord rotation) to achieve the total drift
demand. This drop in local deformations of exterior first-story columns protected them enough
to allow the columns to survive to the next cycle. Redistributed axial load from the center
column, in addition to local deformation at the top of column A2, caused the shear and axial
failure of column A2. Finally, the entire vertical load was redistributed from the failed
columns on axes A and B to column C1, leading to shear and axial failure of the column and
collapse of the frame. In contrast, lower axial load in column B1 of specimen MCFS allowed it
to deform more gradually and therefore, load was distributed better to the exterior columns
without damaging the beams. Consequently, column C1 failed under higher axial load due to
overturning moment in the positive direction and redistributed load from column B1. Finally,
shear and axial failure of column A1 caused the collapse of the frame.

As discussed in Chapter 4, all first-story joints in specimens MUF and MUFS
experienced shear failure. Nevertheless, joint failure did not cause the collapse of the frames.

While specimen MUF did not collapse even during Test3 with the highest table motion
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amplitude (Figure 5-18a), shear and axial failure of second-story columns of specimen MUFS
resulted in collapse of the specimen (Figure 5-18b). Therefore, comparison of failure modes
for the two specimens suggests that the likelihood of collapse of a frame due to failure of
unconfined joints is lower than collapse due to failure of non-ductile columns. Mechanism that

led to collapse of specimen MUFS was described in Section 4.7.

(b)
Figure 5-18. Comparison of failure modes in Test2; a) specimen MUF; b) specimen MUFS

5.4 Comparison of Test Data

In this section, the following important parameters of the four specimens are compared
for Testl and Test2:

1) Floor acceleration

2) Peak inter-story drift demand

3) Backbone for shear hysteretic response of first-story columns

151



5.4.1 Floor Acceleration

Figure 5-19 compares the acceleration response histories for specimen MCFS and HCFS
during Testl. In contrast to very similar acceleration response histories recorded at table level,
it is observed that the cycles peaked earlier for the stories of specimen HCFS. Given the
similarity of material properties and table demands for the two specimens, differences in
behaviour of the test frames can be attributed to the difference in applied axial load on the
frames (see Table 3-2). While the peak acceleration for specimen HCFS was smaller than
MCES in the first story by 11%, the peak acceleration recorded for the second story of HCFS
was larger by 6%, demonstrating that the upper stories of specimen HCFS experienced higher
acceleration during Testl. Comparison of acceleration response histories for the two
specimens during Test2 also shows that the acceleration in the stories of specimens MCFS and

HCFS were not the same due to differences in the damage patterns and columns axial load.
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Figure 5-19. Comparison of story-level acceleration records for specimens MCFS and
HCEFS, Testl

Although applied axial load on columns of specimens MCFS and MUF and their table
demands were relatively similar, amplitude and phasing of recorded floor accelerations were
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very different (Figure 5-20), potentially due to damage to different structural elements for the
two specimens (columns for specimen MCFS and joints for specimen MUF). Divergence in
acceleration was initiated at 28.1 seconds, where acceleration peaks remained considerably
larger in upper levels of specimen MUF until 28.9 seconds. The maximum recorded floor
acceleration of specimen MUF were lower, where its first and seconds stories experienced
33% and 21% lower acceleration than the corresponding stories of specimen MCEFS,
respectively. Similar observations were made for recorded floor accelerations for specimens

MCFS and MUFS.
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Figure 5-20. Comparison of story-level acceleration records for specimens MCFS and
MUF, Testl

Although the transverse reinforcement ratios for the columns were different for
specimens MUF and MUFS, the acceleration records in the first and second stories of the two
specimens were almost identical during Testl due to their identical geometries and gravity and
lateral load demands (Figure 5-21). Only minor differences were observed for first-story
accelerations recorded between 34.6 to 35.1 seconds. The acceleration records remained very

similar during Test2 up to the point of shear failure of column B2 of specimen MUFS.
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Figure 5-21. Comparison of story-level acceleration records for specimens MUF and
MUFS, Testl

5.4.2 Peak Inter-story Drift Demand

Figure 5-22 and Figure 5-23 demonstrate the peak story drift ratio profiles recorded for
the specimens during Testl and Test2, respectively. It is observed that the peak drift ratios
recorded for the specimens with unconfined joints (specimens MUF and MUFS), were larger
in both directions of Testl (Figure 5-22). Shear damage to first-story joints of these specimens
during Test1 contributed in larger peak drift ratios.

Sequential shear and axial failure of all first-story columns of specimen MCFS caused
collapse of the test frame in the positive direction during Test2, making the peak story drift
ratio for specimen MCEFS the largest amongst the specimens (Figure 5-23b). Large peak drift
ratios were observed in the second stories of specimens MUF and MUFS, in both directions.
Figure 5-23 also shows that specimen MUFS was the only specimen that experienced larger
peak drift ratio in the second story than the first story. As discussed in chapter 4, collapse of
specimen MUFS occurred due to shear and axial failure of second-story columns in Test2.
Therefore, failure of such columns, in addition to damage to first-story joints in Testl,

contributed in larger recorded peak story drift ratio for the second story of specimen MUFS.
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5.4.3 Backbone for Column Shear Hysteretic Response

In this section, backbones for shear hysteretic response of first-story columns of the
specimens are compared. The tri-linear backbone for the column shear hysteresis was obtained
using the story drift ratio at 0.75V,,,, story drift ratio at V,,,, and maximum story drift ratio
(Vmax = maximum recorded column shear). It should be noted that the story drift ratios used for

the backbones shown in this section include deformations due to flexibility of the joints.
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Figure 5-24 compares the backbones for shear hysteretic response of first-story columns
of specimens MCFS and HCFS during Testl and Test2. It is observed that the effective
stiffnesses (up to 0.75V,..), as well as stiffnesses of the second branch of backbones for
corresponding columns from the two specimens remained relatively similar in Testl.
However, Figure 5-24b shows that the degradation of shear resistance was more severe during

Test2 for column B1 of specimen HCFS, potentially due to the higher axial load.
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Figure 5-24. Comparison of shear strength backbone for first-story columns of specimens
MCFS and HCFS; a) Testl; b) Test2
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Comparison of shear backbones for first-story columns of specimens MCFS and MUF is
shown in Figure 5-25. Not only the effective stiffness, but also the stiffnesses of the second
branch of the backbones were lower, particularly for the exterior columns of specimen MUF
during Testl. Although the MUF specimen did not collapse in Testl, the stiffnesses were
reduced even more during Test2. It is observed that shear in the columns of specimen MUF
remained lower in both tests, confirming that shear could not be fully developed in first-story

columns of this specimen due to damage to the connecting beam-column joints.
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Figure 5-25. Comparison of shear strength backbone for first-story columns of specimens
MCFS and MUF; a) Testl; b) Test2
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Backbones for shear hysteretic response of first-story columns of specimens MUF and
MUEFS during Testl and Test2 are compared in Figure 5-26. With the exception for column
A1 during Testl, effective stiffness and other branches of the backbones for the corresponding
columns from the two specimens remained relatively similar during Testl and Test2. As shear
hysteretic response of first-story columns were influenced by the shear damage of first-story
joints, such similarities suggest that the damage to first-story joints of the two specimens were

comparable and significantly influenced the stiffness of the frames.
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Figure 5-26. Comparison of shear strength backbone for first-story columns of specimens
MUF and MUFS; a) Testl; b) Test2
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5.5 Effect of Axial Load on Key Parameters of Columns

Influence of axial load on drift ratio demands, effective and secant stiffnesses, response

of columns before and after axial failure, and differences between drifts at shear and axial

failure of columns are studied in this section.

5.5.1 Story Drift Ratio at Maximum Recorded Shear Strength

Figure 5-27 demonstrates inter-story drift ratio recorded at the point of maximum shear
versus corresponding axial load for first-story columns of the four specimens. It is observed
that the trend of drift ratios decreased for higher axial loads during both tests. However, as the

columns were damaged during Test2, the influence of axial load on the drift ratios was reduced

(Figure 5-27b).
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5.5.2 Effect of Axial Load on Column Effective Stiffness

As defined in Chapter 4, the effective stiffness was obtained as the ratio of 0.75V,,,,, and
the corresponding drift ratio. Since the drift ratio is influenced by the flexibility of the frame,
this effective stiffness is expected to be lower than that for the column alone. Results from the
analytical models for the studied specimens but with rigid beams and joints (representing
columns with fixed-ends condition) are compared with the results from the models with the
actual stiffness of the beams (representing columns with end rotation) in Chapter 6. As it is
demonstrated in Section 6.3.2.1, the contribution of beam flexibility and joint rotation in
lateral displacement of first-story columns are less than 5% and 15% for the middle and
exterior columns, respectively. It is observed that the influence of frame flexibility on drift of
center column was not significant and therefore, using story drift ratio instead of column drift
ratio for calculating the effective stiffness of that column is a reasonable assumption.
However, such assumption may not be as valid for the exterior columns and the results should
be interpreted with caution. Values for the middle column of the specimens are distinguished
with hollow markers in Figure 5-28 to Figure 5-31. A detailed discussion on effective stiffness
of columns in reinforced concrete frames can be found in Chapter 7 (Section 7.5.1).

Figure 5-28 demonstrates the influence of axial load on effective stiffness of the
columns. Although the calculated stiffness for the columns for Test2, (Figure 5-28b), does not
represent the actual effective stiffness of the undamaged specimen, it still demonstrates the
frame resistance to lateral demands during Test2. While effective stiffnesses of the columns
were increased due to higher axial load, comparison of Figure 5-28a and Figure 5-28b
demonstrates that the sensitivity of stiffness to axial load is reduced when the columns and

joints are damaged.
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Figure 5-28. Effect of axial load on effective stiffness; a) Testl; b) Test2

Figure 5-29 compares the effective stiffnesses for first-story columns, El.g; expressed as
a fraction of the gross-section stiffness, El,, with suggested values from ACI318-08 (ACI,
2008) and ASCE41 (ASCE, 2008). ACI 318-08 provides three options for estimating member
stiffnesses: (a) 0.5E1, for all members; (b) 0.35E1, for flexural members with P< 0.144/". and
0.7E1, for compression members with P>0.14,/":; or (c) as determined by “a more detailed
analysis considering the reduced stiffness of all members under the loading conditions”. Figure
5-29 compares options (a) and (b) with the measured effective stiffnesses of first-story
columns of the four specimens. It is observed that option (a) overestimates the effective
stiffness of the columns, particularly those with lower axial loads. Option (b) also
overestimates the stiffness for the columns, especially for the columns with higher axial load.
The figure also includes the evaluation of the effective stiffness model suggested by ASCE-41.

According to ASCE-41, the effective stiffness of a column should be obtained from:
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EIeff _ P
0.3 S—Elg =0.2 +Agf£

<0.7 (5.1)

where P is the axial load due to design gravity load (positive in compression), A, 1S gross
cross-sectional area of the column, and /. is the compressive strength of concrete. Although
Equation 5.1 provides a better estimate of the measured effective stiffness, Figure 5-29
demonstrates that even the model from ASCE-41 overestimates the effective stiffnesses of

first-story columns of the four specimens.
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Figure 5-29. Comparison of column El4EI, with code suggested ratios for first-story
columns; a) Testl; b) Test2

Elwood and Eberhard (2009), suggested a more detailed equation that includes the

influence of longitudinal bar size, column aspect ratio and axial load on column stiffness:

0.z < Elett _ 045+ 2. 5P/A,f;

<t (5.2)
El;  1+110 (%) &

where d is the nominal diameter of longitudinal bars, D is the diameter of circular column, or
column depth in direction of loading, and « is the shear span of the column. Other parameters

have the same definition as Equation 5.1. Figure 5-30 compares the effective stiffnesses
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calculated using Equations 5.1 and 5.2 with measured effective stiffnesses during Testl. While
effective stiffnesses were significantly overestimated by Equation 5.1, particularly for lower
axial loads (Figure 5-30a), Equation 5.2 better estimated the effective stiffness for the columns

(Figure 5-30b).
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Figure 5-30. Comparison of calculated and measured effective stiffnesses in Testl; a)
ASCE-41 model; b) Elwood & Eberhard model

5.5.3 Effect of Axial Load on Column Secant Stiffness at Peak Shear

While initial and effective stiffness can be adopted for the serviceability limit state for a
column, secant stiffness at the point of maximum shear or maximum displacement can be
selected for the ultimate limit state (Priestley et al., 2007). Figure 5-31 compares the secant
stiffness at the peak recorded shear for the columns in the positive direction of Testl and
Test2, showing that the higher axial load increased the secant stiffness at the point of
maximum shear. Although the test frames were damaged during Testl, comparison of Figure
5-31a and Figure 5-31b reveals that the trends of increasing secant stiffness with axial load

remained very similar for the two tests. It should be noted that the selected point (peak shear)
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was the onset of shear failure for first-story columns of specimen MCFS and HCFS during

Test2.
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Figure 5-31. Effect of axial load on column secant stiffness at peak shear for first-story
columns; a) Testl; b) Test2

5.5.4 Effect of Axial Load on Slope of Column Vertical Displacement before and
after Onset of Axial Failure

The effect of axial load on vertical displacement of columns before and after the onset of
axial failure is studied in this section. Figure 5-32 shows a schematic of column hysteretic
response before and after onset of axial failure, comparing the horizontal and vertical
displacement of a column. As demonstrated in Figure 5-32, the slopes before and after the
onset of axial failure are denoted as “a” and “b”, respectively. Figure 5-33 compares the effect
of axial load on slopes a and b, demonstrating that both slopes became steeper for the columns
under higher axial loads. However, comparison of Figure 5-33a and Figure 5-33b reveals that
the influence of axial load on slope b was more significant than slope a. Figure 5-33 also
demonstrates that the degradation of axial load resistance after the onset of axial failure was
more severe for the columns with higher axial load. Based on this observation, it can be

reasonably assumed that all the axial load will be lost instantly once axial failure is initiated
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for columns with high axial load (e.g. 0.54,/°.). Such assumption will make the modeling of
response after onset of axial failure easier as there will be no need to define a relationship path
for axial load and drift. It should be noted that very sudden loss of axial load can result in
dynamic amplification of gravity load during load distribution and must be taken into account

in modeling process (Matthews, 2007).
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Figure 5-32. Schematic of slope of vertical displacement before and after axial failure
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Figure 5-33. Influence of axial load on slopes “a” and “b” defined in Figure 5-32, Test2;
a) pre-axial failure; b) post-axial failure

165



5.5.5 Effect of Axial Load on Story Drift Ratio at Onset of Axial Failure

Figure 5-34 compares the drift ratios at point of axial failure for the columns that failed
in Test2. The drift ratios for these columns were also compared with the calculated drift ratios
using the axial capacity model (Equation 2.2). It is observed that there is a significant
difference between the curve suggested by Equation 2.2 and the drift ratio at the onset of axial
failure for columns A2 and C1 of specimen HCFS. As discussed in Section 4.5, column A2 of
specimen HCFS experienced shear and axial failure due to excessive local rotation demand at
the top of the column. Therefore, the drift-based model from Equation 2.2 could not capture
the point of axial failure of the column. Failure of column C1, on the other hand, resulted from
large axial load redistributed from columns on axes A and B and instability of the frame after
axial failure of two columns in the three-column frame. It is also observed that Equation 2.2
could not predict the point of axial failure of columns Al from specimen MCFS and column
C2 from specimen MUFS. Similar to column C1 of specimen HCFS, these columns were the
last columns in their specimens that experienced axial failure before collapse of the frame and
therefore, their drift ratios at axial failure were influenced by the instability of the system and
may not be suitable for evaluation of the axial capacity model.

It is observed that the model adequately predicted the drift ratios for axial failure of
columns with lower axial load. However, the drift ratio for axial failure of column B1 of
specimen HCFS, with higher axial load, was noticeably under-estimated. The slope of the
curve should be adjusted to better fit the points for higher axial load. As discussed in Section
2.3.2, Equation 2.2 was developed based on static tests of single columns. Additional data
points from dynamic tests are required to properly evaluate the model for predicting the onset

of axial failure for columns and particularly columns with higher axial loads.
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Figure 5-34. Effect of axial load on drift ratio at onset of axial failure

5.5.6 Effect of Axial Load on Closeness of Drift Ratio at Onsets of Shear and Axial
Failure

The difference between the drift ratios at the points of shear and axial failure of a
column depends on several factors including transverse reinforcement ratio, material
properties, axial load, etc. In this section, effect of axial load on proximity of the onsets of
shear and axial failure for non-ductile columns is studied. Figure 5-35 compares the drift ratios
at the onsets of shear and axial failure for column B1 of specimens MCFS and HCFS. Column
B1 was the first column in both specimens that failed under lateral and axial demand in the
same cycle. Failure of other columns in the aforementioned specimens as well as test frame
MUEFS occurred either due to local rotation demands or concentration of load on the column
right before the frame collapse and therefore, were not selected for this comparison. As the
axial loads on center column of specimens MCFS and HCFS were relatively high (greater than
0.254,f.’), drift ratios from another shaking table test, done in National Center for Research on
Earthquake Engineering (NCREE) in 2005 are included in Figure 5-35. Details and results

from this test can be found in the companion papers by Wu et al. (2009) and Yavari et al.
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(2009). Material properties and transverse reinforcement of the selected column from the 2005
Test was comparable to column B1 of specimen MCFS and HCFS. Figure 5-35 demonstrates
that for higher axial loads, the drift ratios at the onsets of shear and axial failure became closer
together. This has particular importance in developing analytical models for predicting the
points of shear and axial failure and building collapse. Such models must precisely predict the
onsets of shear and axial failure for a column with high axial load, otherwise, the behaviour of
the column may not be captured correctly (See Figure 6-24 for sensitivity of the analysis

results to changes in the point of shear failure).
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Figure 5-35. Effect of axial load on distance between drift ratios at onsets of shear and
axial failure

5.6 Column Chord Rotation versus Drift Ratio

As shown in Chapter 4, inelastic deformation demands can be different at opposite ends
of a column due to different boundary conditions and loadings. Story drift ratio is widely used

in practice representing the lateral deformation demands on columns and many of the models
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previously derived [Pujol et al. (1999); Kato and Ohnishi (2002); Elwood and Moehle (2005)]
relate lateral drift ratio at shear and axial failure to various parameters. These models were
derived empirically from reversed-cyclic tests of columns mostly with fixed-fixed end
conditions. However, due to flexibility of the beams and rotation of beam-column joints in a
real frame building, story drift ratio includes the deformation demands on the connecting joint
in addition to the deformation demands on the column. An alternative approach is to employ
plastic rotations at the column ends instead of drift ratio, the same approach taken by ASCE-
41 (2008). Since measuring the plastic end rotations was extremely difficult during the shaking
table tests, column chord rotation was selected for this study instead. Chord rotation for top-
end of each of first-story columns was obtained by adjusting the drift ratio using the rotation of
the connecting joint, measured by means of additional string potentiometers (see Appendix
Section B.3 for details of instrumentation). Definition of chord rotation was shown in Figure
4-18 in Section 4.4. Figure 5-36 compares the chord rotation at top-end and drift ratio for first-
story columns at the point of maximum story drift ratio in the positive direction of Testl. It is
observed that while the drift ratios remained relatively similar for the columns of each
specimen, the recorded chord rotations at top-end were different for the columns of each test
frame. Comparison of Figure 5-36a and Figure 5-36b demonstrates that the trends for peak
drift ratios of first-story columns of specimens MCFS and HCFS remained comparable.
Similarly, the trends for top-end chord rotation of the corresponding columns from these two
specimens were almost equal (slope of 10-12%). It is observed that most of the columns with
higher axial load had higher chord rotation compared to the other columns in the same frame;

however, such conclusion could not be generalized to columns from different specimens.
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Comparison of Figure 5-36a with Figure 5-36¢ and Figure 5-36d demonstrates that the
trends for top-end chord rotation of columns from specimens MUF and MUFS were
considerably flatter than specimen MCFS. However, such difference was not observed in the
trends for their drift ratios. Since the unconfined joints of specimens MUF and MUFS were
damaged before reaching the peak first-story drift ratio, the difference between chord rotations
and drift ratios became more noticeable due to the high contribution of joint rotations to the
measured drift ratios. It is also observed that for specimens MUF and MUFS that the
difference between top-end chord rotation and drift ratio for columns with lower axial load
was larger than that for columns with higher axial loads. Nevertheless, influence of the
location of the column and its connecting joint must also be taken into account. While the
center column of all the specimens experienced the highest axial load, the rotation of the center
joint was the lowest due to symmetry and balance of the connecting elements deformations.
Therefore, the top-end chord rotation for the center joint was closer to drift ratio comparing to
the exterior joints of the specimens.

