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ABSTRACT OF THE DISSERTATION
ANALYTICAL MODELS FOR COLUMN BASE CONNECTIONS AND THEIR
EFFECT IN SEISMIC PERFORMANCE OF STEEL MOMENT FRAMES

By

Pablo Torres Rodas
Doctor of Philosophy in Civil Engineering
University of California, Irvine, 2018
Professor Farzin Zareian, Chair

Analytical models for the characterization of the response of column base connections (i.e.
exposed and embedded base plates) are developed and implemented in the Open System
for Earthquake Engineering Simulation (OpenSees) software framework. These analytical
models are validated against large-scale experimental programs conducted in different
research institutions. The suggested analytical models are utilized to assess the
performance of Steel Special Moment Resisting Frames (SMRFs) in the Performance Base
Assessment/Design Framework. Specifically, this dissertation presents four studies:
1) A new hysteretic model formulation to capture the peculiar flag-shaped cyclic momentrotation response of exposed base plates is proposed. This model is developed based on the
physical processes involved in the hysteresis response. Five tests from a large scale

x

experimental program at UC-Davis are used to calibrate the parameters of the proposed
model.
2) A method is detailed to characterize the rotational stiffness of embedded column base
connections. The method considers deformations of the components within the connection.
The results are assessed against 9 tests from two experimental programs (ay UC-Davis and
Brigham Young University).
3) The seismic demands on column base connections are investigated through a series of
nonlinear time history simulations on 2-, 4-, 8-, and 12-story SMRFs. The 2- and 4- story
frames feature exposed base plate type connections, whereas the 8-, and 12- story frames
feature embedded connections. Results indicate that for exposed base plate connections,
failure is likely to be controlled by the minimum axial compression accompanied by high
moment. When embedded base connections are specified, the response is largely controlled
by moment.
4) An approach to simulate the hysteretic and dissipative response of embedded base
connections is described. This approach simulates embedded connections as an
arrangement of two springs in parallel to reflect moment contributions due to horizontal
and vertical bearing stresses. The resultant model is fit to five large-scale tests to calibrate
its parameters.
The intention of these four studies is to contribute to a deeper understanding and more
accurate characterization of the response of column base connections of Steel Moment
Frames subjected to seismic loads.
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CHAPTER 1
INTRODUCTION
1.1 INTRODUCTION
Column base connections are critical elements in Steel Moment Frames (SMFs) that
transfer loads (gravity, wind, or seismic) from the superstructure into the supporting
concrete foundation. These connections may be classified in two groups: exposed base
plates, and embedded base connections. For low-rise to mid-rise buildings, in which
relatively low moment demands are expected, an exposed base connection type is used to
connect the column into the concrete foundation. However, in taller buildings, the use of
exposed base connections yields impractical results and the preferred detail is an embedded
base connection. In this latter configuration, the moment is resisted by horizontal bearing
on the column flanges and complemented by vertical bearing in the embedded base plate.
In SMFs exposed base plates resist applied forces through the development of a bearing
stress block under the base plate in the compression side and tensile axial forces in the
anchor rods (i.e. force-couple). Several experimental programs conducted in the past years
(e.g. Astaneh et al. 1992, Burda and Itani 1999, Fahnmy et al 1999, Gomez et al 2010 and
Kanvinde et al. 2014) have contributed to a quantitative understanding of various aspects
of the response of these connections resulting in remarkable analytical models (Drake and
Elkin 1999). These studies have led to the development of design guidelines such as Steel
Design Guide 1 (Fisher and Kloiber, 2006) that constitutes the basis of modern practice.
More recently, Kanvinde et al. (2012) addressed the rotational stiffness of these
connections and the effect of this flexibility on frame response (i.e. interstory drifts,
1