While chord rotation becomes equal to drift ratio for columns with fixed-fixed end
condition, the above discussion on Figure 5-36 suggests that column chord rotation may be a
better parameter compared to story drift ratio for assessing the lateral demand on columns of a
moment frame. It is essential to use chord rotation for measuring the lateral demands on
columns in the frames with unconfined joints and this becomes even more critical for the

columns with lower axial load.
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CHAPTER 6. ANALYSIS OF SHAKING TABLE
TEST SPECIMENS

6.1 Introduction

This Chapter describes analytical models for the shaking table test specimens developed
using OpenSEES, a finite-element analysis platform designed for earthquake engineering
simulation (OpenSEES, 2009). The models presented herein will attempt to reproduce the
observed response of the shaking table tests described in Chapters 3 and 4. The goal is to
evaluate the ability of the models to simulate the hysteretic behaviour of the specimen
components and to estimate the vertical and lateral deformation of the elements. The models
are also assessed for their ability to capture the initiation of shear and axial-strength

degradation of the structural members and failure mode of the test frames.

6.2 Description of the Analytical Models

This section describes the analytical models for the test frame components, loading, and
other modeling parameters. The analytical models described in this section are relatively

complex models with nonlinear fibre elements to represent the columns and springs-in-series
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at the ends of columns and beams simulating bar-slip, shear, and axial strength degradation for
non-ductile columns of specimens MCFS, HCFS, and MUFS, and joint rotation for unconfined
joints of specimens MUF and MUFS. Figure 6-1 shows the layout of the nodes and elements
for the models. Comparison of the results from the analyses and data from the shaking table
tests reveals the level of accuracy of simulating the behaviour of the frames using such
detailed models. Less sophisticated models are described in Chapter 7, showing the advantages

and limitations of such models in assessing the behaviour of non-ductile concrete frames.
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Figure 6-1. Model of shaking table specimens MCFS and HCFS.

6.2.1 Footing and Beam Elements

Considering the heavy reinforcement and substantial dimensions of the footings, they
were modeled as elastic members. The force transducers and their connections to the table and
footings were designed with a high stiffness such that they could be considered to provide a
fixed-end condition to each end of the footing element. However, to observe the effect of

modeling the force transducers (load cells) on flexibility of the system, results from two
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models, with and without elastic members for load cells, were compared. The results were
similar with high precision, and therefore load cells were not included in the models presented
in this chapter.

The beams did not exhibit a significant degree of nonlinearity during testing; therefore,
for computational efficiency, they were modeled as elastic with lumped plasticity rotational
springs at the face of the joints to account for possible yielding of longitudinal reinforcement
and deformations due to bar slip. The bi-linear idealization of the moment-curvature
relationships for the positive and negative bending directions is shown in Figure 6-2. Cross-
section analysis program XTRACT (Imbsen, 2002) was employed to obtain the moment-
curvature relationships for the beams, using a tri-linear model for steel bars with strain
hardening and Mander’s model (Mander et al., 1988) for concrete. Based on the results of the
moment curvature analysis, yield moments were estimated at 97.9 kN-m and 55.4 kN-m for
first- and second-story beams, respectively. The effective flexural stiffness for the beam,
Elpjer, was estimated from moment-curvature analysis as 0.4E1,,,, Where E is the concrete
modulus of elasticity and Iy, 1s the gross section moment of inertia. The asymmetric beam
section resulted in different yield moments and effective stiffnesses in the positive and
negative bending directions. However, due to the similar top and bottom reinforcement the
effective flexural stiffnesses in the positive and negative directions of bending were relatively
close. The stiffnesses in the two bending directions were averaged to determine Elypg... Beam
discretization had little effect on the computed overall response of the frame; therefore, beams
were discretized into four elastic sub-elements. The connecting nodes were used to apply

masses from the gravity load on the beams.
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Figure 6-2. Moment-curvature relationship for first-story beams.

6.2.2 Joint Elements

As described in Chapter 3 and 4, joints in specimens MCFS and HCFS were well-
confined by transverse beam stubs and additional hoops in the joints. Therefore the joints of
these two specimens were modeled using rigid elements (see Figure 6-1). Tests [(Bonacci and
Pantazopoulou, 1993), (Lowes and Altoontash, 2003)] have shown that even joints with
confinement from transverse reinforcement, can undergo appreciable deformations, especially
when structures are pushed to higher drifts (i.e 4.0% drift ratio). However, these observations
were based on results from cyclic testing of 2D beam-column joints with two exposed faces. A
study by Kitayama et al. (1991) shows that transverse beams significantly increase the joint
shear strength. The increase is partially attributed to the confinement by the longitudinal
reinforcement in the transverse beams. Considering the transverse beams in specimens MCFS
and HCFS that provided confinement on all faces of the joints and negligible joint
deformations observed during testing these specimens (see Chapter 4, Section 4.4), rigid

elements were selected for modeling the joints of these two frames.
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In contrast to specimens MCFS and HCFS, first-story joints in specimens MUF and
MUFS were designed and constructed without hoops and a transverse beam on only one side
to observe joint damage during testing (see Chapter 3, Section 3.2). Therefore, joints were
modeled differently for these two specimens, where the joint shear deformation was modeled
using a rotational spring model (scissors model) with a degrading hysteresis (Alath and
Kunnath, 1995). Considering the scissors model, the free body forces for the joint panel are
shown in Figure 6-3, where M} and MR are the beam moments, while V£ and V;} are beam
shear at the joint face (superscripts L and R refer to left and right, respectively). M} and M5
are column moments, V. is column shear, and P" and P? are the axial loads from the

connecting columns (superscripts T and B refer to top and bottom columns, respectively).
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Figure 6-3. The free-body diagram of the scissors model (Alath and Kunnath, 1995)

Based on the study by Alath and Kunnath (1995), the moment at the rotational spring
can be expressed in terms of the joint shear stress and sectional dimensions as follows:

From the free-body diagram shown in Figure 6-3, the joint shear can be obtained as:

Mj Mg L om |l —b; Ly
Vj—j—d+j—d—VC—(Vb+Vb)[ Z]d _ZLC] (61)
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where b; is the width of the joint panel, L, is the total length of the left and right beams,
jd 1is the internal moment arm in the beam, and L. is the total length of the top and bottom

columns. Then, the joint shear stress, 7;, is calculated as:
(6.2)

where 4; is the area of the joint. The moment at the rotational spring (Figure 6-3) can be

obtained from the shear forces in the beams:

Ly
M; = (Vy+Vp) - (6.3)
Finally, from Equations 6.1 to 6.3, the moment at the rotational spring can be expressed as:

1
M; =T A;p —m—
J g — b /Ly,

6.4

1 (6.4)
jd L

The relative rotation of the two rigid links, shown in Figure 6-3, represents the

deformation of the joint panel, and therefore, the rotation of the spring, 6;, is equal to the joint

shear strain, y;, assuming flexural deformations in the joint are negligible:

Equations 6.4 and 6.5 were used to convert the joint shear stress-strain relationship into
the M-6 relationship for the scissors model. Such constitutive relationship for the panel zone
was implemented in the analytical model by defining a backbone curve and hysteresis rule for
the cyclic response. Based on experimental test results in the literature (see Chapter2, Section
2.4), a degrading backbone with highly pinched hysteretic behaviour was expected for beam-
column joints. Therefore, Pinching4 material, available in OpenSees with a multi-linear

envelope and tri-linear cyclic path, was used to define the joint rotational spring. A complete
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description of Pinching4 material can be found in the study by Lowes et al. (2003). Data from
a collection of joint tests (Celik and Ellingwood, 2008) were used in defining the backbone of

the panel zone for the beam-column joints of specimens MUF and MUFS.

6.2.3 Column Elements

All columns were modeled using force-based fibre beam-column elements with five
integration points and two zero-length elements located at the top and bottom of the beam-
column elements. A zero-length element is defined by two nodes at the same location. The
nodes are connected by multiple material objects to represent the force-deformation
relationship for the element. The top zero-length elements for the columns included shear and
axial springs whose behaviour were defined by LimitState material models described in
Chapter 2. The limit curve for the shear spring was defined using the empirical drift capacity
model from Section 2.3.1 (Equation 2.1), and the limit curve for the axial spring was defined
by the axial failure model from Section 2.3.2 (Equation 2.2). The initial slope for the shear
spring (the slope of the pre-failure backbone from Figure 2-5) was chosen as 2.6 MN/m based
on the shear stiffness of the uncracked column (GA4,/L, where effective shear area, 4,, is
approximated by (5/6)A4,, L is the length of the column, and G=E/(2(1+v)) is the modulus of
rigidity in which E is the modulus of elasticity (E= 4700\/",) and v is the Poisson ratio for
concrete. The initial slope for the axial spring (the slope of the pre-failure backbone from
Figure 2-6) was selected as 100 times stiffer than the axial stiffness of the column to ensure
that no additional axial flexibility was introduced into the model. Rigid shear and axial
springs, with negligible deformations, were incorporated in the zero-length elements at the

base of the columns.

178



Position of shear and axial limit curves significantly influences the response of a test
frame estimated by the analytical model. As discussed in Chapter 5 (Section 5.5.6), higher
axial load on a column forces the drift ratios at shear and axial failure to be closer together.
Figure 6-4 compares the gap between the drifts at the point of shear failure and the axial limit
curve, calculated using the above-mentioned models for specimen MCFS and a one-story
shaking table test specimen with lower axial load that was tested in 2005 (Wu et al., 2009).
Details of the one-story test specimen (2005 Test), specifications of its columns, which were
relatively similar to specimen MCFS, and results from modeling the test frame can be seen in
the study by Yavari et al. (2009). It is observed that while the gap between the calculated drifts
at shear and axial failure was large for the one-story specimen (2005 Test), such drifts became
very close for specimen MCFS. Therefore, the analyses for the specimens with non-ductile
columns (specimens MCFS, HCFS, and MUFS) are very sensitive to the position of shear and
axial limits curves. As will be discussed later in this chapter, limit curves were slightly shifted

for these specimens in order to simulate the observed behaviour of the columns.
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Figure 6-4. Comparison of drifts at onset of shear and axial failure, specimen MCFS and
2005 Test
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Section forces (moment and axial load) at integration points of the beam-column elements
were determined in OpenSEES by interpolation of the element end forces and integration of
the resulting section deformations (curvatures and axial strains) over the length of the element
to determine the element end deformations (rotations and axial lengthening). By capturing the
moment-axial load interaction, the fibre elements are able to model the axial lengthening of the
columns resulting from lateral displacements. A complete description of nonlinear fibre beam-
column elements can be found in the study by Spacone et al. (1996a, 1996b). For the
development of the specific force-based nonlinear beam-column element available in

OpenSEES, and used for analyses here, refer to the study by de Souza (2000).

The column cross-section was subdivided into concrete and steel fibres at each section.
The concrete model “Concrete01” from OpenSEES, with a compressive strength equal to the
test day cylinder strength, was used to define the response of concrete fibres for all frames.
The assumed constitutive relationships for concrete and steel longitudinal reinforcement used
in the column models for specimen MCFS are shown in Figure 6-5, where the tensile capacity
of concrete was ignored. Similar constitutive relationships for concrete and steel, but with
different maximum strengths were considered for the other three specimens. Figure 6-5a
demonstrates the stress-strain relationship for the cover concrete with spalling. As
demonstrated in Chapter 4, minor spalling was observed at the ends of the columns during
Testl. Study by Yavari et al. (2009) shows that ignoring the limited spalling of cover concrete
in the analytical model eliminates the localization of curvature at the ends of force-based
nonlinear beam-column elements, leading to a better simulation of their behaviour by the
OpenSEES analytical model. Therefore, spalling of the cover concrete was ignored (Figure

6-5b). It should be noted that such stress-strain relationship was used to overcome the
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unrealistic localization of flexural deformations at the column element ends and was not
intended to represent the actual constitutive model for unconfined concrete. Although columns
in the specimens (except MUF) were not well-confined, the light transverse reinforcement
resulted in a slightly higher concrete strength in the core concrete compared to the concrete
cylinder tests. The concrete constitutive relationship used for the confined core of all the
columns was obtained according to the model by Mander et al. (1988). Figure 6-5¢ shows the
stress-strain relationship used for the concrete core of non-ductile columns in specimens
MCEFS.

The reinforcing steel material for the columns was modeled using a hysteretic material
with tri-linear backbone (Figure 6-5d). Amongst the available steel models in OpenSEES,
Clough-type hysteretic steel model provided a better estimate of the measured response of the
whole column, and therefore, this material model was used for the analyses presented in this

chapter.
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Figure 6-5. Stress-strain relationships used in modeling; a) unconfined cover concrete
with spalling; b) unconfined cover concrete, spalling ignored; c) confined
concrete; d) Clough-type hysteretic steel model for column longitudinal
reinforcement

6.2.4 Modeling of Bar-slip for Beams and Columns

To account for the flexibility due to slip of the longitudinal reinforcing bars, elastic
rotational slip springs, with rotational stiffness recommended by Elwood and Eberhard (2009),
were included in zero-length elements at both ends of columns and beams. The bond stresses
developed in the joints and footings were assumed to be identical in this analytical model.

Elwood and Eberhard suggested that the rotational stiffness of the slip spring, K;,, can be
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determined by assuming a constant bond stress of u along the longitudinal reinforcement
within the joint and footing and calculating the rotation at the end of the element due to

elongation of the bars within the joint or footing:

8u
Kslip = mElﬂex (6.6)

where d, 1s the nominal diameter of the longitudinal reinforcement, Elg,, is effective flexural
rigidity obtained from the moment-curvature analysis of the column section, and the stress in
the longitudinal reinforcement (f;) can be taken as equal to the yield stress (f,) for columns

with low axial loads. Studies by Melek et al. (2003), and Sezen and Setzler (2008) suggested

an average bond stress of 0.95\/76' (in MPa units) for columns, while Sozen and Moehle

(1990) calculated a mean average bond strength of 0.83\/76' (in MPa units) from testing 35

beams under monotonic loading. The aforementioned bond stresses were considered for the
columns and beams, respectively, in the current study to obtain the rotational stiffness for slip

springs using Equation (6.3).

6.2.5 Load Model

The dead loads were applied at beam and column nodes as shown in Figure 6-1 based on
the measured weight of the lead packets and attached steel components and the calculated
weight of the beams and columns. The mass matrix included lumped masses for horizontal and
vertical degrees of freedom at the beam nodes. This allowed for applying the mass of the
inertial-mass-wagons (see Chapter 3) to the top node of center column in horizontal direction
without influencing the mass matrix in vertical direction. Frame self-weight masses were

distributed across all nodes in the model according to the tributary mass of each node. To
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avoid numerical convergence issues related to massless nodes, negligible mass was assigned to
those nodes.

Both horizontal and vertical components of the pre-stress forces applied to the columns
by the hydraulic jacks were applied to the top nodes of second-story columns. The components
of the pre-stress force were determined using the recorded pre-stress force from the top load
cells and the measured relative displacement at the top level of the frames. As discussed
earlier, the pre-stress force on the columns varied during the tests; therefore, the force

components were applied as a time-variant force series during each test.

6.2.6 Other Modeling Parameters

By using mass-proportional damping, the equivalent viscous damping was set at 3% of
critical for the measured fundamental mode of vibration for frames MCFS, HCFS, and MUFS.
Stiffness-proportional damping could not be used in the model for these specimens due to
unrealistically large damping forces at the node connecting the springs to the beam-column
element. Study by Elwood and Moehle (2008) showed that such excessive damping forces
were resulted from the large velocity caused by the sudden change in response at shear and
axial failure of the zero-length springs. Since no mass was modeled at this node, the increase
in velocity did not influence the mass-proportional damping forces. Stiffness-proportional
damping, which reduces the influence of higher modes, was not a significant concern for the
modeling of the specimens because the first mode was the dominant response for the
specimens due to the large inertial-mass concentrated at the top of the specimens.

Since shear and axial springs were not included in the model for specimen MUF,
damping for the specimen was modeled with constant coefficients for stiffness and mass
proportional Rayleigh damping, given a damping ratio of 3% of critical at the first and second
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“initial” elastic modes of vibration of the structure (T1=0.29 sec, T2=0.07sec). Since the first
mode was dominant for the specimen, no significant difference in the results was observed by
changing the Rayleigh to mass-proportional damping. P-delta effects were included in the
column-element formulation to account for nonlinear geometric effects, which may be
significant at anticipated maximum drift levels.

In order to eliminate the influence of shaking table parameters on the input motion, the
recorded table motions during the tests were used for the analyses. Similar to the experimental
tests, the analytical models were subjected to the sequential table motions to include the

residual deformations from each preceding test.

6.3 Assessment of Analytical Models

This section will evaluate the ability of the analytical models described in Section 6.2 to
reproduce the observed response of the specimens as described in Chapter 4. While Section
6.3.1 discusses the results from static pushover analysis of specimen MCFS, Sections 6.3.2
through 6.3.5 compare the data from the experimental tests with the results from
corresponding analyses for the four specimens. Lateral and vertical behaviour of the frames
and their structural components subjected to the sequence of table motions (see Table 3-3) are
studied here. The models were subjected to the table motion from the Half-Yield Test,
followed by table motions from Testl and Test2 (and Test3 for specimen MUF). However,
since the table motion from Half-Yield Test did not have a significant impact on the frame

behaviour, only results from Testl and Test2 are presented in the following sections.
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6.3.1 Static Pushover Analysis

Static nonlinear analyses are widely used by practicing engineers to evaluate the
capacity of structures subjected to ground motions. Static monotonic analysis (pushover) for
specimen MCEFS is presented in this section to demonstrate the response of the columns under
a simplified loading condition. The analysis was performed by linearly increasing horizontal
displacements imposed to the stories at beam levels. The pattern along the height of the
specimen was based on the first mode of the frame obtained from the test data and an
anticipated maximum second floor displacement of 150 mm (or a frame drift of 4.8%).

Figure 6-6 compares the hysteretic response of first-story columns of specimen MCFS
during Testl with the response of the columns from the nonlinear static analysis described
above. The thick straight line shows the shear limit curve calculated for the dynamic time-
history analysis (see Section 6.3.2). As discussed in Chapter 3 (Section 3.4.2.2), axial load
varied during the test and the monotonic response shown in Figure 6-6 was calculated using
the initial axial load on the columns. It is observed that all the columns, particularly column
B1, were able to survive slightly larger drift demands before initiation of shear strength
degradation. By changing the axial load on the columns to the maximum axial load recorded
during Testl, it is observed that the onset of shear strength degradation is in excellent
agreement with the limit curves obtained during the dynamic time-history analysis (Figure
6-7). Therefore, the maximum recorded axial load was used for obtaining the results discussed

below.
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Figure 6-6. Shear response of first-story columns of specimen MCFS, monotonic analysis
under initial axial load
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Figure 6-7. Shear response of first-story columns of specimen MCFS, monotonic analysis
under peak axial load

Figure 6-8 compares the base shear hysteretic response of specimen MCFS with the
overall behaviour estimated by nonlinear static (pushover) analysis for Testl and Test2. Since
the pushover shear backbone was obtained assuming undamaged members, it is observed that
the backbone stiffness was higher than the stiffness obtained for the specimen in Test2, where
damage from Testl lowered the lateral stiffness of the frame. However, the analytical model
was able to capture the base shear degradation reasonably well. The analysis was terminated

due to non-convergence issue after the axial failure of column B1 was detected.
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Figure 6-8. Base shear response of specimen MCFS, monotonic analysis, Testl and Test2

Drift of a column caused by lateral load can be decomposed into the displacement
components due to flexure, shear and bar slip (Priestley et al., 1996, Lehman and Moechle,

1998, Berry and Eberhard, 2007).

A= Aslip‘*'Aﬂex_i'Ashear (67)

Shear response of column B1 was plotted versus slip, flexural, and shear components of
the column drift in Figure 6-9, demonstrating the behaviour of the non-ductile column model
used in the analyses presented in this chapter. While the slip component of drift was extracted
from the linear slip springs attached to the top and bottom of the column, the flexural
component was based on the horizontal displacement of the column nonlinear fibre element.
The shear component was based on the displacement of the shear spring in the zero-length
element at the top of the column element. It is observed that, before the onset of shear failure,
the total response of the column was dominated by the flexural displacement. Reaching the
drift at onset of shear failure, the shear spring strength was degraded and forced the fibre
element to unload, which resulted in less flexural displacement and higher shear

displacements.
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Figure 6-9. Components of drift ratio for column B1, monotonic analysis

As discussed in Chapter 3, it was of interest to investigate the influence of frame
flexibility on redistribution of load in the columns and their deformations. While such complex
interaction is dependent on several parameters, a simple approach was taken here to estimate
the contribution of beam flexibility and rotation of the joints in lateral displacement of first-
story columns of the specimens. In order to eliminate the effect of frame damage, the
displacement corresponding to the point of 0.75V,,,. was selected. This is the point at which
the effective stiffnesses of the columns were calculated. At first, drift at 0.75V ..., denoted as
Ayoral, Was recorded for the columns of the model described earlier for specimen MCFS, where
the beams had the stiffness similar to that observed during the experiment. In the next step,
properties of the beams altered to make them rigid and the drift at 0.75V,,,4., denoted as Aconmn,
was recorded for the columns. The difference between the lateral displacements obtained from
the two models demonstrates the contribution of the flexibility of the connecting elements in
column lateral deformation.

Figure 6-10 demonstrates the deformation of the two frame models with; a) flexible
beams, and; b) rigid beams. Table 6-1 compares the drift ratios of first-story columns from the
two models at 0.75V,,,. It is observed that the contribution of frame flexibility in deformation
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of column B1 was minor and therefore, considering story lateral displacement instead of
column displacement for obtaining the column effective stiffness can be a reasonable
assumption. Table 6-2 compares the lateral displacements of first-story columns of the
analytical model for specimen MUFS, showing a slightly higher contribution of frame

flexibility due to minor deformation of unconfined joints at the point of 0.75V .

Table 6-1. Influence of joint rotation on lateral displacement of first story at 0.75V .,

column

(b)

Figure 6-10. Lateral deformation of frame with; a) flexible beams; b) rigid beams

specimen MCFS
At point of 0.75V 4« Column Al Column B1 Column C1
Agotat  (mm) 13.2 9.8 12.4
Acolumn (Mmm) 11.5 9.5 10.8
Contribution of fr.ame flexibility in 12.9 31 12.9
column lateral displacement (%)

Table 6-2. Influence of joint rotation on lateral displacement of first story at 0.75V .,

specimen MUFS
At point of 0.75V 4« Column A1l Column B1 Column C1
Atota  (mm) 13.4 9.9 12.6
Acolumn (mm) 11.5 9.5 10.8
Contribution of fr'ame flexibility in 14.1 42 143
column lateral displacement (%)
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6.3.2 Analytical Model of Specimen MCFS

The initial natural period of the analytical model was obtained as 0.29 seconds which
shows an excellent match with the natural period obtained from the White-Noise test (see
Section 4.3). In order to compare the results from the analytical model with the experimental
test results for Testl and Test2, Figure 6-11 through Figure 6-21 plot story and frame drift
ratios, base and column shears, first-story column axial loads, shear hysteretic behaviour of the

columns, and axial load hysteretic behaviour of first-story columns.

6.3.2.1 Comparison of Results for Testl

Figure 6-11 compares the drift ratios from Testl and the analysis. It is observed that the
analytical model adequately captured the drift ratio phasing up to 35 seconds. Despite the
slight over-shooting in some cycles, the model was also able to capture the drift ratio
amplitudes reasonably well, until 34.25 sec. After the peak drift ratio was reached at that time,
the results from analysis and the test data did not show a good match. Figure 6-11 also
demonstrates a significant underestimation of the peak second-story drift ratio by the analytical
model. Consequently, the ratio of first to second-story drift demands was overestimated in the
analysis, resulting in concentration of drift in the first story during Test2 (Section 6.3.2.2). It is
also observed that the analytical model underestimated the drift ratios for the first and second

stories after the peak drift was reached.
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Figure 6-11. Story and frame drift ratio histories (specimen MCFS, Test1)

Figure 6-12 compares shear response histories from the test and analysis for first-story
columns, second story, and the frame base shear, showing a very good agreement between the
analytical and experimental results. The peak base shear was underestimated by only 6%,
while a maximum under-estimation of peak shear of 12% was observed for the column B1.
However, similar to the drift ratio histories (Figure 6-11), the results start to diverge after 35

seconds.
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Figure 6-12. First-story columns, second-story shear and frame base shear histories

(specimen MCFS, Testl)
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Excellent agreement between analysis and experiment was obtained for first-story and
second-story lateral stiffnesses (Figure 6-13). However, such agreement was obtained by
shifting the shear and axial limit curve by 0.01% drift ratio (see Section 6.2.3). While the
original shear limit underestimated the drift at shear failure causing false detection of shear
failure in Testl, shifting the curve by such a small drift ratio allowed for adequate estimation
of the hysteretic response of the columns (Figure 6-13).

The analytical model adequately represented both the initial stiffness as well as softening
for higher amplitude loading for first-story columns. While the yield strength was well-
estimated for column B1, it is observed that the model underestimated the yield strength for
columns Al and C1. Although the analytical model demonstrates a very good match for the
second story initial stiffness, softening in response of second-story columns could not be

captured very well.

100 100 100
Test Data

80 Shear Limit Curve 80 80

= Analysis = //
g 60 Z &0 g 60
§ 40 - 40 - 40
£ 20 % 20 % 20
g 0 g ¢ g 0
c -20 = -20 = -20
5 -40 / 5 40 5 -40
§ -60 8 -60 8 -60
-80 -80 -80
-100 -100 -100

-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
100 100 100
80 80 80
g 60 g 60 g 60
§ 40 § 40 g 40
(e/_-) 20 / 5 20 _(% 20
<FE| 0 - 0 8 0
c -20 ’2 -20 = -20
g -40 E -40 E -40
8 -60 H § -60 74 8 -60
-80 -80 -80
-100 -100 - -100
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
Story Drift Ratio (%9 Story Drift Ratio (%9 Story Drift Ratio (%9

Figure 6-13. Shear hysteretic response of the columns (specimen MCFS, Test1)
194



Figure 6-14 and Figure 6-15 show a very good agreement between analysis and
experiment for the first-story column axial loads. It should be noted that the vertical and
horizontal components of the applied axial load on columns were considered in the analysis
which contributed to the satisfactory match of the results from the test and analysis. Due to
overturning, axial load in the columns varied during the test. Figure 6-16 demonstrates the
variation in axial load in the columns due to overturning which was obtained as the difference
between the axial load at the base of first-story columns and the applied axial load due to pre-
stressing the columns. As expected, the effect of overturning was more significant for the
exterior columns. The maximum difference was observed for column C1 at 34.25 seconds,

where the peak drift ratio was recorded for first-story columns of specimen MCFS.
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Figure 6-14. Axial load history response of first-story columns (specimen MCFS, Test1)
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6.3.2.2 Comparison of Results for Test2

Figure 6-17 through Figure 6-21 compare analytical and experimental model results for
representative response quantities. Excluding the drift ratio response between 29 and 30.5
seconds, Figure 6-17 demonstrates a very good agreement between results from Test2 and the
analysis. The analytical model was also able to capture the concentration of drifts in the first
story and the cycle in which the frame collapsed. Similar observations are achieved by

comparing the shear responses (Figure 6-18 and Figure 6-19).
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Figure 6-17. Story and frame drift ratio histories (specimen MCFS, Test2)

197



T

TestData||
Analysis []

Column A1
Shear (kN)
NN
QOO
==
=

| %

Column B1
Shear (kN)
PN
eleole]
-
=
s

Column C1
Shear (kN)
NN
QOO
%r

24 26 28 30 32 34

36 38

40

42

44

46

48

Second-Story
Shear (kN)
& _ o
eNeNe)
=

s v,

Base Shear (kN)

24 26 28 30 32 34

36 38
Time(sec)

40

42

44

46

48

Figure 6-18. First-story columns and frame base shear histories (specimen MCFS, Test2)

198



Comparison of shear hysteretic response of the columns (Figure 6-19) illustrates that not
only did the analytical model adequately capture the stiffness of the columns, but the onset of
shear strength degradation of first-story columns was also well-estimated using the shear limit
curve described in Section 2.3.1 with the slight shift mentioned earlier in Section 6.3.2.1. It is
observed in the test data that softening of stiffness of the first-story columns increased the drift
ratio demand in the negative direction relative to the analysis results (see red circles in Figure
6-19). The underestimation of drift demands in the negative direction appears to have
contributed to lower shear demands and an overestimation of drift at shear failure in the
positive direction in the next cycle (0.3% and 0.2% for columns B1 and C1, respectively) since
the shear limit-curve allows for larger drift capacities at lower shear demands. Consequently,
the strength degradation happened in smaller drift ratio in the following cycle. Such behaviour
was not captured in the analysis and therefore, strength peaks were recorded with 0.3% and
0.2% larger drift ratios for columns Bl and C1, respectively. As shown in Figure 6-20, the
axial loads in columns Bl and C1 were underestimated at the point of peak shear by the
analysis which can also be another source for under-estimation of peak shear for these
columns.

The axial load hysteretic responses of the analytical and experimental models are
compared in Figure 6-21 showing that the onset of axial failure was detected in the analysis at
lower axial loads and larger drift ratios compared with the test results for both columns B1 and
Cl. Employing the axial limit curve model described in Chapter 2, the analytical results
indicate axial failure of column B1 started at a drift ratio of 2.7% and axial load of 348 kN.
However, the test data shows that the rapid loss of the column axial load capacity commenced

at 1.9% drift ratio and axial load of 377 kN. Column C1 was predicted to fail at a drift ratio of
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3.1% and axial load of 288 kN, while the test results demonstrate that the column started to
lose axial capacity at 2.3% drift ratio and axial load of 353 kN. During testing, gravity load
redistribution led to axial load failure of column Al after failure of columns Bl and Cl.
Therefore, it is observed that the failure mode detected by the analytical model was in
agreement with the observed failure mode for specimen MCFS (i.e. shear and axial failure of

all first-story columns, see Section 4.4).
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Figure 6-19. Shear hysteretic response of the columns (specimen MCFS, Test2)
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Figure 6-20. Axial load history response of first-story columns (specimen MCFS, Test2)
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Figure 6-21. Axial load hysteretic response of first-story columns (specimen MCFS, Test2)
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6.3.3 Analytical Model of Specimen HCFS

As discussed in Chapter 3, the only difference between specimens MCFS and HCFS was
the axial load on the columns. Nevertheless, it affected the behaviour of the frames and their
failure modes during the shaking table test. This section presents the behaviour of specimen
HCFS, simulated by the analytical model. Comparison of the results from this section and
Section 6.3.2 reveals the ability of the analytical model to capture the influence of axial load
on behaviour of the studied frame.

The initial natural period of the analytical model was obtained as 0.29 seconds which is
in good agreement with the natural period obtained from the White-Noise test (see

Section 4.3).

6.3.3.1 Comparison of Results for Testl

Figure 6-22 compares the drift ratios from the experimental test and the analysis. Test
results show that while the second-story drift ratio of specimen HCFS peaked at 1.9% at 34.2
seconds in the positive direction, the first story peak drift ratio was 2.5% at 34.5 seconds in the
negative direction. However, it is observed that the analytical model could not capture these
peak drift ratios and underestimated them by 25% and 28%, respectively. Figure 6-22 shows
that the analytical model adequately captured the drift ratio phasing throughout the test, an
improvement over MCFS where a good match was limited to first 35 seconds. The model was
also able to capture the drift ratio amplitudes reasonably well until the peak drift (just past 34
seconds), while analytical model of MCFS over-estimated the drift ratios in some cycles

between 30 and 32 seconds.
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Figure 6-22. Story and frame drift ratio histories (specimen HCFS, Test1)

Figure 6-23 generally demonstrates a good agreement between analytical and
experimental test results for the shear response histories for first-story columns, second story,
and the frame base shear. However, it is observed that the model could not adequately estimate
the shear demand between 33 and 33.8 seconds. Furthermore, experimental test results show
higher shear values for column B1 in the positive direction after 34 seconds. While a positive
residual shear force can be observed in the test results for column B1, negative residual shear
forces were measured for columns Al and CI to maintain equilibrium. Such residual shear

forces and redistribution of shear was not observed in the analysis. Comparison of Figure 6-12
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and Figure 6-23 demonstrates that the analytical model for specimen HCFS was able to

simulate the shear phasing better than the model for specimen MCFS.
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Similar to the analytical model for specimen MCFS, the limit curves had to be shifted to
simulate higher drift capacities to achieve a good match between the analysis and the test data.
Shear hysteretic behaviour of column B1 from the analysis using the original limit curves is
compared with that from the analysis with shifting the limit curves by 0.3% drift ratio in
Figure 6-24. It is observed that the analytical model with the original limit curves detected the
shear failure for column Bl at 1.7% drift ratio (Figure 6-24a), whereas shifting the limits

curves led to much better agreement of the results from the analysis and test data.
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Figure 6-24. Comparison of shear hysteretic behaviour of column B1; a) limit curves
were not shifted; b) limit curves were shifted by 0.3%

Figure 6-25 compares the shear hysteretic response of all the columns from the test data
with the results from the analysis with shifted limit curves. It is observed that the initial
stiffnesses of the stories were adequately captured by the analytical model. Softening of
stiffness of column B1 in specimen HCFS was not as substantial as specimen MCFS (see

Figure 6-13), and the analytical model was able to capture such difference.
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Figure 6-25. Shear hysteretic response of the columns (specimen HCFS, Test1)

Figure 6-26 and Figure 6-27 show a very good agreement between analysis and
experiment for first-story columns axial loads. A divergence from the test data was observed
only from 32.8 to 33.8 seconds. It is observed that the analytical model for specimen HCFS
could capture the axial behaviour of the columns better than the model for specimen MCEFS.
This can be due to the influence of higher applied axial loads on the columns. Total axial load
in the columns were generated by the applied load and the internal load due to overturning
moment and the axial deformation of the columns resulted from lateral movement. The applied
loads on the columns of specimen HCFS were almost twice those for specimen MCFS and
according to Figure 6-28, the axial load due to overturning was about 7% higher for the

exterior columns of specimen HCFS. Therefore, shortening and growth of the columns
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resulted from later movement had lower impact on the total axial loads in the columns of this

specimen.
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Figure 6-28. Variation of axial load on first-story columns due to overturning (specimen

HCFS, Testl)

6.3.3.2 Comparison of Results for Test2

Results from analysis and recorded data from Test2 for representative response quantities
are compared in Figure 6-29 through Figure 6-33. The limit curves used in simulating Testl
resulted in detecting failure of columns B1 and C1 in smaller drift ratios than those observed
in the tests. As discussed in Chapter 2 (Section 2.3), the limit curves for shear and axial
failures were defined based on the results from previous experimental tests. However, Elwood
(2002) demonstrated that standard deviations of 0.9% and 0.5% should be considered for the

shear and axial limit curves, respectively. Therefore, several analyses were carried out in this
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study to obtain the best match with the test data by shifting the limit curves to larger drifts by
0.3% to 0.9%. The best agreement of the results was obtained where the limit curves were
shifted by 0.8%. Figure 6-29 through Figure 6-33 demonstrate the results from such analysis.

Although the drift ratios were not captured as accurately as for Testl, still a good
agreement between results is observed, particularly near the peak drift demands around 34
seconds. The model was also able to capture the concentration of drift demands in the first
story for the large pulse at 34.2 seconds. This is the pulse that caused shear failure of columns
B1 and C1, followed by axial failure of column B1. Comparison of shear responses (Figure
6-30 and Figure 6-31) demonstrates that the analytical model was able to estimate the
maximum recorded shear relatively well. The peak base shear was under-estimated by only 2%
percent, while the largest difference of 18% was observed in the results for column Al.

Shear hysteretic response of the columns are compared in Figure 6-31, illustrating that
the analytical model estimated the stiffness of the columns very well. The onset of shear
degradation was also adequately captured for columns B1 and C1. Similar to the experimental
test data, results from the analytical model detected the failure of column B1 and C1 in shear,
while no major shear degradation was recorded for column Al.

In contrast with the experimental test, the analytical model did not detect the total shear
strength loss for column B1. Furthermore, the analytical model predicted a sharp degradation
of shear strength for column C1 which was not observed during the test. Shear hysteretic
response of second-story columns, predicted by the analytical model, were in relatively good
agreement with the results from the shaking table test. As discussed in Section 4.5, column A2
failed due to excessive local deformation at the top after axial failure of column B1. Failure of

column A2 occurred in a very low drift, which was mostly influenced by the column end
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rotation. Since the analytical model used here was based on total column drift, it was not able
to detect the failure of column A2 at such low drift ratio. Analytical models based on
mechanics of the column element can capture the observed failure mode better than the model

employed in this section. Development of such models should be considered in future work.
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Figure 6-29. Story and frame drift ratio histories (specimen HCFS, Test2)
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Figure 6-30. First-story columns and frame base shear histories (specimen HCFS, Test2)
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Figure 6-31. Shear hysteretic response of the columns (specimen HCFS, Test2)

Axial load history response of first-story columns is shown in Figure 6-32. It is observed
that the model was able to simulate the rapid loss of axial load in the columns at the right time.
Comparison of axial load hysteretic responses of the analytical and experimental models
(Figure 6-33) shows that the onset of axial failure was captured at a smaller axial load but
equal drift ratio for column B1. Employing the axial limit curve model described in Chapter 2,
the analysis results suggested that the axial failure of column B1 started at a drift ratio of 2.6%
and axial load of 537 kN. The test data shows that the rapid loss of the column axial capacity

was also commenced at 2.6% drift but with axial load of 577 kN.
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Onset of axial failure for column C1 was not as obvious as column B1. Axial failure of
column C1 occurred in a very small drift ratio (0.33%) due to load redistribution from columns
A and B, leading to collapse of the frame (see Section 4.5). As discussed in Chapter 2, the
axial limit curve model was not intended to be used for the drift ratios lower than 1%.
Therefore, the model was not able to capture the actual drift ratio for axial failure of column
C1. According to the analysis results, column C1 experienced maximum axial load of 443 kN
at a drift ratio of 2.9%, at which point axial failure was initiated as the response hit the axial
limit curve. The same peak axial load, but at a drift ratio of 2.5%, was recorded during the
shaking table test. While analytical model detected the axial failure of column C1 at 2.9% drift
ratio, Figure 6-32 demonstrates that the column was able to maintain the axial load until time
35.76 seconds of the test when failure of columns A and B forced the collapse of column C1.
This suggests that the detection of axial failure of column C1 by the analytical model at 2.9%
drift ratio (34.22 sec) was not accurate. As mentioned in Chapter 5 (see Section 5.5.6), the
analytical model for columns with high axial load becomes very sensitive to the drift ratios at
onset of shear and axial failure. Furthermore, it was discovered in Section 5.6 that the story
drift ratio may not be a good measurement of demand on a column and can be replaced by
chord rotation of the column. Figure 6-33 demonstrates the validity of such arguments for
column C1. Future research should revise the limit curve model using column plastic hinge or

chord rotation demands instead of story drift ratio.
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Figure 6-32. Axial load history response of first-story columns (specimen HCFS, Test2)

-100

-200

-300

-400

-500

Column Al Axial Load (kN)

-600
-4

Story Drift Ratio (%)

-2

0

2

Column B1 Axial Load (kN)

0

-100

-200

ARA|

-300

-400

-500

J

-600
-4

-2 0

2

Story Drift Ratio (%9

Column C1 Axial Load (kN)

0

-100

-200

-300

-400

-500

-600
-4

TestData
Axial Limit Curve
Analysis

-2 0 2 4
Story Drift Ratio (%9

Figure 6-33. Axial load hysteretic response of first-story columns (specimen HCFS, Test2)

214



6.3.4 Analytical Model of Specimen MUF

As discussed in Chapters 3 and 4, column reinforcement for specimen MUF was
designed such that the failure would be initiated in the joints while the columns remain ductile
during the test. Such behaviour was simulated in the analytical model by removing the shear
and axial springs in the zero-length elements, while the effect of column confinement was
considered by adjusting the material properties for concrete fibres in the column core. To
account for the flexibility due to the joint deformations, the rigid joint elements used in
analytical model for specimen MCFS and HCFS were replaced by rotational springs using
zero-length elements at connecting nodes of beams and columns. The properties of the springs
were based on the scissors model (Alath and Kunnath, 1995) described in Section 6.2.2, where
the shear stress-strain behaviour of the joint was changed to a moment-rotation relationship
using the geometry of the joint panel and connected beam and columns (Equations 6.4 and
6.5).