distribution of forces and probability of collapse) was studied in a parametric study by
Zareian and Kanvinde (2013). Other work has focused on developing strategies for finite
element simulation (Kanvinde et al. 2013, Stamatopoulos and Ermopoulos 2011). All test
that are part of the experimental programs indicate that these connections have significant
ductility and deformation capacity (i.e. in the range of 4-10%). However, current design
guidelines (including the Steel Design Guide 1) recommend the use of a capacity-design
criteria resulting in a strong-base weak-column design. This latter approach may lead to an
increase cost of the connection and perhaps most importantly, it may not provide superior
performance of the SMFs, since plastic capacity of columns may be lower than the base
connection itself due to local problems such as local and lateral torsional buckling (as described
by Lignos and Krawinkler 2007). The use of this strong-base weak-column criteria may be
attributed to the lack of sophisticated hysteretic models to represent the cyclic behavior of
exposed base plates.
In contrast to exposed base plates, sparse information is available for embedded base
connections. Recent experimental studies have provided insights in the seismic response
of deeply embedded base connections (Grilli and Kanvinde, 2015), and shallowly
embedded connections (Barnwell et al., 2015). The primary focus of these studies is in the
characterization of the strength of these connections, and in the development of strength
models and design methods. Similar to exposed base plates, the experiments indicate that
these connections (i.e. embedded type) are ductile with rotational capacity in the order of
0.03 and 0.08 radians. This is important in the context of current seismic design practice
for SMFs that require that base connections remain elastic during an earthquake. Because
2

of this, the hysteretic response of these connections remains unexplored. Despite the
importance of the accurate characterization of rotational stiffness, these connections are
often idealized as fixed. However, research by Zareian and Kanvinde, (2013) and Aviram
et al., (2010) have indicated that these idealizations lead to erroneous estimations of
structural response (even at design level of shaking) with some alarming results of
estimation of interstory drift ratios and probabilities of collapse, only due to erroneous
estimations of base flexibility.
Motivated by these gaps in knowledge of the seismic response of column base connections,
this dissertation presents an investigation on these critical components of SMFs. Four
studies are presented with the intent to address some of these existing gaps in knowledge.
Specifically, this dissertation details: 1) A new hysteretic model to capture the cyclic response
of exposed base plates. The physical processes responsible of various forms of hysteretic
response are explained. This proposed model utilizes: a) trilinear backbone curve, b)
hysteretic rules for capturing pinching, unloading, re-centering and reloading, and c) modes
of deterioration including strength and stiffness; 2) A methodology to characterize the
rotational stiffness of embedded base connections. The method considers deformations of
several components within the connection including the bending and shear deformations
of the embedded column, in addition to bearing deformations of the concrete adjoining the
embedment; 3) A series of nonlinear dynamic analysis to evaluate the seismic demands on
base connections (i.e. exposed and embedded configurations). The base connections are
designed to reflect current practice; specifically, the 2- and 4- story frames feature exposed
base plate type connections, whereas the 8-, and 12- story frames feature embedded
3

connections. Each connection is designed for multiple design load combinations with axial
forces, moments and shears calculated either from overstrength or capacity considerations; 4)
An approach to simulate the hysteretic response of embedded base connections. This approach
simulates embedded connections as an arrangement of two springs in parallel, to reflect
moment contributions due to horizontal and vertical bearing stresses. The response of these
springs is defined by the Ibarra-Medina-Krawinkler (IMK) hysteretic model, which is able
to represent key aspects of hysteretic response including yielding, strength and stiffness
degradation and pinching.
1.2 SCOPE OF RESEARCH
The work presented in this dissertation consists of four studies on column base connections.
The intention of this investigation is to contribute to the understanding of some unresolved
aspects of the seismic behavior of these important components of SMFs. Two types of
connections are considered: Exposed Column Base (ExCB) and Embedded Column Base
(EmCB) connections. The scope of each connection type within the four presented studies
of this dissertation are detailed in the next subsections.
1.2.1 Exposed Base Plates
A hysteretic model for simulation of the cyclic response of exposed base connections is
developed based on the findings of experimental programs such as Astaneh et al (1992),
Burda and Itani (1999), Fahmy et al 1999 and more recently Gomez et al (2010). This
proposed model is validated against a set of large scale experiments conducted by Gomez
et al. (2010) that are representative of construction practice in the United States. The model
has a total of 16 parameters, four of which can be determined through existing analytical
4

methods (e.g. Design Guide 1 and Kanvinde et al. 2012). The rest of the parameters are
obtained from empirical calibration. Apart from this proposed hysteretic model, this
dissertation investigates the seismic demands on exposed base plates through nonlinear
dynamic simulations on 2- and 4- story SMFs. The base connections are proportionated
based on current design practice (Steel Design Guide 1). The beams and columns of the
SMFs are simulated as elastic elements with concentrated plasticity at their ends. The
inelastic response of these hinges is represented through a hysteretic model (i.e., bilinear)
developed by Ibarra et al. (2005). Destabilizing 𝑃𝑃 − ∆ effects are modeled through a