The initial natural period of the analytical model was obtained as 0.28 seconds which is
relatively close to the natural period obtained from the White-Noise test (see Section 4.3).
Figure 6-34 through Figure 6-43 plot story and frame drift ratios, frame base shear, column
shear, hysteresis of the columns, and axial load history records and hysteretic response of first-

story columns, for Testl and Test2.

6.3.4.1 Comparison of Results for Testl

Figure 6-34 compares the drift ratios from the experimental test and the analysis and
shows the excellent capturing of drift ratios by the analytical model. Although the model

slightly underestimated the amplitudes in some cycles, it was able to adequately detect the drift
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ratios during most of the test. It is observed that the peak drift ratio in first story was under-

estimated by only 2%, while the frame peak drift was captured with a difference of 9%.
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Figure 6-34. Story and frame drift ratio histories (specimen MUF, Test1)

Figure 6-35 compares shear response histories from the test and analysis for first-story
columns, second story, and the frame base shear, showing a good agreement between
analytical and experimental results. However, it is observed that for the time interval between
32.8 and 33.8 seconds, amplitudes were over-predicted. Maximum underestimation of 19 kN

(12%) was observed for column B1 shear at 34.23 seconds.
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Figure 6-35. First-story columns and frame base shear histories (specimen MUF, Test1)

As discussed in Section 6.2.2, joint shear deformations were simulated by rotational

springs at the joint panel zone (scissors model) and were accounted for in the story drift ratios.
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In the first attempt to simulate the behaviour of the specimen, it was observed that the
analytical model over-estimated the maximum shear strength of column A1l by about 40%. On
the other hand, maximum shear strength was underestimated for columns Bl and C1. As
discussed in Section 4.6, the bend in the beam bars was not in the right location in joint A1 and
the joint yielded earlier, which limited developing shear in column Al in the positive direction
and forced the other columns to resist the shear demand. In contrast, the implemented joint
model was the same for the exterior first-story joints and therefore, such early yielding at the
panel zone of joint Al could not be detected and shear in column Al was estimated close to
shear in column C1. It should be noted that the joints were modeled as lumped hinges and
consequently, influence of tension and compression from overturning on the joint strength
could not be captured. In a further attempt, the properties of the rotational hinge at joint Al
were altered by lowering the M-0 backbone for the rotational spring by 40%, which resulted in
better compatibility of the maximum shear strength of the column with the test data. Such
refinement also led to much better estimation of shear redistribution in first-story columns of
the analytical model. Figure 6-36 compares the shear hysteretic response of the columns from
the refined model with the test data. Excellent agreement between analysis and experiment was
obtained for first- and second-story lateral stiffnesses. The analytical model adequately
represented both the initial stiffness as well as softening which occurred later in the test.
Figure 6-36 also demonstrates that the pinching in shear hysteretic response of the columns

was reasonably well-captured by the analytical model.
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Figure 6-36. Shear hysteretic response of the columns (specimen MUF, Test1)

Figure 6-37 compares the axial load history response from the analysis and the test data
for first-story columns, while Figure 6-38 compares the axial load hysteretic response from the
analytical model and recorded data from the test. Despite the good agreement of the results
until 32 seconds, the analytical model could not capture the decrease in axial load of column
B1 that was recorded during the test. Although, the model detected the axial load in the
exterior columns reasonably well, some of the peaks were under-estimated, particularly after

34 seconds.
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Figure 6-38. Axial load hysteretic response of first-story columns (specimen MUF, Testl)
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6.3.4.2 Comparison of Results for Test2

Figure 6-39 through Figure 6-43 compare the results from analytical and experimental
models for Test2. The refined analytical model described in previous section was also used to
simulate the behaviour of the element during Test2. Figure 6-39 demonstrates that the
analytical model captured the amplitudes and phasing very well. Similar observations were
obtained by comparing the shear responses (Figure 6-40 and Figure 6-41). While the analytical
model over-estimated the frame peak drift ratio by 5%, the peak shear for column Bl was
under-estimated by 12%. As discussed in previous section, joint Al failed in shear earlier than
the other joints due to improper position of bend bar from the connecting beam and by
accommodating most of the lateral deformation, did not allow shear to be properly developed
in column Al, and therefore, shear was redistributed to columns Bl and C1. Such

redistribution was also observed for Test2 and captured by the model (Figure 6-41).
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Figure 6-39. Story and frame drift ratio histories (specimen MUF, Test2)
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Figure 6-41 illustrates that the shear hysteretic response of the columns and the
stiffnesses of the columns were adequately captured by the analytical model. However, it is
observed that the stiffness of columns B1, C1, and A2 were smaller than those observed during

the shaking table test.
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Figure 6-41. Shear hysteretic response of the columns (specimen MUF, Test2)

Comparison of the axial load responses from the analytical and experimental models in
Figure 6-42 and Figure 6-43 shows that despite the underestimation of the peaks, the model
was able to capture the axial behaviour of the columns reasonably well. The largest difference
between the peak axial load from the experimental test and the analysis was observed for

column Al at time 34.6 seconds, where the axial load was under-estimated by 18%.
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6.3.5 Analytical Model of Specimen MUFS

The analytical model for specimen MUFS was a combination of the model for specimen
MCEFS and MUF. While the axial and shear springs were considered for the columns in the
zero-length elements, the rotational springs were also included at the beam-column joints. Due
to light transverse reinforcement of the columns and in contrast with the analytical model for
specimen MUF, concrete confinement for the columns in the model for specimen MUFS was
not considered. The initial natural period of the analytical model was obtained as 0.28 seconds
which is very similar to the natural period obtained from the White-Noise test (see Section
4.3). Comparing the results from the analytical model with the experimental test data, Figure
6-44 through Figure 6-52 plot the story and frame drift ratios, base shear and columns shear,
shear hysteretic behaviour of the columns, and first-story columns axial load history records

and hysteresis for Testl and Test2.

6.3.5.1 Comparison of Results for Testl

Figure 6-44 compares the drift ratios from the experimental test and the analysis. It is
observed that despite the slight underestimation of drift in some cycles, the analytical model
adequately captured the drift ratio amplitudes and phasing throughout the test.

Figure 6-45 compares shear response histories from the test and analysis for first-story
columns, second story, and the frame base shear. Satisfactory agreement between test data and
analysis results is observed for the base shear and second-story shear. However, overshooting
of shear demand is seen for the time interval between 32.8 and 33.8 seconds. It is observed
that while shear in the exterior first-story columns were adequately estimated by the analytical

model, a maximum deviation of 32% from the test result was observed for column B1 at 34.5
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seconds. It is also observed that the analytical model could not capture the residual shear in the

columns after 39 seconds.
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Figure 6-46 demonstrates the good agreement between analysis and experiment for the
first-story and second-story lateral stiffness. The analytical model adequately represented both
the initial stiffness as well as softening for higher amplitude loading. Similar to the results for
specimen MUF, it is observed that the pinching of the hysteresis was also well-captured for
specimen MUFS. However, as discussed for Figure 6-45, the peak shear for column B1 was
noticeably underestimated in the negative direction. It was demonstrated in Section 4.7 that the
exterior first-story joints, particularly joint Al, were damaged more than joint BI.
Consequently, in the negative direction, where overturning would typically result in higher
demands on joint and column A1, shear must be redistributed to column B1 due to the prior
failure of joint Al. However, such redistribution could not be simulated by the analytical
model, because the joints behaviour was modeled by lumped rotational springs and could not
capture the effect of tension and compression. Figure 6-46 also shows that the analytical model
was not able to detect the modest shear degradation observed in the test data. It is not clear if
the degradation is due to shear damage in the joints or the columns.

Figure 6-47 and Figure 6-48 show that despite the match of axial load phasing
throughout the test, the analytical model was not able to capture the axial load amplitudes very
well. This is particularly seen for column B1 where the captured axial load started to diverge

from the test results after 31 seconds.
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Figure 6-47. Axial load hysteretic response of first-story columns (specimen MUFS, Test1)
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Figure 6-48. Axial load history response of first-story columns (specimen MUFS, Test1)

6.3.5.2 Comparison of Results for Test2

Figure 6-49 through Figure 6-52 compare analytical and experimental model results for
representative response quantities. As discussed in Chapter 4, specimen MUFS experienced
collapse due to failure of second-story columns. It was explained in Section 4.7 that the
undamaged top portion of first-story joints restrained by the 70 mm slab provided a partially-
fixed condition for the base of second-story columns while, the rigid and well-confined joints
at second-story level provided a nearly fixed-end condition at the top of the columns in the

second floor. In contrast, damage to first-story joints, below the slabs, and propagation of

230



cracks into the top end of first-story columns reduced the end-moment at the top of these
columns. Consequently, first-story columns responded in nearly single curvature, while
double-curvature response and higher local deformations at the ends of second-story columns
resulted in failure of columns B2 and C2. The predictive shear and axial failure models,
employed in this study, are drift-based and therefore, do not account for the localized rotation
at the column ends. Consequently, the analytical model detected the collapse of the frame due
to failure of first-story columns at about 34.3 seconds. Shifting the limit curves even by 0.9%
drift ratio (the standard deviation for shear limit curve (Elwood, 2002)) did not improve the
results and therefore, results shown here are based on the original limit curves. Despite the
poor prediction of location and time steps of shear and axial failure, Figure 6-49 shows a very
good agreement between drift ratios from the experimental test and the analysis up to 34.3
seconds. Furthermore, the analytical model was able to adequately capture the column shear
responses (Figure 6-50).

Comparison of the shear hysteretic response of the columns in Figure 6-51 illustrates
that the analytical model captured the stiffness of the columns reasonably well. However, it is
observed that the drift ratios for columns B2 and C2 were smaller than the capacity drift ratios
suggested by the shear limit curves. Although the onset of shear degradation was adequately
detected for the first-story columns, sharp shear degradation was observed in the test data for
second-story columns which was not captured by the analytical model. Hitting the shear limit
curves defined for the columns in the first story, caused sudden drop in their shear strength and
localization of damage at this story level. Therefore, failure of columns in the second story
could not be captured and the model predicted the collapse of the frame due to failure of first-

story columns of the specimen.
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Figure 6-53 demonstrates a reasonable agreement between the axial load recorded during
the test and the analysis results; however, the model could not precisely capture the peaks. A
maximum difference of 13% between the peak axial loads from the experimental and
analytical models is obtained for column C1. As shown in Figure 6-52, the analytical model
predicted the axial failure of columns B1 and C1, while axial failures occurred in B2 and C2

during the shaking table tests.
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Figure 6-49. Story and frame drift ratio histories (specimen MUFS, Test2)
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Figure 6-52. Axial load hysteretic response of first-story columns (specimen MUFS, Test2)
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235



CHAPTER 7. SIMPLIFIED MODELING METHODS

7.1 Introduction

Although the results of the analyses, shown in previous chapter, were in reasonable
agreement with the data from the shaking table tests, the procedure is very complex for
practical purposes and requires special nonlinear models not available in commercial
programs. In order to observe the impact of simplification in modeling on accuracy of the
results, a few analyses using common simplified models were carried out and are reported in
this chapter. The analytical model for specimen MCFS was selected for the course of this
study. As described in Section6.2, the columns of the specimen were modeled using fibre
beam-column elements. End-springs were used at the ends of the elements to simulate bar-slip
and shear and axial failure of the columns, while the joints were considered to be confined.
The simplified analytical models discussed here include frames with: 1) elastic columns (no
end-spring was considered for the columns of this model (Section 7.2)); 2) nonlinear columns
with no end-spring (Section 7.3); 3) nonlinear columns without shear and axial springs (only

bar-slip springs were considered in this model (Section 7.4)).
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Analytical models with elastic column elements and lumped rotational hinges at the ends
are commonly used in engineering practice. Different shear capacity backbones for such
models, including the recommended backbone from ASCE-41, are evaluated in Section 7.5,
and a refinement to the current backbone from ASCE-41 is proposed in Section 7.6. Results
from the analyses using ASCE-41 and the proposed backbones are discussed in Section 7.7.
All the models studied in this chapter are based on the specifications of specimen MCFS and

will be subjected to lateral and vertical demands from testing that specimen.

7.2 Analytical Model with Elastic Elements and no End-springs

Simulating the behaviour of a frame using elastic members is the simplest type of
modeling. Such model may not faithfully represent the observed nonlinear behaviour of the
elements, but would be of interest for designers using drifts from an elastic analysis assuming
the “equal displacement rule”. Using ASCE-41 recommendations (Equation 5.1), the effective
stiffness, El.;; was assumed to be 0.3E/; and 0.4El, for the exterior and center columns,
respectively. Since the effect of bar-slip was already accounted for in such effective
stiffnesses, no end-springs were considered for the columns and beams.

As shown in Section 6.3.2, the drift ratio from the original nonlinear-inelastic model was
in good agreement with the test data for specimen MCFS during Testl (see Figure 6-11).
Figure 7-1 compares the frame drift ratios from the nonlinear-inelastic analysis (the original
analysis) with the results from the linear-elastic analysis. It is observed that while the drift
ratios from the linear-elastic and nonlinear-inelastic analyses did not match very well
throughout the test, the peak drift ratio from the elastic analysis was only 6% lower than
inelastic analysis. It should be noted that the peak first-story drift ratio from the elastic analysis

was 28% lower than the one from nonlinear-inelastic analysis, indicating that the elastic
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analysis adequately captured the overall frame drift but not the deformation of the frame. It is
obvious that the other key parameters of the frame elements, including degrading stiffness and
strength, could not be measured correctly by the linear-elastic analysis and for the sake of

brevity, were not shown here.
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Figure 7-1. Comparison of drifts from nonlinear-inelastic and linear-elastic analyses,
Testl

7.3 Analytical Model with Nonlinear Column Elements and no End-springs

Most of the available commercial engineering programs do not have the ability to detect
the shear and axial failure of columns which may significantly influence the estimated capacity
of reinforced concrete frames. In order to observe the effects of eliminating the end springs on
overall behaviour of the specimens, the analytical model for specimen MCFS (described in
Section 6.2) was modified such that the shear, axial, and slip end-springs were replaced by

rigid elements.
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It was observed that by eliminating the end-springs, the stiffness of the system
considerably increased and the calculated natural period of the frames decreased from 0.29 to
0.22 seconds. Since the end-springs are in series with the elastic column members, elimination
of the springs, particularly slip-spring, resulted in a stiffer response and smaller drift demands
for the frame. Figure 7-2 confirms that the estimated peak drift ratios from the model described
here are significantly smaller than the results from the shaking table test for both stories. In
contrast, the results from the original analysis matched with test data (Figure 6-11) reasonably

well.
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Figure 7-2. First-story and frame drift ratio histories for the model with nonlinear
columns and no end-springs (specimen MCFS, Test1)

Figure 7-3 and Figure 7-4 compare the shear hysteretic response of the analytical model
with the data from Testl and Test2, respectively. The model slightly underestimated the peak
shear for the columns in Testl (with maximum difference of 15% for column BI1 in the

negative direction); however, the overall hysteresis loops were not well-matched (Figure 7-3).
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Since the analytical model did not include the shear spring, it was not able to capture the
significant strength degradation for columns B1 and C1 after 2% drift ratio in Test2 (Figure
7-4). While Figure 7-3 (Testl) demonstrates that such analytical models, capturing only the
flexural behaviour of columns, tend to under-estimate the drift demands, Figure 7-4 (Test2)
reveals that models not capturing shear failure will overestimate the drift capacity of non-
ductile columns (in particular for columns Bl and C1) and must be used with caution for

evaluation of frames with shear-critical columns.
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Figure 7-3. Shear hysteretic response of the columns with no end-springs (specimen
MCEFS, Testl)
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Figure 7-4. Shear hysteretic response of the columns with no end-springs (specimen
MCEFS, Test2)

7.4  Analytical Model with Nonlinear Column Elements and Only Bar-
slip End-spring

Assessment of the analytical model with inelastic columns and no end-spring was
carried out in the previous section. It was observed that the behaviour of the columns was
stiffer than the tested columns and the peak drifts from the analysis for Testl were
significantly smaller than the test results. As discussed in Section 6.3.1, lateral deformation of
a column can be considered as the combination of drifts resulting from shear, flexure, and bar-
slip. Bar-slip can be observed early in the response and will influence the initial stiffness of the

frame. Therefore, it is important to include the effect of bar-slip in the analysis, even for the
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models where shear failure is not expected for the columns. In this section, results using an
analytical model with inelastic columns (fibre section) and bar-slip springs at both ends are
compared with the test data.

Figure 7-5 compares the drift ratios from the analysis and results from Testl. It is
observed that adding the bar-slip springs significantly improved the ability of the model in

capturing the drift ratio histories and peaks for the frame and its first story (compare with

Figure 7-2).
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Figure 7-5. First-story and frame drift ratio histories for the model with inelastic
columns and only bar-slip springs (specimen MCFS, Test1)

Figure 7-6 and Figure 7-7 compare the shear hysteretic response of the analytical model

with the data from Testl and Test2, respectively. Comparison of Figure 7-3 and Figure 7-6

demonstrates a much better agreement between the column hysteretic responses for Testl. It is

also observed that the lateral stiffnesses of the columns were closer to those obtained from the

test data. Although the overall behaviour of the columns estimated by the analysis for Test2
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did not match the test data (Figure 7-7) since shear and axial failure were not considered in the
model, it is observed that the lateral stiffnesses of the columns obtained from the analysis were
very similar to those from the test, particularly for columns B1 and C1. It is also observed that
despite not considering shear and axial failure, the drift demands were reasonably well
estimated for these columns and a post-analysis comparison with drift capacity models would

indicate that all first-story columns would be expected to have experienced shear and axial

failure.
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Figure 7-6. Shear hysteretic response of the columns with only bar-slip springs (specimen
MCFS, Testl)
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Figure 7-7. Shear hysteretic response of the columns with only bar-slip springs (specimen
MCEFS, Test2)

7.5 Evaluation of Capacity Backbone for Shear Hysteretic Response of
Columns

In order to expedite the modeling of reinforced concrete frames, nonlinear columns are
commonly replaced by elastic columns with lumped plasticity at the two ends (i.e. at the face
of the beam-column joints). Such approach is easier and allows for easy calculation of plastic
rotation demands and accepted by guidelines such as ASCE-41; however, stiffness of the
columns and properties of the end-hinges must be carefully selected. Alternatives for effective
stiffness of the elastic columns and modeling parameters for the end rotational hinges are
studied and backbones using such alternatives are compared in this section. Figure 7-8

demonstrates the generalized components of force-deformation relations for modeling,
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suggested by ASCE-41. While study on effective stiffness of columns (branch AB) is carried
out in Section 7.5.1, modeling parameters for the other branches of the backbone are evaluated
in Section 7.5.2. It should be noted that the elastic portion of Figure 7-8 (branch AB) is
obtained from the elastic column element and the hinges are considered to be rigid before
point B. Due to modeling limitations, branches CD and DE were replaced by the dashed line
between point C and projection of point E. This approach is recommended in the commentary
of ASCE-41 Supplement 1 (C6.3.1.2.2).

\Y%

A

Vy F———

) or 5

Figure 7-8. Generalized components of force-deformation relations, ASCE-41

7.5.1 Effective Stiffness of Elastic Columns

As discussed in Section 5.5.2, effective stiffness of a reinforced concrete element is generally
expressed as a fraction of the elastic stiffness calculated using gross-section properties and
represents the nonlinear stiffness relationship for the member. ASCE-41(2008) suggests using
Equation 5.1 for the effective stiffness of an elastic column. Employing the same database as
ASCE-41, Elwood and Eberhard (2009), recommended Equation 5.2. Comparison of
Equations 5.1 and 5.2 demonstrates that ASCE-41 recommends a higher effective stiffness for

columns with low axial loads , however, both equations result in increasing effective stiffness
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ratios (El,y / El,) for increasing axial loads. Since the axial loads in the columns of upper
stories of a frame are normally lower, this means that the effective stiffness should be reduced
for the columns in upper stories of the frame. Such results can be acceptable when all the
columns along the height of a frame experience similar level of demand. Nevertheless,
observations of damage after earthquakes illustrate that the columns in higher stories
experience less demand and damage. Therefore, for elastic models it may be appropriate to
increase the effective stiffness for columns of upper stories to be closer to E/, for assessment
purposes. This also may resolve the issue noted in Section 7.2 that the elastic models can
capture the overall roof displacement but not the drift profile. In order to examine the validity
of the aforementioned argument, six models based on the analytical model of specimen MCFS
are studied here, where the nonlinear columns were replaced by elastic columns with different
effective stiffnesses (Table 7-1). No end-springs were considered for the six analytical models.
While model 1 considered same effective stiffness of 0.3E1,, effective stiffness of 0.5E7, was
assumed for all columns of model 2, an approach suggested by ACI-318 (2008). Since the
axial loads on the columns were mainly due to pre-stressing, the column axial load remained
almost equal for the two stories. Therefore, the effective stiffnesses of second-story columns in
models 3 and 5 were considered to be equal to the effective stiffnesses of the corresponding
first-story columns. The effective stiffness of the columns in the second story of models 4 and

6 were increased using the following ratio:

_Va/h
Eleffz = mEleffl (71)

where V; and V), are the simultaneously recorded shear in the first and second stories, before
cracking of any column during the test, while A; and A, are the corresponding drift ratios.
Using data from Testl, Equation 7.1 results in the stiffness of the second story columns being
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taken as 24% greater than the first story columns. Table 7-1 and Figure 7-9 compare the
calculated peak story drifts for these models with the test data, demonstrating that model 6
captured the story drift demands much better than the other models. While model 5 (Equation
5.2) was the only model that overestimated the story drifts, comparison of the results from
analyses using models 5 and 6 shows that increasing the effective stiffness of columns in
higher stories results in much better predication of story drift ratios and the distribution of
drifts up the height of the frame. It should be noted that increasing the effective stiffness of
second-story columns (model 4) did not refine the outcome of the model with stiffnesses from
Equation 5.1 (model 3), because the stiffnesses of the columns were already overestimated by

the ASCE-41 suggested equation.

Table 7-1. Peak story drifts for models with different column effective stiffnesses

(Specimen MCFS, Testl)
Calculated | Effective | Effective | Peak 1°- | Error in | Peak 2"- | Error in
Natural | Stiffness | Stiffness | story 1*-story story 2" story
Period Col. B1 Col. Al Drift Drift Drift Drift
(sec) (Center) | (Exterior) (%) (%) (%) (%)
Test Data
Specimen 0.285 0.38EI, 0.25EI, 2.15 - 1.89 -
MCEFS
Model 1
El=0.3EI, for 0.333 0.30EI, 0.30EI, 1.57 27 1.53 19
all columns
Model 2
ElLy=0.SEl for | 0272 | 0.50EI, | 0.50EI, | 1.72 20 1.63 14
all columns
Model 3 0.315 0.40EI, | 0.30EI, | 1.58 27 1.49 21
Equation 5.1
Model 4
Model3 + 0.302 0.40EI, 0.30EI, 1.60 26 1.39 26
increased El g
Model S 0351 | 032ElL, | 0.23EL, | 2.67 24 2.53 34
Equation 5.2
Model 6
Model5 + 0.337 0.32EI, 0.23EI, 2.03 6 1.68 11
increased El g
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Figure 7-10 and Figure 7-11 compares elastic-perfectly-plastic backbones with the shear
hysteretic behaviour of the columns of specimen MCFS during Testl using the effective
stiffnesses from model 3 (ASCE-41 recommendation) and model 6, respectively. Comparison

of shear backbones from the two models with the hysteretic response of the columns shows a

better fit for the backbone from model 6.
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Figure 7-10. Bilinear shear backbone for columns using effective stiffness from Model 3
(ASCE 41), (specimen MCFS, Test1)
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Figure 7-11. Bilinear shear backbone for columns using effective stiffness from model 6,
(specimen MCFS, Testl)
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This brief study shows that not only the section properties and applied axial load are
important in obtaining a column effective stiffness, but the influence of other parameters such
as location in the building and ductility demand must also be considered in determining the
appropriate effective stiffness values. Further studies are required to select the optimum
coefficients accounting for such parameters; however, a rational approach would be to use the
fundamental mode shape of the building to obtain the coefficient for increasing the effective
stiffness of columns in higher stories. The only drawback of such approach is the iterative
procedure, where an initial effective stiffness should be assumed in order to obtain the
fundamental mode shape of the frame. Since the frame studied here had only two stories,
investigation on suitability of such a coefficient for multi-story frames was not possible but

should be examined in future work.

7.5.2 Modeling Parameters for End Rotational Hinges

In analytical models with elastic column elements, yielding as well as strength
degradation due to failure must be defined as lumped plasticity in hinges at the ends of the
column element (branches after point B in Figure 7-8). Based on shear strength, V,, plastic
shear demand, V), and the transverse reinforcement detailing of a column, ASCE-41 (2008)
suggests three possible failure conditions:

- Condition i: Flexure failure

- Condition ii: Flexure-shear failure

- Condition iii: Shear failure
For each condition, modeling parameters including plastic rotation angles for the end-hinges
and residual strength ratios are obtained based on shear stress, axial load, and transverse

reinforcement ratio of the column (See Table 6-8 of ASCE-41 (2008), Appendix Section B.5).
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The modeling parameters given in ASCE-41 were based on the observations from cyclic tests
of single columns (Elwood et al., 2007), while testing the frame specimens studied in this
research provides the opportunity to examine the suitability of ASCE-41 recommended
parameters for capturing the dynamic frame response. The analytical model for specimen
MCEFS with elastic columns and end rotational hinges was used for this purpose. Although the
effective stiftness from model 6 discussed in the previous section was in better agreement with
the test data, the effective stiffness suggested by ASCE-41 was selected to comply with all the
recommendations from the guideline. Employing Equation 5.1, the effective stiffnesses of
0.3El, and 0.4E1, were obtained for the exterior and interior columns, respectively.

Backbones for the column end-hinges were selected based on Table 6-8 of ASCE-41,
where the columns with closed hoops with 90° hooks and V,/V, < 1.0 are categorized as
Condition ii and columns with same hoop type but with V,/V,, > 1.0 are grouped as Condition
iii. For the above-mentioned table, ASCE-41 emphasises that the plastic rotation angles must
be calculated using the maximum expected axial loads due to gravity and earthquake loads;
however, it is silent about the axial load that must be used for selecting the column condition.
If the direction of shaking is not taken into account, by considering the maximum expected
axial loads due to gravity and earthquake loads (recommended in the footnote of Table 6-8 of
ASCE-41 for calculating the plastic rotation angles, Appendix Section B.5), columns of the
studied frame are categorized under Condition ii. However, the axial loads in the exterior
columns significantly varied in different directions of shaking due to overturning. For instance,
column C1 of specimen MCFS experienced a maximum axial load of 37.9 kN (0.034,/".) in
the negative direction of Testl, whereas the maximum axial load of 317.6 kN (0.234,f’.) was

recorded in the positive direction of the test (see Figure 6-14). Considering such a large
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difference in peak axial loads in the positive and negative directions, the category for column
condition will be different for the two directions. ASCE-41 recommends using the minimum
appropriate numerical values where more than one of the conditions occurs for a column.
Consequently, the column classification may result in Condition iii.

Since the maximum and minimum axial load on the columns for the positive and
negative cycles during the tests were available, effects of changing the modeling parameters in
different directions were also studied for all the columns by comparing the shear hysteretic
behaviour of the analytical model with the following three different backbones:

1) backbone A: Condition ii with similar backbones for the two opposite directions of
shaking. Column axial load was defined as the maximum axial load due to gravity and
earthquake.

2) backbone B: Condition ii with different backbones for the two opposite directions of
shaking. Column axial load was obtained based on the peak recorded axial load in each
direction, while the condition for columns remains as Condition ii for both directions.

3) backbone C: Condition iii with similar backbones for the two opposite directions of
shaking.

Figure 7-12 and Figure 7-13 compare backbone A with hysteretic response of the MCFS
columns during Testl and Test2. It is observed that backbone A is in reasonable agreement
with the shear hysteretic response of the columns. However, based on the recorded drift
demands, the backbone predicts that column Bl will experience severe shear strength
degradation in Testl (Figure 7-12), while it overestimates the shear strength in columns A2
and C2. Figure 7-13 shows that the backbone underestimates the peak shear strength of

columns on axis B and column C1 in Test2, while it predicts that the strength degradation of
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these columns would be initiated at smaller drift ratios. Such underestimation of drift capacity
resulted from using the parameters for Condition ii in ASCE-41 defined to represent a
probability of failure of 15% based on static test data (EIwood et al., 2007). This high level of
conservatism in defining the parameters for Condition ii columns in ASCE-41 were due to the

possible degradation of axial capacity with the development of a shear-failure plane.
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Figure 7-12. Calculated backbone A (specimen MCFS, Test1)
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Figure 7-13. Calculated backbone A (specimen MCFS, Test2)

Shear hysteretic response of the columns during Testl and Test2 are compared with
backbone B in Figure 7-14 and Figure 7-15, respectively. Although outcomes from backbones
A and B are relatively similar, comparison of Figure 7-12 and Figure 7-14 illustrates that
Backbone A is in better agreement with the test data for the exterior column Al, whereas
backbone B underestimates the shear strength of the column by 20% in the positive direction.
On the other hand, backbone B has a better match with test data for column A2. Since
fluctuation in axial load on column B was not significant during the test, both backbones
similarly detect the failure of column B1 in Testl. Although comparison of Figure 7-13 and
Figure 7-15 shows that backbone B provides a better match for the shear hysteretic behaviour

of column C1 in the negative direction of Test2, both models underestimate the shear strength
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of columns on axis B and column C1 in the positive direction, while predicting the failure of
the columns at smaller drift ratios during the test.

Comparison of backbone C and test data demonstrates that by choosing Condition iii for
the columns of specimen MCEFS, their capacities are considerably underestimated (Figure
7-16). Backbone C not only predicts the collapse of the frame in Testl, it suggests that all the
columns lose their shear strength instantly after the yield point. Nevertheless, the observed
shear hysteresis of the columns during the test suggests that they experienced flexural yielding
before strength degradation. Since backbone C was not realistic for Testl, comparison of the

backbone with shear hysteresis from Test2 is not shown here.

100 100 100
80 80 80
Z Z A Z —\
< 60 < 60 / < 60 1
§ 40 / -\\ ] 40 ] 40 / \
2 20 2 20 2 20
0 0 \ 0 0 0 \
. \ S 8 2\
: 20 \ c 20 c -20 \
ER B 2 o 2 ol
38 o0 L 3 s L 8 o0
-100 -100 -100
4 -2 0 2 4 4 -2 0 2 4 -4 2 0 2 4
100 100 100
80 80 80
< 60 : < 60 < 60 \
S 40 / -\\ S 40 S 40 \
2 20 2 20 2 20
n \ n n \
2 o] a 2 3 o\
: 20 \ : 20 : 20 \
-40 -40 40
= 60| \_ / 3 60 ' 3 60 v
© 80 —~ © 80 © 80
-100 -100 -100
4 -2 0 2 4 4 -2 0 2 4 4 -2 0 2 4
Story Drift Ratio (%) Story Drift Ratio (%) Story Drift Ratio (%)

Figure 7-14. Calculated backbone B (specimen MCFS, Test1)
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Figure 7-15. Calculated backbone B (specimen MCFS, Test2)
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Figure 7-16. Calculated backbone C (specimen MCFS, Test1)
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By comparing the results from the three backbones, it is observed that the parameters for
Condition iii (backbone C) are very conservative, whereas using different modeling parameters
for each direction of shaking (backbone B) provides more realistic results. However,
calculating so many parameters required for backbone B is time consuming, particularly for
frames with several columns. Furthermore, direction of shaking is unknown in a real
earthquake and directions for tension and compression may not be very obvious for the interior
columns of a multi-story and multi-bay frame. Consequently, the worst scenario must be taken
into account during the evaluation process of exciting buildings. Comparison of backbones A
and B with the test results demonstrates that using backbone A resulted in relatively well-
predicted strength and drift capacities of the columns, and the simple procedure to obtain the
backbone will be more practical for evaluation purposes.

As discussed earlier, ASCE-41 recommends using the minimum appropriate numerical
values where more than one of the conditions occurs for a column, where such numerical
values are related to the axial load in the columns. Exterior columns in a frame may experience
significant difference in axial load in the opposite directions of shaking due to overturning
effect which may lead to classifying such columns in Condition iii. As shown above, such
classification is very conservative. While ASCE-41(2008) is currently silent about the axial
load that must be used for selecting the column condition, it is proposed here to emphasize in
ASCE-41 that the maximum expected axial loads due to gravity and earthquake loads must be
used for choosing the condition for columns. Such refinement to the guideline will result in
more realistic condition for columns (Condition ii and model A, for the example discussed

above).
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7.6 Proposed Shear Capacity Backbone

Based on the findings from previous sections, a shear capacity backbone is proposed in
this section. While model 6 (Section 7.5.1) provided the best effective stiffnesses for the
columns, plastic rotation angles of the end-hinges can be obtained using the parameters from
backbone A (Section 7.5.2). Calculated backbone using such a combination is shown in Figure
7-17 and Figure 7-18 for Testl and Test2, respectively. Although shear strength of exterior
second-story columns were overestimated for Testl (Figure 7-17), it is observed that the
proposed backbone fitted the shear hysteresis of the other columns reasonably well. Figure
7-18 reveals that the slope of the strength degradation in the backbone was steeper than the
actual shear degradation of columns during Test2. This suggests that the modeling parameter
for end-hinge rotation angle at zero-shear strength (i.e. “b-value” recommended by ASCE-41,
see Figure 7-8) is somewhat conservative. Considering the fact that the discussed analytical
models are mostly used for predicting the shear and drift of frames at onset of shear and axial
failure, the proposed model suggests a practical and reasonably accurate backbone for
evaluation purposes. Nevertheless, further studies are required to confirm the suitability of the

proposed backbone and refine the parameters to fit better with the experimental data.
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Figure 7-17. Calculate backbone using proposed model (specimen MCFS, Test1)
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Figure 7-18. Calculate backbone using proposed model (specimen MCFS, Test2)
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7.7 Evaluation of Analytical Models with Elastic Columns and End
Rotational Hinges

Although a shear backbone demonstrates the overall shear response of an element, the
actual demand on the member during an earthquake can only be obtained by studying the shear
hysteretic response of the element from dynamic analysis. In this section, dynamic analyses
are carried out for specimen MCFS using the analytical models with elastic columns and
plastic rotational hinges at the ends. While Section 7.7.1 demonstrates the results from the
model using ASCE-41 shear backbone, results from the model using the proposed backbone

are compared with the test data in Section 7.7.2.
7.7.1 Analytical Model with ASCE-41 Backbone

The analytical model described in Section 6.2 was modified by replacing the fibre-
section columns with elastic members and plastic hinges at the ends. Effective stiffnesses of
the columns were calculated using model 3 (see Section 7.5.1). Since the effect of bar-slip was
considered in the model for effective stiffness of the columns, no bar-slip rotational spring was
defined at the ends of the columns. Properties of the plastic end-hinges were defined such that
the shear backbone for the columns followed backbone A described in Section 7.5.2.

While Figure 7-19 compares the data from Testl with the shear hysteretic response of
the analytical model using backbone A for the columns, Figure 7-20 demonstrates the
behaviour of the analytical model for Test2. As discussed in Section 7.5.1, using ASCE-41
effective stiffnesses resulted in higher estimation of stiffness for the columns of the analytical
model for both tests. Therefore, the shear hysteretic response of the columns from the
analytical model did not match the test data very well. It is also observed that the shear failure

of first-story columns of specimen MCFS were estimated at noticeably lower drift ratios.
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Figure 7-19. Shear hysteretic response of analytical model using elastic columns with end

lumped-plasticity, ASCE-41 backbone (specimen MCFS, Test1)
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Figure 7-20. Shear hysteretic response of analytical model using elastic columns with end

lumped-plasticity, ASCE-41 backbone (specimen MCFS, Test2)
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7.7.2  Analytical Model with Proposed Backbone

In order to evaluate the performance of the proposed backbone, nonlinear dynamic
analyses for the tests were carried out here and shear hysteretic response of the columns from
the analyses are compared with the data from Testl and Test2 in Figure 7-21 and Figure 7-22,
respectively. It is observed that the proposed model adequately captured the overall behaviour
of first-story columns (Figure 7-21) and their effective stiffnesses. Yielding and maximum
drifts from the analyses were also well-matched with the test results. Although the model was
not able to capture the yielding of the second-story exterior columns, the elastic stiffnesses
obtained for these columns are in agreement with the test data. Figure 7-22 demonstrates that
the proposed model predicted the column drifts at onset of shear strength degradation
relatively well. However, it is observed that the columns peak shear strengths for column Bl
and C1 were underestimated, while the peak shear in column Al was overestimated by the
proposed model. As shown in Figure 7-21, the analytical model detected shear strength
degradation for column B1 around 2% drift ratio in the positive direction of Testl. Such
strength degradation contributed in lowering shear strength estimated for column B1 during
Test2. It should be noted that even the most complex model with fibre sections and shear and
axial limit curves (Section 6.3.2) was not able to precisely capture the peak shear strength for
column B1 during Test2 (Figure 6-19). It is also observed that the effective stiffnesses for the
second-story columns of the analytical model are greater than those for the actual columns.
This can be explained by the observations from the Testl, where the proposed model was not
able to capture the softening of stiffness for second-story columns. Therefore, the effective

stiffness of these columns remained unchanged during the analysis for Test2.
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Figure 7-21. Shear hysteretic response of proposed model using elastic columns with end
lumped-plasticity (specimen MCFS, Test1)
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Figure 7-22. Shear hysteretic response of proposed model using elastic columns with end
lumped-plasticity (specimen MCFS, Test2)
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Comparison of results shown in the current and previous sections confirms that ASCE-
41 recommended equation for effective stiffness of columns (Equation 5.1) results in higher
effective stiffness for columns, and must be modified to account for the location of column
ductility demand. It is also observed that the plastic rotation angles in Table 6-8 of ASCE-41
for end-hinges were properly defined for columns with Condition ii. However, the values
recommended for Condition iii are very conservative and should not be employed for a
column with limited flexural behaviour, even though the column falls into that category due to

its axial load condition.
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CHAPTER 8. CONCLUSIONS AND FUTURE
WORK

8.1 Summary

Dynamic behaviour of non-seismically detailed reinforced concrete frames up to the
point of collapse was investigated, both experimentally and analytically, in this study. Several
unexplored factors influencing collapse of existing reinforced concrete frames, such as high
axial load in non-ductile columns and dynamic impact of upper stories were considered in the
research. Furthermore, influence of unconfined joints on overall response of non-ductile
frames and distribution of lateral demand to the structural elements was investigated in this
work.

Considering the very limited number of dynamic collapse tests and lack of sufficient
data, the shaking table tests in this study were designed to provide data on degradation of shear
and axial load strength of non-ductile reinforced concrete columns and unconfined joints, and
to observe consequential redistribution of shear and axial loads to the rest of the frame system.
Such benchmark test data can be used for critical validation and improvement of models used
for the assessment of existing reinforced concrete frames.
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The experimental part of this study included the construction and dynamic testing to
collapse of four planar reinforced concrete frames with two bays and two stories. Figure 8-1
describes the four shaking table specimens. Details of design, construction and test setup for

the tests were described in Chapter 3.