“leaning-column,” in conjunction with a large displacement formulation to simulate
sidesway collapse. This leaning column was loaded with vertical loads corresponding to
the lateral as well as the gravity system. Column bases are simulated as elastic rotational
springs following the approach developed by Kanvinde et al. (2012).
1.2.2 Embedded Base Connections
Two methodologies are developed to study the response of embedded base connections in
SMFs. The first methodology computes the rotational stiffness of embedded base
connections subjected to axial load and flexure. The proposed model relies on behavioral
insights developed in the test series by Grilli and Kanvinde (2015), as well as by Barnwell
(2015). The method considers deformations of several components within the connections,
including deformations of the embedded column, in addition to bearing deformations of
the concrete adjoining the embedment. The second methodology consists of an approach
to simulate the hysteretic and dissipative response of embedded base connections. This
approach simulates embedded connections as an arrangement of two springs in parallel, to
5

reflect moment contributions due to horizontal and vertical bearing stresses. This is
supported by recent work (Grilli and Kanvinde 2017) that provides physical insight into
the internal force transfer within these connections. The response of these springs is
represented by the IMK hysteretic model (Ibarra et al. 2005). The model is fit against
experimental response from 5-full scale tests conducted by Grilli and Kanvinde (2017).
Similar to exposed base plates, seismic demands on embedded base connections are
investigated on a series of 8- and 12- story SMFs. Column bases are simulated as elastic
rotational springs where their rotational stiffness is computed following the first
methodology previously described.
1.3 OBJECTIVES OF RESEARCH
This dissertation intends to contribute to fill some existing gaps in knowledge regarding
the seismic response of column base connections. The specific objectives are to:
1) Present a detailed background of the current state of the art on column base
connections.
2) Develop a hysteretic model capable of representing key characteristics of hysteretic
response of exposed base plates.
3) Propose an approach to characterize the rotational stiffness of embedded base
connection.
4) Investigate the seismic demands on column base connections in SMFs through
sophisticated nonlinear dynamic simulations.
5) Detail a methodology to simulate hysteretic response of embedded base
connections.
6

6) Validate the analytical models presented in this dissertation using test data collected
from experimental programs.
7) Summarize the findings of the studies conducted in this dissertation, detail their
limitations as well as recommendations for future research.
1.4 DISSERTATION OUTLINE
Chapter 2 describes a new hysteretic model for the simulation of exposed base plates with
anchor rods, which are typically used in low-rise and mid-rise buildings. This model
formulation aims to capture key characteristics of the connection response including the
trilinear backbone curve, intermediate plateau as well as key modes of deterioration (i.e.
strength and stiffness). The physical processes responsible for various forms of hysteretic
response are explained, including: a) contact and gapping between the base plate and
footing leading to pinched hysteresis, and b) re-centering effect of axial compressive load
resulting in flag-shaped hysteresis.
Chapter 3 details the development of a method to characterize the rotational stiffness of
embedded column base connections reflecting key physical insights developed during a
recent experimental program on this type of connection. The base rotation is estimated by
aggregating deformations of various components of the connection including the bending
and shear deformations of the embedded column, in addition to bearing deformations of
the concrete adjoining the embedment. Results are found to be reasonably accurate for all
the test specimens.
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Chapter 4 presents a series of nonlinear time history simulations on 2-, 4-, 8-, and 12-story
steel SMFs. The base connections are designed to reflect current practice; specifically, the 2and 4- story frames feature exposed base plate type connections, whereas the 8-, and 12- story
frames feature embedded connections. Each connection is designed for multiple design load
combinations with axial forces, moments and shears calculated either from overstrength or
capacity considerations. The results indicate that: a) for exposed base plate connections,
lower bound estimates of axial compression are suitable for design, because higher axial
forces increase connection strength by delaying base plate uplift, b) even when designed
as pinned (as in low-rise frames), base connections carry significant moment, which can
be estimated only through the accurate representation of base flexibility, and c) failure of
embedded base connections is controlled by moment, which may be estimated either
through overstrength or capacity-based calculations
Chapter 5 describes an approach to simulate the hysteretic and dissipative response of
embedded base connections. This approach simulates embedded connections as an
arrangement of two springs in parallel, to reflect moment contributions due to horizontal
and vertical bearing stresses. The response of these springs is defined by the IMK pinching
model, which is able to represent key aspects of hysteretic response including yield,
strength and stiffness degradation and pinching. The model reproduces the overall response
of embedded connections with accuracy, capturing relevant modes of response. Finally,
chapter 6 summarizes the findings of the four studies conducted, including their limitations
and recommendations for future work.
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CHAPTER 2
HYSTERETIC MODEL FOR EXPOSED COLUMN-BASE CONNECTIONS