Specimen MCFS:

Moderate Axial Load
Confined Joints
Flexure-Shear Columns

Specimen HCFS:

High Axial Load
Confined Joints
Flexure-Shear Columns

Specimen MUFS:
Moderate Axial Load

Specimen MUF:
Moderate Axial Load

Unconfined Joints
Flexure Columns

Unconfined Joints
Flexure-Shear Columns

Figure 8-1. Shaking table tests

All the specimens were subjected to a scaled horizontal component from a ground
motion recorded during the 1999 Chi-Chi earthquake in Taiwan. The input motion for the
shaking table was scaled to different amplitudes and the specimens were subjected to a series
of such input motions up to the point of collapse. The main dynamic tests imparted on the
specimens included a half-yield level dynamic test and two high intensity dynamic tests with
peak input amplitudes of approximately 1.1g and 1.35g, denoted as Testl and Test2,
respectively. While none of the specimens suffered from shear or axial failure of columns
during Testl, all specimens with non-ductile columns collapsed when subjected to the 1.35g
input motion (Test2). The intensity of input motion was increased to 1.62g for an additional
test (Test3) on specimen MUF with ductile columns and non-ductile joints; however, the

specimen did not collapse even during this high intensity shaking. Failure modes were
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different for the specimens, where a combination of column shear and axial failures, formation
of plastic hinges, and joint failures caused collapse of the specimens.

In the analytical part of this study, the behaviour of the specimens was simulated
employing OpenSEES software (2009). Available analytical models for simulating the
behaviour of unconfined joints and models for predicting shear and axial failure of non-ductile
columns were evaluated by comparing the results from the analyses with the data obtained
from the experimental phase of this research. While results from such detailed analytical
models were compared with test data, simplified models which can be easily used by engineers
for assessment of existing reinforced concrete buildings were evaluated and refinement to the

current rehabilitation standard (ASCE-41, 2008) was proposed.

8.2 Original Contributions from the Research

While the experimental phase of this research took place at the National Center for
Research on Earthquake Engineering (NCREE) in Taiwan, the author was responsible for the
conceptual and detailed design of the specimens and lateral supporting frame, test setup and
design, instrumentation, data processing, and the comprehensive and simplified analyses
discussed in this dissertation.

As discussed in Chapters 1 and 2, very few shaking table tests have been performed on
reinforced concrete frames up to the point of collapse. Even those rare dynamic collapse tests
have mostly focused on the performance of one specific component (columns) and only
considered relatively low gravity loads (Elwood, 2002, Ghannoum, 2007, Wu et al., 2009). All
the previously tested specimens included ductile columns to allow for gravity load

redistribution, which could affect the overall response of the specimen.
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Not only were the above-mentioned limitations overcome in the current study, but

several other issues were also investigated through the experimental and analytical research

described in this dissertation. The original research contributions from this study include the

followings:

Testing four specimens with similar lateral demands and geometries, but different
detailing of columns and beam-column joints provided the opportunity to assess the
effects of variation in element specifications on behaviour of structural elements and

collapse prediction of concrete frames.

The comprehensive data on collapse performance of non-ductile concrete frames,
collected during the tests, is valuable for verification of current linear and nonlinear

models and future model development for non-ductile concrete components.

The unique test setup (see Chapter 3 for details) provided the possibility to study
several unexplored issues. The pre-stressing axial load system allowed for high
column axial load up to 0.44,/".. The inertial-mass system designed for this study
enabled the simulation of the upper stories and their influence on overall behaviour
of the frame. Including supplementary support beams in the lateral supporting
system allowed the specimens to experience complete collapse while ensuring safety

and protection of the shaking table equipments.

Several observations from the experimental tests provide a better understanding of
the behaviour of structural elements of non-ductile reinforced concrete frames. For

Instance:
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Despite the expectation of failure of columns at lower drifts for specimens with
high axial load, test data for specimen HCFS demonstrates that higher axial
load on the columns of a frame can result in a lower beam to column strength
ratio, leading to larger beam deformations and changes in the distribution of
deformations in the frame. This may also in turn change the failure mode of the
frame.

As the axial load on a column increases, drifts at onset of shear and axial failure
of the column become closer to each other. Furthermore, the rate at which axial
load resistance is lost beyond the point of axial failure is faster for columns
with higher axial load.

Based on observations from the experimental tests described in this work,
likelihood of collapse of a frame due to failure of unconfined joints is lower

than collapse due to failure of non-ductile columns.

Limitations, weaknesses, and strengths of existing analytical models for predicting
the behaviour of non-ductile reinforced concrete frames were investigated in detail.
While existing failure models for non-ductile columns provide a reasonable
estimation of points shear and axial failure, they are drift-based and should be

refined to account for the rotation at the column ends.

Refinement to provision from the current rehabilitation guideline (ASCE, 2008) on

effective stiffness of columns in multi-story frames was proposed in this work.

A simplified analytical model that can be adopted in engineering practice for
assessing columns of existing reinforced concrete buildings was proposed in this

study.
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8.3 Conclusions

8.3.1 Results from Experimental Tests

Results from the shaking table tests indicated that the behaviour of the specimens were
dependent on the axial stress on the columns. Axial load in column B1 of specimen HCFS at
the point of shear failure was 1.6 times the axial load in the corresponding column of specimen
MCEFS. Test data demonstrated that the gap between drift ratios at shear and axial failure of
column B1 of specimen MCFS was larger than the corresponding column of specimen HCFS.
On the other hand, it was observed that the shortening after axial failure of the column from
specimen HCFS was faster than specimen MCFS. This caused different damage patterns and
collapse modes for specimens MCFS and HCFS. Unlike specimen MCEFS, specimen HCFS
suffered from damage in both levels.

Most of the joint sub-assemblages tested in literature (e.g. Clyde et al., 2000, and
Walker, 2001) were designed with strong columns and weak beams which is typical of new
design. Consequently, it has been commonly assumed that the joint demands are related to
beam strength. However, experimental test results for specimens MUF and MUFS with
unconfined joints demonstrated that inclined cracks in the joints extended into the columns
rather than the beams due to the weak-column-strong-beam mechanism typical of older
concrete frames. This observation illustrates that the joint demands in older buildings are more
related to column strength than the beam strength. It was also experimentally demonstrated
that transverse beams can provide additional confinement to beam-column joints by restraining
the development of shear cracks on the confined face of the panel zone.

Opening and closing of cracks at first-story joints during testing of MUF and MUFS

resulted in localization of shear deformation at the joints. Therefore, these unconfined joints
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did not allow shear to be fully developed in first-story columns by accommodating much of
the deformation demands and reducing the moment at the top of the columns.

It was observed that the undamaged top portion of the joint, due to confinement provided
by the relatively deep slab, can provide a partially-fixed condition for the base of upper-story
columns. When combined with the fully confined joints in the second story, this resulted in
stiffer end conditions for the second-story columns of specimen MUFS compared with the
first-story columns, contributing to the shear and axial failure of the second-story columns and

collapse of the frame.

8.3.2 Results from Analytical Studies

Comparison of the test data with analytical models indicated that the yield displacement,
stiffness, and flexural strength of the columns could be adequately estimated, if bar-slip
springs are added to fibre section models. Although the drift-capacity models described in
Chapter 2 (Equations 2.1, and 2.2), provided a reasonable estimate of the column drifts at
onset of shear and axial failure, they must be used cautiously for columns with higher axial
load. For such columns, the drifts at onset of shear and axial failure become very close, and
therefore, the models must precisely predict the onsets of shear and axial failure, otherwise, the
behaviour of the column, and the overall building frame, may not be captured correctly.

Satisfactory results from simulating the behaviour of unconfined joints in specimens
MUF and MUFS by using scissors model (Alath and Kunnath, 1995) demonstrated that such a
simple model can be employed to account for the nonlinear shear deformations in the joint and
the impact on the frame response.

Although sophisticated modeling for capturing column shear and axial failures may

result in satisfactory estimation of behaviour of the structural elements and the overall building
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frame, simplified modeling is more appealing in engineering practice. Therefore, simplified
analytical models with elastic column elements and lumped rotational hinges at the ends were
evaluated. A refined shear backbone for simplified modeling was introduced. While the model
for effective stiffness of columns was refined, the modeling parameters suggested by ASCE-41
for end hinges to define the other branches of shear backbone were examined and
recommendations on selecting such parameters were proposed in this study.

In ASCE-41 a column must be classified in one of three conditions dependent on the
anticipated failure mode. ASCE-41 recommends using the minimum plastic rotation limits
where more than one of the conditions occurs for a column. The plastic rotation limits are
related to the axial load in the columns. Exterior columns in a frame may experience
significant difference in axial load in opposite directions of shaking due to overturning effects
which may lead to classifying such columns as shear critical (Condition iii). This study
showed that such classification is very conservative. While ASCE-41(2008) is currently silent
about the axial load that must be used for selecting the column condition, it was proposed in
this study that the maximum expected axial loads due to gravity and earthquake loads must be
used for choosing the condition for columns. Such refinement to the guideline will result in
more realistic plastic rotation limits for columns.

The recommended equation by ASCE-41 for effective stiffness of columns results in
increasing effective stiffness ratios (El.;/ El,) for increasing axial loads. Since the axial loads
in the columns of upper stories of a frame are normally lower, this means that the effective
stiffness should be reduced for those columns. Such results can be acceptable when all the
columns along the height of a frame experience similar level of demand. However,

observations of damage after earthquakes illustrate that the columns in higher stories
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experience less demand and damage. Therefore, for elastic models, it may be appropriate to
increase the effective stiffness for columns of upper stories to achieve a better estimate of the
displacement profile for the building frame. A model is proposed in this thesis based on the
results of the shaking table tests.

Being easy to measure and calculate, story drift ratio has been commonly used by
engineers for design or assessment of columns in a frame as an indicator of lateral demand on
the structure. Therefore, it was vastly employed in the course of the current research. However,
story drift ratio includes deformations in all connecting components, such as joints and beams,
in addition to the deformations in the columns. Consequently, an alternative approach is to
employ column chord rotation instead of drift ratio. It was shown in this study that chord
rotation can be a better measurement of demand on a column than drift ratio, particularly for

the columns with lower axial load or columns connected to unconfined joints.

8.4 Future Research

Several topics requiring further study were identified during the course of this research:

1. It was observed in this study that the likelihood of collapse of a frame due to failure
of unconfined joints is lower than failure of non-ductile columns. Further
experimental and analytical studies are required to generalize this hypothesis for

multi-story frames.

2. As concluded from this study, plastic hinge rotation of columns and chord rotation
can provide a better measurement of lateral demand on the columns compared with
drift ratio. While additional test data on column end rotation is required, capacity

models should be updated to be based on rotation rather than drift. Further
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investigations are required on effects of axial load on chord rotation and relations

between chord rotation and shear and axial failure of non-ductile columns.

Since the behaviour of frames near the point of collapse are complicated and dynamic
tests up to that point are limited, further test data are required to better understand
mechanisms that control shear and axial failures in non-ductile columns and refine
the models for the drift at shear and axial failure of such columns. Particular attention

needs to be given to columns with high axial load.

Experimental and analytical studies are required to investigate the contribution of
out-of-plane frames to the capacity of a building for resisting collapse. The

redistribution of forces within a 3D building frame system should also be examined.

The drift capacity models should be extended to account for the effects of

bidirectional bending and shear.

Further dynamic tests should be performed on column and frame systems with a wide
range of ground motions to improve quantification of earthquake demands and to
investigate the influence of the type of ground motion on the shear and axial load

failure of columns, and the response of the building frames prior to collapse.

In order to accurately predict the point of shear and axial load failure of columns,
nonlinear analytical models should be improved to achieve a better prediction of the

drift demands.
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8. Analytical models for non-ductile reinforced concrete columns should be developed
and implemented in OpenSees based on the mechanics instead of the empirical drift

capacity models.

9. Further studies are required to quantify the influence of ductility demand on effective
stiffness of columns in a building frame and obtain an appropriate coefficient for

increasing the effective stiffness of columns in higher stories.

10. The proposed backbone for ASCE-41 should be compared with additional

experimental data to confirm its applicability.
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APPENDICES

Appendix A. Specimen Drawings and Material Properties

A.1 As-built Specimen Drawings and Specifications

Four shaking table test specimens with similar geometry, but different specifications,
were constructed conforming to the plans shown in Figure A-1 through Figure A-8. The

reinforcement met the following specifications:

- All reinforcement, with the exception of the column ties, complied with Taiwanese

standards with specifications very similar to ASTM A706 for grade 60.
- Plain reinforcing Smm smooth bar was used for the column transverse reinforcement.

- All stirrup hooks within the footings and beams were 135° bend plus 6 bar diameters

extension.

- The column tie hooks were 90° bend. The tie spacing in columns of specimen MUF

was 1/3 of the columns in other specimens to provide proper confinement.
- The concrete clear cover over the transverse reinforcement in the columns was 17 mm.

- Normal-weight concrete was cast in four stages: footing, first story, second story, and
top column stubs. The construction joints were located at the base of the columns.
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Side View (Section A-A)

Elevation

Figure A-1. Specimens MCFS and HCFS
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Figure A-3. Reinforcement layout (elevation), specimens MCFS and HCFS.
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A.2 Material Properties

A.2.1 Concrete Properties

At the time of casting, 150mm diameter by 300mm-high standard cylinders were cast
according to ASTM C31 requirements and were kept in the same environment as the test
specimens. Concrete was poured at four levels of footing, first story, second story, and top
column stubs. Six cylinders were prepared at each stage for the specimens. Three cylinders
were tested 28 days after casting, and the rest were tested shortly after the day of the shaking
table tests. Table A-1 summarizes the average results from the cylinder tests used for the
analytical models. Table A-2 demonstrates the cylinder test results for different stories of
specimens MCFS and HCFS, while Table A-3 shows the results for stories of specimens MUF
and MUFS. Figure A-9 to Figure A-11 demonstrate the stress-strain relationship for cylinders
for specimens MUF and MUFS. These plots are for the cylinders tested 15 days after testing
specimen MUFS and 32 days after testing specimen MUF. Similar plots were obtained for

specimens MCFS and HCFS; however, they were not shown here for the sake of brevity.

Table A-1. Average concrete compressive strengths for columns

28-Day Shaking Table Test Day
Specimen | Mean Strength Strength
(MPa) (MPa)
MCEFS 31.0 34.0
HCFS 31.0 34.4
MUF 30.2 35.8
MUFS 30.2 36.5
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Table A-2. Concrete compressive strength test results for specimens MCFS and HCFS

£, (28-day)

f’. (Cylinder Test-day)”

Location Cylinder | Average Cov. Cylinder Average Cov.
MPa MPa % MPa MPa %
31.8 35.4
Footing 32.6 32.7 29 38.2 38.9 9.9
33.6 43.1
First-story 294 40.7
beams and 32.8 31.1 5.5 39.1 37.7 10.3
columns 31.0 333
Second-story 30.8 37.7
beams and 314 30.8 1.8 28.7 34.3 14.1
columns 30.3 36.4

* Cylinder Test-day was 19 days after testing specimen MCFS and 14 days after testing specimen HCFS

Table A-3. Concrete compressive strength test results for specimens MUF and MUFS

f’. (28-day)

f°. (Cylinder Test-day)"

Location Cylinder | Average Cov. Cylinder Average Cov.
MPa MPa % MPa MPa %
31.0 353
Footing 32.1 30.8 4.8 37.6 36.8 3.6
29.2 37.6
First-story 30.6 377
beams and 31.2 30.7 1.3 38.5 38.4 1.8
columns 30.4 39.0
Second-story 29.5 32.9
beams and 29.6 29.6 0.2 34.6 35.8 10.1
columns 29.6 39.8

* Cylinder Test-day was 32 days after testing specimen MUF and 15 days after testing specimen MUFS
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Figure A-9. Concrete stress-strain plots for three cylinders from footing concrete,
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Figure A-11. Concrete stress-strain plots for three cylinders from second-story concrete,
specimens MUF and MUFS

A.2.2  Reinforcing Steel Properties

For each size of reinforcement used in the test specimens, three steel coupons were
tested according to ASTM A370. The results for rebar used in the columns of the four
specimens are summarized in Table A-4. The yield stress, f,, was taken from the plateau just
after first yield, and the yield strain, €,, was taken as the strain at the peak at first yield. The
stress at starting point of strain-hardening was taken as f,, while the strain at such point, &g,
was taken as the strain at the point where the stress starts to increase. The ultimate stress, f,,
was assumed as the maximum stress recorded during the coupon test; while the ultimate strain,
€y, reported in Table A-4 was taken as the maximum strain recorded during the coupon test
(note that £, and €, do not occur at the same time during coupon test results shown in Figure
A-13 and Figure A-16). The modulus of elasticity, £, was determined by calculating a linear
fit to the data for strains below 0.002. Table A-5 demonstrates the steel properties used in
other structural elements of specimens MCFS and HCFS, while properties of reinforcement in

the structural elements of specimens MUF and MUFS are shown in Table A-6.
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Table A-4. Averages from column reinforcing steel coupon tests

Specimen | No. of Tests v Ju g € €y =
(MPa) | (MPa) (MPa)
MCFS 3" 439.0 685.0 | 0.0022 | 0.019 0.279 199860
HCFS 3" 439.0 685.0 | 0.0022 | 0.019 0.279 199860
MUF 3 467.0 702 0.0023 | 0.006 0.293 204824
MUFS 3 467.0 702 0.0023 | 0.006 0.293 204824

*, Results from one coupon test were ignored (see Figure A-13 and Figure A-14)

Table A-5. Reinforcing steel properties for specimens MCFS, HCFS

Location | Purpose | Type Iy Ju
(MPa) (MPa)
stirrup #3 452.2 640.4
Footing long. #4 437.0 637.5
long. #6 445.6 637.5
1% story long. #5 439.8 666.9
beam stirrup #3 452.2 640.4
2" story long. #4 437.0 637.5
beam | long. stirrup | #3 452.2 640.4
Slab I(I)ng. #3 274.6 384.4
stirrup #3 452.2 640.4
Joint stirrup 0.5 469.0 480.0

Table A-6. Reinforcing steel properties for specimens MUF, MUFS

Location | Purpose | Type Iy Ju
(MPa) (MPa)
stirrup #3 456.6 652.2
Footing long. #4 449.3 647.3
long. #6 473.7 657.1
1% story long. #5 446.5 637.5
beam stirrup #3 456.6 652.2
2" story long. #4 4493 647.3
beam | long. stirrup | #3 456.6 652.2
Slab 1(-)ng. #3 358.7 474.0
stirrup #3 456.6 652.2

Joint stirrup none - -
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Figure A-12. Reinforcing steel stress-strain plots for rebar #3, specimens MCFS and

HCFS
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Figure A-13. Reinforcing steel stress-strain plots for rebar #4, specimens MCFS and
HCEFS (dash-dotted curve ignored)
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Figure A-14. Reinforcing steel stress-strain plots for rebar #5, specimens MCFS and
HCEFS (dash-dotted curve ignored)
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Figure A-15. Reinforcing steel stress-strain plots for rebar #3, specimens MUF and
MUFS
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Figure A-16. Reinforcing steel stress-strain plots for rebar #4, specimens MUF and
MUFS
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Figure A-17. Reinforcing steel stress-strain plots for rebar #5, specimens MUF and
MUFS
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Figure A-18. Reinforcing steel stress-strain plots for transverse rebar Smm, all specimens
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Appendix B. Instrumentation, Procedures, and Data
Reduction

B.1 Introduction

The experimental setup, discussed in Chapter 3, was designed to observe collapse
behaviour of four frames with similar geometry, but with different detailing and applied load.
While Section B.2 demonstrates the breakdown of inertial-mass weights and gravity load on
the beams for each frame, details of instrumentation for each specimen are shown in Section
B.3. The procedures used to reduce the recorded data to the results presented in Chapters 4 and
5 will be discussed in Section B.4. Finally, Section B.5 demonstrates the modeling parameters

defined in ASCE-41 for non-ductile columns.
B.2  Breakdown of Weights Connected to Specimens

As discussed in Section 3.4.2.1, gravity load on the beams was considered by means of
lead packets connected to the beams (see Figure A-8 for details). Inertial-mass wagons were
also connected to the specimens at the top point of second-story center column. Breakdown of
the weights connected to the specimens is shown in Table B-1. Due to limitations caused by

the connections of inertial-mass wagons to the specimen, the layout of the lead weights on
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second-story beams was different from the first story. Steel plates were attached to the sides of
the beams to compensate the difference between the weight of lead packets and original
designed loads. Therefore, the total weight connected to the second story must be considered
as the combination of the weight from lead packets and the steel plates. Total weight of each

specimen is also shown in Table B-1.

Table B-1. Weight of inertial-Mass wagons, connections, lead packet stacks on the beams,
and specimen

MCFS HCFS MUF MUFS
Inertial-Mass Wagon,
North (kN) 50.4 49.8 50.8 49.8
Inertial-Mass Wagon,
South (kN) 51.1 51.1 51.1 51.1
Connection of
Inertial-Mass Wagons 3.6 3.6 3.6 3.6
to Specimen (kN)
First-Story Lead
Weight (kN) 19.7 19.7 19.7 19.7
Second-Story Lead
Weight (kN) 7.8 7.8 7.8 7.8
Second-Story Steel
Weight (kN) 10.8 10.8 10.8 10.8
Specimen Weight (kN) 96.09 96.08 96.98 96.99

B.3 Instrumentation

The instrumentation can be grouped into the following categories:
1) Force transducers (or load cells) that measure shear and axial forces at the base of test
frames footings,
2) Accelerometers to measure the acceleration at each story and the inertial-mass wagon,
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3) Displacement transducers to measure the global displacements of the specimen,

vertical displacement of columns, and deformation of exterior first-story joints,

4) Strain gages to measure the strain in the reinforcement.

Table B-2 to Table B-5 list the instruments used for the specimens.

Table B-2. Instrumentation list for specimen MCFS

Cha; nel Category Description Name
1 Accelerometer Footing B Horizontal AC FBH
2 Accelerometer Footing B Vertical AC FBV
3 Accelerometer A1l Horizontal ACAIH
4 Accelerometer Al Transverse ACAIT
5 Accelerometer Al Vertical ACA1V
6 Accelerometer B1 Horizontal AC B1H
7 Accelerometer B1 Vertical ACBI1V
8 Accelerometer C1 Horizontal AC Cl1H
9 Accelerometer C1 Transverse ACCIT
10 Accelerometer C1 Vertical AC C1V
11 Accelerometer A2 Horizontal AC A2H
12 Accelerometer A2 Vertical AC A2V
13 Accelerometer B2 Horizontal AC B2H
14 Accelerometer B2 Transverse AC B2T
15 Accelerometer B2 Vertical AC B2V
16 Accelerometer C2 Horizontal AC C2H
17 Accelerometer C2 Vertical Left AC C2V
18 Accelerometer First Floor Mass Horizontal North AC FFMHN
19 Accelerometer Second Floor Mass Horizontal North AC SFMHN
20 Accelerometer Inertia Mass Horizontal North AC IMHN
78 Accelerometer Inertial-Mass Horizontal South AC IMHS
21 Local Displacement Column B1 Bottom Slip North LD B1IBSN
22 Local Displacement Column B1 Bottom Slip South LD B1BSS
80 Local Displacement Column B1 Bottom Vertical North LD B1BVN
81 Local Displacement Column B1 Bottom Vertical South LD BIBVS
82 Local Displacement Column B1 Bottom Horizontal LD B1BH
83 Local Displacement Column B1 Bottom Diagonal LD BIBD
84 Local Displacement Column B1 Top Vertical North LD BITVN
85 Local Displacement Column B1 Top Vertical South LD BITVS
86 Local Displacement Column B1 Top Horizontal LD BITH
87 Local Displacement Column B1 Top Diagonal LD BITD
88 Local Displacement Column B1 Top Slip North LD BITSN
89 Local Displacement Column B1 Top Slip South LD BITSS
90 Local Displacement Joint C1 Vertical North LD JC1VN
91 Local Displacement Joint C1 Vertical South LD JCIVS
92 Local Displacement Joint C1 Horizontal Top LD JCIHT
93 Local Displacement Joint C1 Horizontal Bottom LD JCIHB
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Channel

4 Category Description Name
94 Local Displacement Joint C1 Diagonal Top North LD JCIDTN
95 Local Displacement Joint C1 Diagonal Top South LD JCIDTS
23 Global Displacement Column A1 Vertical North GD A1VN
24 Global Displacement Column A1 Vertical South GD A1VS
25 Global Displacement Column A1 Horizontal Transverse GD AIHT
26 Global Displacement Column A1 Horizontal Longitudinal GD ATHL
27 Global Displacement Column A1 Horizontal Longitudinal Top GD ATHLT
28 Global Displacement Column B1 Vertical North GD B1VN
29 Global Displacement Column B1 Vertical South GD BIVS
30 Global Displacement Column C1 Vertical North GD C1VN
31 Global Displacement Column C1 Vertical South GD C1VS
32 Global Displacement Column C1 Horizontal Transverse GD CIHT
33 Global Displacement Column A2 Vertical GD A2V
34 Global Displacement Column A2 Horizontal Longitudinal GD A2HL
35 Global Displacement Column B2 Vertical GD B2V
36 Global Displacement Column B2 Horizontal Transverse GD B2HT
37 Global Displacement Column C2 Vertical GD C2V
38 Global Displacement Diagonal B1 Bottom Al Top GD DBIBAIT
39 Global Displacement Diagonal B1 Bottom C1 Top GD DBI1BCIT
40 Global Displacement Diagonal Middle Beam B2 Top GD DMBB2T
41 Global Displacement Diagonal Middle Beam C2 Top GD DMBC2T
42 Global Displacement Diagonal Middle Beam Steel Beam Top GD DMBSBT
43 Global Displacement Longitudinal North Mass First Floor Top GD LNMFFT
44 Global Displacement Longitudinal North Mass Second FL. Top | GD LNMSFT
45 Global Displacement Longitudinal North Inertial-Mass Top GD LNIMT
46 Global Displacement Transverse North Inertial-Mass Top GD TNIMT
47 Global Displacement Footing B1 Vertical Left GD FBI1VL
96 Global Displacement Beam A1B1 Horizontal Longitudinal GD A1B1HL
97 Global Displacement Beam B1C1 Horizontal Longitudinal GD BICIHL
98 Global Displacement Beam A2B2 Horizontal Longitudinal GD A2B2HL
99 Global Displacement Beam B2C2 Horizontal Longitudinal GD B2C2HL
100 Global Displacement Temposonic Mass Car Left GD TEMPML
48 Force Transducer Column A Axial North FT CAAN
49 Force Transducer Column A In-Plane Shear North FT CAIPSN
50 Force Transducer Column A Out-Of-Plane Shear North FT CAOPSN
51 Force Transducer Column A Axial South FT CAAS
52 Force Transducer Column A In-Plane Shear South FT CAIPSS
53 Force Transducer Column A Out-Of-Plane Shear South FT CAOPSS
54 Force Transducer Column B Axial North FT CBAN
55 Force Transducer Column B In-Plane Shear North FT CBIPSN
56 Force Transducer Column B Out-Of-Plane Shear North FT CBOPSN
57 Force Transducer Column B Axial South FT CBAS
58 Force Transducer Column B In-Plane Shear South FT CBIPSS
59 Force Transducer Column B Out-Of-Plane Shear South FT CBOPSS
60 Force Transducer Column C Axial North FT CCAN
61 Force Transducer Column C In-Plane Shear North FT CCIPSN
62 Force Transducer Column C Out-Of-Plane Shear North FT CCOPSN
63 Force Transducer Column C Axial South FT CCAS
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Channel

4 Category Description Name
64 Force Transducer Column C In-Plane Shear South FT CCIPSS
65 Force Transducer Column C Out-Of-Plane Shear South FT CCOPSS
66 Force Transducer Column A Top Hinge FT CATH
67 Force Transducer Column B Top Hinge FT CBTH
68 Force Transducer Column C Top Hinge FT CCTH
Table B-3. Instrumentation list for specimen HCFS
Cha#nnel Category Description Name

1 Accelerometer Footing B Horizontal AC FBH

2 Accelerometer Footing B Vertical AC FBV

3 Accelerometer Al Horizontal ACAIH

4 Accelerometer Al Transverse ACAIT

5 Accelerometer Al Vertical ACA1V

6 Accelerometer B1 Horizontal AC B1H

7 Accelerometer B1 Vertical ACBI1V

8 Accelerometer C1 Horizontal AC Cl1H

9 Accelerometer C1 Transverse ACCIT

10 Accelerometer C1 Vertical AC C1V

11 Accelerometer A2 Horizontal AC A2H

12 Accelerometer A2 Vertical AC A2V

13 Accelerometer B2 Horizontal AC B2H

14 Accelerometer B2 Transverse AC B2T

15 Accelerometer B2 Vertical AC B2V

16 Accelerometer C2 Horizontal AC C2H

17 Accelerometer C2 Vertical Left AC C2V

18 Accelerometer First Floor Mass Horizontal North AC FFMHN
19 Accelerometer Second Floor Mass Horizontal North AC SFMHN
20 Accelerometer Inertia Mass Horizontal North AC IMHN
78 Accelerometer Inertial-Mass Horizontal South AC IMHS
21 Local Displacement Column B1 Bottom Slip North LD BIBSN
22 Local Displacement Column B1 Bottom Slip South LD B1BSS
80 Local Displacement Column B1 Bottom Vertical North LD B1BVN
81 Local Displacement Column B1 Bottom Vertical South LD BIBVS
82 Local Displacement Column B1 Bottom Horizontal LD B1BH
83 Local Displacement Column B1 Bottom Diagonal LD BIBD
84 Local Displacement Column B1 Top Vertical North LD BITVN
85 Local Displacement Column B1 Top Vertical South LD BITVS
86 Local Displacement Column B1 Top Horizontal LD BITH
87 Local Displacement Column B1 Top Diagonal LD BITD
88 Local Displacement Column B1 Top Slip North LD BITSN
89 Local Displacement Column B1 Top Slip South LD BITSS
90 Local Displacement Joint C1 Vertical North LD JC1VN
91 Local Displacement Joint C1 Vertical South LD JCIVS
92 Local Displacement Joint C1 Horizontal Top LD JCIHT
93 Local Displacement Joint C1 Horizontal Bottom LD JCIHB
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Channel

4 Category Description Name
94 Local Displacement Joint C1 Diagonal Top North LD JCIDTN
95 Local Displacement Joint C1 Diagonal Top South LD JCIDTS
23 Global Displacement Column A1 Vertical North GD A1VN
24 Global Displacement Column A1 Vertical South GD A1VS
25 Global Displacement Column A1 Horizontal Transverse GD AIHT
26 Global Displacement Column A1 Horizontal Longitudinal GD ATHL
27 Global Displacement Column A1 Horizontal Longitudinal Top GD ATHLT
28 Global Displacement Column B1 Vertical North GD B1VN
29 Global Displacement Column B1 Vertical South GD BIVS
30 Global Displacement Column C1 Vertical North GD C1VN
31 Global Displacement Column C1 Vertical South GD C1VS
32 Global Displacement Column C1 Horizontal Transverse GD CIHT
33 Global Displacement Column A2 Vertical GD A2V
34 Global Displacement Column A2 Horizontal Longitudinal GD A2HL
35 Global Displacement Column B2 Vertical GD B2V
36 Global Displacement Column B2 Horizontal Transverse GD B2HT
37 Global Displacement Column C2 Vertical GD C2V
38 Global Displacement Diagonal B1 Bottom A1l Top GD DBIBAIT
39 Global Displacement Diagonal B1 Bottom C1 Top GD DBI1BCIT
40 Global Displacement Diagonal Middle Beam B2 Top GD DMBB2T
41 Global Displacement Diagonal Middle Beam C2 Top GD DMBC2T
42 Global Displacement Diagonal Middle Beam Steel Beam Top GD DMBSBT
43 Global Displacement Longitudinal North Mass First Floor Top | GD LNMFFT
44 Global Displacement Longitudinal North Mass Second FL Top | GD LNMSFT
45 Global Displacement Longitudinal North Inertia- Mass Top GD LNIMT
46 Global Displacement Transverse North Inertial-Mass Top GD TNIMT
47 Global Displacement Footing B1 Vertical Left GD FBIVL
96 Global Displacement Beam A1B1 Horizontal Longitudinal GD A1B1HL
97 Global Displacement Beam B1C1 Horizontal Longitudinal GD BICIHL
98 Global Displacement Beam A2B2 Horizontal Longitudinal GD A2B2HL
99 Global Displacement Beam B2C2 Horizontal Longitudinal GD B2C2HL
100 Global Displacement Temposonic Mass Car Left GD TEMPML
48 Force Transducer Column A Axial North FT CAAN
49 Force Transducer Column A In-Plane Shear North FT CAIPSN
50 Force Transducer Column A Out-Of-Plane Shear North FT CAOPSN
51 Force Transducer Column A Axial South FT CAAS
52 Force Transducer Column A In-Plane Shear South FT CAIPSS
53 Force Transducer Column A Out-Of-Plane Shear South FT CAOPSS
54 Force Transducer Column B Axial North FT CBAN
55 Force Transducer Column B In-Plane Shear North FT CBIPSN
56 Force Transducer Column B Out-Of-Plane Shear North FT CBOPSN
57 Force Transducer Column B Axial South FT CBAS
58 Force Transducer Column B In-Plane Shear South FT CBIPSS
59 Force Transducer Column B Out-Of-Plane Shear South FT CBOPSS
60 Force Transducer Column C Axial North FT CCAN
61 Force Transducer Column C In-Plane Shear North FT CCIPSN
62 Force Transducer Column C Out-Of-Plane Shear North FT CCOPSN
63 Force Transducer Column C Axial South FT CCAS
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Channel

4 Category Description Name
64 Force Transducer Column C In-Plane Shear South FT CCIPSS
65 Force Transducer Column C Out-Of-Plane Shear South FT CCOPSS
66 Force Transducer Column A Top Hinge FT CATH
67 Force Transducer Column B Top Hinge FT CBTH
68 Force Transducer Column C Top Hinge FT CCTH
Table B-4. Instrumentation list for specimen MUF
Cha; nel Category Description Name

1 Accelerometer Footing B Horizontal AC FBH

2 Accelerometer Footing B Vertical AC FBV

3 Accelerometer Al Horizontal ACAIH

4 Accelerometer A1l Transverse ACAIT

5 Accelerometer Al Vertical ACA1V

6 Accelerometer B1 Horizontal AC B1H

7 Accelerometer B1 Vertical ACBI1V

8 Accelerometer C1 Horizontal AC Cl1H

9 Accelerometer C1 Transverse ACCIT

10 Accelerometer C1 Vertical AC C1V

11 Accelerometer A2 Horizontal AC A2H

12 Accelerometer A2 Vertical AC A2V

13 Accelerometer B2 Horizontal AC B2H

14 Accelerometer B2 Transverse AC B2T

15 Accelerometer B2 Vertical AC B2V

16 Accelerometer C2 Horizontal AC C2H

17 Accelerometer C2 Vertical Left AC C2V

18 Accelerometer First Floor Mass Horizontal North AC FFMHN
19 Accelerometer Second Floor Mass Horizontal North AC SFMHN
20 Accelerometer Inertia Mass Horizontal North AC IMHN
78 Accelerometer Inertial-Mass Horizontal South AC IMHS
21 Local Displacement Column B1 Bottom Slip North LD B1IBSN
22 Local Displacement Column B1 Bottom Slip South LD B1BSS
80 Local Displacement Column B1 Bottom Vertical North LD B1BVN
81 Local Displacement Column B1 Bottom Vertical South LD BIBVS
82 Local Displacement Column B1 Bottom Horizontal LD B1BH
83 Local Displacement Column B1 Bottom Diagonal LD BIBD
84 Local Displacement Column B1 Top Vertical North LD BITVN
85 Local Displacement Column B1 Top Vertical South LD BITVS
86 Local Displacement Column B1 Top Horizontal LD BITH
87 Local Displacement Column B1 Top Diagonal LD B1TD
88 Local Displacement Joint A1 Diagonal East LD JAIDE
89 Local Displacement Joint C1 Diagonal East LD JC1DE
90 Local Displacement Joint C1 Vertical North LD JCIVN
91 Local Displacement Joint C1 Vertical South LD JC1VS
92 Local Displacement Joint C1 Horizontal Top LD JCIHT
93 Local Displacement Joint C1 Horizontal Bottom LD JCIHB

311




Channel

4 Category Description Name
94 Local Displacement Joint C1 Diagonal Top North LD JCIDTN
95 Local Displacement Joint C1 Diagonal Top South LD JCIDTS
23 Global Displacement Column A1 Vertical North GD A1VN
24 Global Displacement Column A1 Vertical South GD A1VS
25 Global Displacement Column A1 Horizontal Transverse GD AIHT
26 Global Displacement Column A1 Horizontal Longitudinal GD ATHL
27 Global Displacement Column A1 Horizontal Longitudinal Top GD ATHLT
28 Global Displacement Column B1 Vertical North GD B1VN
29 Global Displacement Column B1 Vertical South GD BIVS
30 Global Displacement Column C1 Vertical North GD C1VN
31 Global Displacement Column C1 Vertical South GD C1VS
32 Global Displacement Column C1 Horizontal Transverse GD CIHT
33 Global Displacement Column A2 Vertical GD A2V
34 Global Displacement Column A2 Horizontal Longitudinal GD A2HL
35 Global Displacement Column B2 Vertical GD B2V
36 Global Displacement Column B2 Horizontal Transverse GD B2HT
37 Global Displacement Column C2 Vertical GD C2V
38 Global Displacement Diagonal B1 Bottom Al Top GD DBIBAIT
39 Global Displacement Diagonal B1 Bottom C1 Top GD DBI1BCIT
40 Global Displacement Diagonal Middle Beam B2 Top GD DMBB2T
41 Global Displacement Diagonal Middle Beam C2 Top GD DMBC2T
42 Global Displacement Diagonal Middle Beam Steel Beam Top GD DMBSBT
43 Global Displacement Longitudinal North Mass First Floor Top | GD LNMFFT
44 Global Displacement Longitudinal North Mass Second FL. Top | GD LNMSFT
45 Global Displacement Longitudinal North Inertial-Mass Top GD LNIMT
46 Global Displacement Transverse North Inertial-Mass Top GD TNIMT
47 Global Displacement Footing B1 Vertical Left GD FBIVL
96 Global Displacement Beam A1B1 Horizontal Longitudinal GD AIBIHL
97 Global Displacement Beam B1C1 Horizontal Longitudinal GD B1CI1HL
98 Global Displacement Beam A2B2 Horizontal Longitudinal GD A2B2HL
99 Global Displacement Beam B2C2 Horizontal Longitudinal GD B2C2HL
100 Global Displacement Temposonic Mass Car Left GD TEMPML
48 Force Transducer Column A Axial North FT CAAN
49 Force Transducer Column A In-Plane Shear North FT CAIPSN
50 Force Transducer Column A Out-Of-Plane Shear North FT CAOPSN
51 Force Transducer Column A Axial South FT CAAS
52 Force Transducer Column A In-Plane Shear South FT CAIPSS
53 Force Transducer Column A Out-Of-Plane Shear South FT CAOPSS
54 Force Transducer Column B Axial North FT CBAN
55 Force Transducer Column B In-Plane Shear North FT CBIPSN
56 Force Transducer Column B Out-Of-Plane Shear North FT CBOPSN
57 Force Transducer Column B Axial South FT CBAS
58 Force Transducer Column B In-Plane Shear South FT CBIPSS
59 Force Transducer Column B Out-Of-Plane Shear South FT CBOPSS
60 Force Transducer Column C Axial North FT CCAN
61 Force Transducer Column C In-Plane Shear North FT CCIPSN
62 Force Transducer Column C Out-Of-Plane Shear North FT CCOPSN
63 Force Transducer Column C Axial South FT CCAS
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Channel

4 Category Description Name
64 Force Transducer Column C In-Plane Shear South FT CCIPSS
65 Force Transducer Column C Out-Of-Plane Shear South FT CCOPSS
66 Force Transducer Column A Top Hinge FT CATH
67 Force Transducer Column B Top Hinge FT CBTH
68 Force Transducer Column C Top Hinge FT CCTH
Table B-5. Instrumentation list for specimen MUFS
Channel Category Description Name
#

1 Accelerometer Footing B Horizontal AC FBH

2 Accelerometer Footing B Vertical AC FBV

3 Accelerometer Al Horizontal ACAIH

4 Accelerometer A1l Transverse ACAIT

5 Accelerometer Al Vertical ACA1V

6 Accelerometer B1 Horizontal AC B1H

7 Accelerometer B1 Vertical AC B1V

8 Accelerometer C1 Horizontal AC Cl1H

9 Accelerometer C1 Transverse ACCIT

10 Accelerometer C1 Vertical AC C1V

11 Accelerometer A2 Horizontal AC A2H

12 Accelerometer A2 Vertical AC A2V

13 Accelerometer B2 Horizontal AC B2H

14 Accelerometer B2 Transverse AC B2T

15 Accelerometer B2 Vertical AC B2V

16 Accelerometer C2 Horizontal AC C2H

17 Accelerometer C2 Vertical Left AC C2V

18 Accelerometer First Floor Mass Horizontal North AC FFMHN

19 Accelerometer Second Floor Mass Horizontal North AC SFMHN

20 Accelerometer Inertia Mass Horizontal North AC IMHN

78 Accelerometer Inertial-Mass Horizontal South AC IMHS

21 Local Displacement Column B1 Bottom Slip North LD B1BSN

22 Local Displacement Column B1 Bottom Slip South LD B1BSS

80 Local Displacement Column B1 Bottom Vertical North LD B1BVN

81 Local Displacement Column B1 Bottom Vertical South LD BIBVS

82 Local Displacement Column B1 Bottom Horizontal LD B1BH

83 Local Displacement Column B1 Bottom Diagonal LD BI1BD

84 Local Displacement Column B1 Top Vertical North LD BITVN

85 Local Displacement Column B1 Top Vertical South LD BITVS

86 Local Displacement Column B1 Top Horizontal LD BITH

87 Local Displacement Column B1 Top Diagonal LD B1TD

88 Local Displacement Joint A1 Diagonal East LD JAIDE

89 Local Displacement Joint C1 Diagonal East LD JCIDE

90 Local Displacement Joint C1 Vertical North LD JCIVN

91 Local Displacement Joint C1 Vertical South LD JCIVS

92 Local Displacement Joint C1 Horizontal Top LD JCIHT

93 Local Displacement Joint C1 Horizontal Bottom LD JC1IHB
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Channel Category Description Name
#

94 Local Displacement Joint C1 Diagonal Top North LD JCIDTN
95 Local Displacement Joint C1 Diagonal Top South LD JCIDTS
23 Global Displacement Column A1 Vertical North GD A1VN
24 Global Displacement Column A1 Vertical South GD A1VS
25 Global Displacement Column A1 Horizontal Transverse GD ATHT
26 Global Displacement Column A1 Horizontal Longitudinal GD ATHL
27 Global Displacement Column A1 Horizontal Longitudinal Top GD ATHLT
28 Global Displacement Column B1 Vertical North GD B1VN
29 Global Displacement Column B1 Vertical South GD B1VS

30 Global Displacement Column C1 Vertical North GD C1VN

31 Global Displacement Column C1 Vertical South GD CIVS

32 Global Displacement Column C1 Horizontal Transverse GD CIHT

33 Global Displacement Column A2 Vertical GD A2V

34 Global Displacement Column A2 Horizontal Longitudinal GD A2HL

35 Global Displacement Column B2 Vertical GD B2V

36 Global Displacement Column B2 Horizontal Transverse GD B2HT

37 Global Displacement Column C2 Vertical GD C2V

38 Global Displacement Diagonal B1 Bottom A1 Top GD DBI1BAIT
39 Global Displacement Diagonal B1 Bottom C1 Top GD DBIBCIT
40 Global Displacement Diagonal Middle Beam B2 Top GD DMBB2T
41 Global Displacement Diagonal Middle Beam C2 Top GD DMBC2T
42 Global Displacement Diagonal Middle Beam Steel Beam Top GD DMBSBT
43 Global Displacement Longitudinal North Mass First Floor Top GD LNMFFT
44 Global Displacement Longitudinal North Mass Second FL Top GD LNMSFT
45 Global Displacement Longitudinal North Inertial-Mass Top GD LNIMT
46 Global Displacement Transverse North Inertial-Mass Top GD TNIMT
47 Global Displacement Footing B1 Vertical Left GD FBIVL
96 Global Displacement Beam A1B1 Horizontal Longitudinal GD A1B1HL
97 Global Displacement Beam B1C1 Horizontal Longitudinal GD B1CIHL
98 Global Displacement Beam A2B2 Horizontal Longitudinal GD A2B2HL
99 Global Displacement Beam B2C2 Horizontal Longitudinal GD B2C2HL
100 Global Displacement Temposonic Mass Car Left GD TEMPML
48 Force Transducer Column A Axial North FT CAAN
49 Force Transducer Column A In-Plane Shear North FT CAIPSN
50 Force Transducer Column A Out-Of-Plane Shear North FT CAOPSN
51 Force Transducer Column A Axial South FT CAAS

52 Force Transducer Column A In-Plane Shear South FT CAIPSS
53 Force Transducer Column A Out-Of-Plane Shear South FT CAOPSS
54 Force Transducer Column B Axial North FT CBAN

55 Force Transducer Column B In-Plane Shear North FT CBIPSN
56 Force Transducer Column B Out-Of-Plane Shear North FT CBOPSN
57 Force Transducer Column B Axial South FT CBAS

58 Force Transducer Column B In-Plane Shear South FT CBIPSS
59 Force Transducer Column B Out-Of-Plane Shear South FT CBOPSS
60 Force Transducer Column C Axial North FT CCAN

61 Force Transducer Column C In-Plane Shear North FT CCIPSN
62 Force Transducer Column C Out-Of-Plane Shear North FT CCOPSN
63 Force Transducer Column C Axial South FT CCAS
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Channel Category Description Name
#

64 Force Transducer Column C In-Plane Shear South FT CCIPSS
65 Force Transducer Column C Out-Of-Plane Shear South FT CCOPSS
66 Force Transducer Column A Top Hinge FT CATH
67 Force Transducer Column B Top Hinge FT CBTH
68 Force Transducer Column C Top Hinge FT CCTH

B.3.1  Force Transducers

redistribution of shear and axial load during testing. Each force transducer was capable of
measuring orthogonal shears and axial load. Due to significant shear and axial loads expected
to be induced during the tests, load cells with high capacity (1000 kN for axial load and 500
kN for shear) were fabricated. Each load cell with the external diameter of 200mm and height

of 250mm was connected to 300x300x25 mm end plates. Figure B-1 demonstrates the

Force transducers (load cells) were used in pairs under each of footings to monitor the

connection of load cells to the table and footings.

B.3.2

specimen at the footing on axis B (vertical and longitudinal directions), joints at each story

Figure B-1. Connection of load cells to footings and shaking table

Accelerometers

Accelerometers with a sensitivity of 100Hz + 0.5% were mounted on the west side of the
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level (vertical, longitudinal and transverse directions), and on inertial-mass wagons. Figure

B-2 demonstrates the location and name of the accelerometers used for the shaking table tests.
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Figure B-2. Location and name of accelerometers
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B.3.3  Displacement Measuring Instruments

There were three groups of displacement transducers (DTs) attached to the test frame: 1)
DTs attached to the frame at story levels to measure global horizontal displacement of the
frame; 2) DTs used for measuring the vertical displacement of the columns; 3) DTs attached to
the frame joints for monitoring relative joint deformations. Figure B-3 and Figure B-4
demonstrate the location and name of the displacement transducers used for all the specimens.
DTs included string-pot and Novotechnik potentiometers. With a measurement range up to
1000mm and linearity of £0.15%, string-pots were used for measuring the global deformation
of the specimens and vertical displacement of columns. On the other hand, Novotechniks with
a measurement range of 100mm and linearity of +£0.075% were used for local instrumentation
of members such as the exterior joints. Six Novotechnik potentiometers were mounted on the
confined face of joint C1 of all the specimens, while additional potentiometers were mounted
on the open face of the exterior joints Al and CI1 in specimens MUF and MUFS to measure
the shear deformations. Figure B-5 and Figure B-6 demonstrate the location and name of the
instruments used to measure the local deformation of exterior first-story joints and column B1.

All DTs were listed and described for each specimen in Table B-2 through Table B-5.

B.3.4  Strain Gages

A total of 40 strain gages were placed on longitudinal and transverse reinforcing bars of
columns, beams, and joints. Figure B-7 to Figure B-10 show detailed locations of these strain
gages. Many of the gages were damaged during construction and did not provide output during
the tests, therefore, only the strain gages whose readings were recorded during the tests were

shown in above-mentioned figures.
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Figure B-8. Location of strain gages, specimen HCFS
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Figure B-9. Location of strain gages, specimen MUF

C B
— — N4> —
] B104|l | I|B103 ]
-Hlcioa B106 [ {|B105 Al04f|-H
C107 ¢ llatos
C109 [les Lyl Bl [l 106
HH[CTT0 B113Ji T AL07| 1
o B114 [fs ]
. B001 [{e1 |
B002
1e1| €ool B004 |7 1|B003 T
T U —Bogo kIl A0l ADDS
1 [TEHT] 1 ‘ 1 [TEHT] 1 ‘ ‘ 1 [ TEHTT 1 ‘
| || EH | ‘ | || EH | ‘ | || = | ‘
1/ NNNNNI NSNS [ SN NN SIS\ il 1
Column A: 6
Number of gages: — Column B: 12
| Column C: 6




Y43

o
o

O N = 2
L =+ C205 B205 EE
+1C206 1
- C106 B106 ;; B103 -
(108 Blog+
LT gt il 1
CI113 — 1 B110
B114f=| B112
el _noe | L
{ColumnA:O
Number of gages: —| Column B: 8
Column C: 7

Figure B-10. Location of strain gages, specimen MUFS

I




B.4 Data Reduction

This section summarizes the procedures used to reduce the recorded data to the results
presented in Chapters 4 and 5. Frequency filtering was applied to all instrument channels to
eliminate high frequency noise content of instrumentation outputs. The built-in Matlab 7.4
(MathWorks, 2007) filtering function “filtfilt” was used with a Butterworth 8th order band-
pass filter design. More information on the command can be found in the software help of
Matlab 7.4 (MathWorks, 2007).

In order to compare the results from the sequential shaking table tests of each specimen,
as well as the results from testing different specimens (Chapters 4 and 5), data must be
synchronized. As discussed in Chapter 3, the four specimens were subjected to the same input
table motion. Therefore, the longitudinal acceleration recorded at table-level was selected to
synchronize the rest of the recorded data for different tests. Time steps at five peaks were
compared and matched to provide the best possible synchronization of data. As the same input
motion, but with different amplitudes were used for the sequential testing of each specimen,
similar procedure was taken to synchronize the data from sequential testing of each specimen.

The longitudinal displacements were recorded by several instruments including diagonal
displacement transducers (see Figure B-3 and Figure B-4). The results from the instruments
measuring horizontal displacement were compared with the horizontal component from the
output from the diagonal instruments to confirm the accuracy of data. The corrected vertical
displacements from the north and south sides of first-story columns were averaged to get the
vertical displacements for such columns shown in Chapter 4.

The base shear for each of the specimens was determined by summing the shear values

recorded by the force transducers. While shear for each of the columns in the first story was
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obtained by summing the shear recorded from the load cells under the columns, it was not
possible to directly measure the shear for second-story columns. Therefore, the shear in such
columns was considered as a portion of the total shear calculated for the second story of the
specimen. In the first step, second-story shear was obtained by subtracting the lateral force in
the first story (first-story mass X first-story acceleration) from the base shear. Then, at each
time-step, the ratio of column shear to the base shear was obtained for each of first-story
columns and multiplied by the shear in the second story to estimate the shear in the
corresponding column in the second story. Although this method seemed to estimate shear in
second-story column reasonably well, the results became improperly large at small base shear
values (before 25 and after 35 seconds). Ignoring the large peaks, Figure B-11 demonstrates
that the ratio of column shear to base shear tended to remain near 0.3 for the exterior columns
and 0.4 for the middle one. Similar ratios were observed for all the specimens. Therefore, such

coefficients were used to estimate shear in second-story columns.
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Moments, shears, and axial forces for first-story columns of each specimen were

calculated using shear, and axial load readings of load cells. Figure C-17 shows a typical first-
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story column, load cell layout, and a schematic representation of forces. From basic
equilibrium, the following equations were obtained that relate column forces to load cell

readings (see Figure B-12 for illustration of terms):

Column Axial Loads: (Units: kN)

Ap=A;+A4,-Myxg

A= Ap— Weor
where 4, is axial load at the base of column (this is the axial load presented in all figures), 4, is
axial load at the top of column, 47 and A2 are the load cell axial load readings, My is the mass

of footing, and W,,, is the weight of column.

Shear Forces at Column Base and Top (Units: kN)

V= Vi+ Vo— My x Accy

Vi=Vy—Mcor/2 X Accy — Meoi/2 X Accs
where V), is column shear at the base (this is the shear presented in all figures), V1 and V2 are
the load cell shear readings, V; is shear at the column top, M., is the column mass, Accyis the
footing acceleration (acceleration recorded at footing By was used for all), and Accyy, is first-

story horizontal acceleration (average of acceleration recorded at Joints Al, B1, and C1 was

used for all).

Moments at Column Base and Top (Units: kN-m)

My=-(Vi+V3) x0.65+(A;—A3) % 0.6/2 + Mr*x Accyx 0.5/2

M=Vyx14—My,—Ap xA—M_./2 x ACCfX (3/4 X 14) — M. o//2 X Accig < (1/4 X ]4)
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B.5 Condition Assessment and Modeling Parameters for Existing
Reinforced Concrete Columns Recommended by ASCE-41

Considering the capability of existing reinforced concrete columns to sustain limited
plastic deformation due to flexural yielding prior to shear failure, ASCE-41 Supplement-1
(2008), classified such columns into three categories based on the nominal shear strength, V,,
the plastic shear demand on the column, V), and the transverse reinforcement detailing as
shown in Table B-6.

Table B-6. Classification of columns for determination of modeling parameters
(ASCE-41, 2008)

Transverse Reinforcement Details
ACI conforming Closed hoops Other (including lap
details with 135° with 90° hooks spliced transverse
hooks reinforcement)
V/(V/k) <0.6 Condition i Condition ii Condition ii
1.0 > V,/A(V,/k) > 0.6 Condition ii Condition ii Condition iii
V,/(V/k) > 1.0 Condition iii Condition iii Condition iii

Note: k represents a modifier based on ductility demand, defined in ASCE-41.

The conditions in Table B-6 approximately correspond to the following failure modes:

e Condition i: Flexure failure
e Condition ii: Flexure-shear failure

o Condition iii: Shear failure
For each of these conditions, the modeling parameters for nonlinear analysis can be
obtained using Table B-7 (Table 6-8 from ASCE-41, 2008). Plastic rotation angles a and b,
required for obtaining M-0 relations for a column, was shown in Chapter 7 (Figure 7-8).

Subsequently, shear backbone for the column can be calculated using the M- relations.
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Table B-7. Modeling parameters and numerical acceptance criteria for nonlinear
procedures for reinforced concrete columns (Table 6-8 of ASCE-41)

Modeling Parameters* Acceptance Criteria®™®
Plastic Rotations Angle, radians
Residual
. i i Performance Level
Conditions Pklstllc Rot(;t.tlons Strength
ngie, radians .
gle, Ratio 10 Component Type
Primary Secondary
a b c LS Cp LS Cp
Condition i. *
P A,
p=—
Agf'c T wa

<0.1 > 0.006 0.035 0.060 0.2 0.005 0.026 0.035 0.045 0.060

> 0.6 > 0.006 0.010 0.010 0.0 0.003 0.008 0.009 0.009 0.010

<0.1 =0.002 0.027 0.034 0.2 0.005 0.020 0.027 0.027 0.034

> 0.6 =0.002 0.005 0.005 0.0 0.002 0.003 0.004 0.004 0.005

Condition ii. *

P 4 |
Agf'L‘ T bws bwd \/ fc "

<0.1 >0.006  |<3(0.25)] 0.032 0.060 0.2 0.005 0.024 0.032 0.045 0.060

<0.1 >0.006  [>6(0.5)] 0.025 0.060 0.2 0.005 0.019 0.025 0.045 0.060

>0.6 >0.006  [<3(0.25)] 0.010 0.010 0.2 0.003 0.008 0.009 0.009 0.010

> 0.6 > 0.006 > 6 (0.5)II 0.008 0.008 0.2 0.003 0.006 0.007 0.007 0.008

<0.1 <0.0005 <3 (0.25)” 0.012 0.012 0.0 0.005 0.009 0.010 0.010 0.012

<0.1 <0.0005 =6 (0.5)II 0.006 0.006 0.0 0.004 0.005 0.005 0.005 0.006

> 0.6 <0.0005 <3 (0.25)” 0.004 0.004 0.0 0.002 0.003 0.003 0.003 0.004

> 0.6 <0.0005 [>6 (0.5)II 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Condition iii. *

i A
p=—
A", T b,s

<0.1 > 0.006 0.0 0.060 0.0 0.0 0.0 0.0 0.045 0.060

> 0.6 > 0.006 0.0 0.008 0.0 0.0 0.0 0.0 0.007 0.008

<0.1 < 0.0005 0.0 0.006 0.0 0.0 0.0 0.0 0.005 0.006

> 0.6 < 0.0005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Condition iv. Columns controlled by inadequate development or splicing along the clear height”

P A
p=
Agf'c T wa

<0.1 > 0.006 0.0 0.060 0.4 0.0 0.0 0.0 0.045 0.060

> 0.6 > 0.006 0.0 0.008 0.4 0.0 0.0 0.0 0.007 0.008

<0.1 < 0.0005 0.0 0.006 0.2 0.0 0.0 0.0 0.005 0.006

0.6 < 0.0005 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

* Refer to Section 6.4.2.2.2 of ASCE-41for definition of conditions i, ii, and iii. Columns are considered to be controlled by inadequate development or splices
where the calculated steel stress at the splice exceeds the steel stress specified by Eq. (6-2) of ASCE-41. Where more than one of the conditions i, ii, iii, and iv
occurs for a given component, use the minimum appropriate numerical value from the table.

T Where P> 0.74,f"., the plastic rotation angles should be taken as zero for all performance levels unless the column has transverse reinforcement consisting of
hoops with 135 degree hooks spaced at < d/3 and the strength provided by the hoops (V) is at least three-fourths of the design shear. Axial load P shall be
based on the maximum expected axial loads due to gravity and earthquake loads

1 Values between those listed in the table should be determined by linear interpolation.

§ Primary and secondary component demands should be within secondary component acceptance criteria where the full backbone curve is explicitly modeled
including strength degradation and residual strength in accordance with Section 3.4.3.2 of ASCE-41.

|| V' is the design shear force from NSP or NDP. f”, in psi units (MPa in parentheses).

332



Appendix C. Results of Test3 for Specimen MUF

As discussed in Chapters 3 and 4, specimen MUF was the only specimen that did not
collapse during Test2. Therefore, the intensity of the input table motion was increased up to
the table limits (Test3). Specimen did not collapse even under such table demands. Results

from Test3 for specimen MUF are shown in this section.
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Figure C-1. Story-level drift response history for specimen MUF, Test2 and Test3
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Figure C-2. Story-level acceleration records for specimen MUF, Test2 and Test3
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Figure C-5. Shear hysteretic response of specimen MUF columns, Test2 and Test3
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Figure C-8. Vertical displacement of specimen MUF columns, Test2 and Test3
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Figure C-9. Variation of axial load of specimen MUF columns with vertical displacement
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Figure C-10. Moment-chord rotation relationship at top of first-story columns of
specimen MUF, Test2 and Test3
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Figure C-11. Moment hysteretic response of first-story columns of specimen MUF, Test2
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Figure C-12. Relation between shear force and shear deformation of joint C1 of specimen
MUF, recorded at unconfined face of the joint, Test2 and Test3
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Figure C-13. Relation between shear deformation at joint C1, recorded at unconfined
face and first-story drift of specimen MUF, Test2 and Test3
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