2.1 INTRODUCTION AND MOTIVATION
In low- to mid-rise moment frame buildings, Exposed Column Base (ExCB) connections
are often used to connect the steel column to the concrete foundation. Figure 2.1a shows a
schematic illustration of such a connection, which is representative of construction practice
in the United States. Figure 2.1b shows a photograph of a deformed ExCB specimen tested
by Gomez et al., (2010) illustrating the limit states of base plate bending and grout spalling
under the base plate. Referring to Figure 2.1a, the connection is composed of several
interacting components including the column, base plate, anchor rods, and the supporting
grout or concrete. Often, a floor slab is placed on top of the base plate. These connections
may be used in gravity frames to resist axial tension or compression, or in moment frames
to resist flexure and shear, along with axial force. Referring to Figure 2.1a, these
connections resist the applied loads through the development of a bearing stress block
under the base plate, and tensile forces in the anchor rods. Numerous experimental and
analytical studies have been conducted on these connections, to establish their strength,
stiffness, deformation capacity, and failure modes. A literature review by Grauvilardell
(2005) provides a comprehensive overview of many of these studies conducted in the last
four decades. In the context of U.S. construction practice, experimental studies by DeWolf
and Sarisley, 1980; Astaneh et al., 1992; Burda and Itani, 1999; Fahmy et al., 1999, and
more recently work Gomez et al., 2010, and Kanvinde et al., 2014, have resulted in
quantitative understanding of various aspects of ExCB response. These have resulted in
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analytical models (notably Drake and Elkin, 1999), and refinements to these models
(Gomez et al., 2010; Kanvinde et al., 2014) which form the basis of modern design
methods for ExCB connections. In the United States, the Steel Design Guide One (Fisher
and Kloiber, 2006) provides strength characterization methods, whereas the Seismic
Provisions (AISC 341-10, 2010) and the Seismic Design Manual Example 8 (Kanvinde
and Grilli, SEAOC, 2013) provide guidelines for their use seismically designed moment
frames.
A critical examination of the physical response of ExCB connections, when compared with
the manner in which they are designed, reveals several inconsistencies in the design
framework, specifically:
1. The experiments all indicate significant ductility and deformation capacity in the base
connection, with column drifts at failure in the range of 4-10%. However, the design
guidelines, including the design example (Kanvinde and Grilli, SEAOC, 2013)
recommend the use of capacity design principles for the column base connection, such
that the connection is designed to resist a moment equal to 1.1Ry M p of the connected
column (i.e., a “strong base weak column design”). The intent of this provision is to
promote development of the plastic hinge in the column base, rather than the base
connection, with the presumption that the column base has higher rotation capacity.
Interestingly, experimental data curated by Lignos and Krawinkler (2007) disaffirms
this, suggesting that the ductility of plastic hinges in columns may be compromised by
phenomena such as local or lateral torsional buckling. Construction of a strong base
entails significant cost, in terms of more (or larger) anchor rods, base plate, and anchor
13

embedment depth. When considered in light of the possibly higher ductility of the base
connection itself (if detailed appropriately), this practice warrants further scrutiny.
2. The experiments (and analytical models, e.g., Kanvinde et al., 2014) suggest that even
if designed as strong bases (i.e., stronger than the adjacent column), ExCB connections
exhibit significant flexibility. However, they are typically simulated as fixed when
designed as strong bases—and this results in unrealistically optimistic estimates of
building response, in terms of member forces, story drifts, and the likelihood of
collapse (Zareian and Kanvinde, 2013).
Following the design framework discussed above, research on ExCBs has focused on
methods to determine their strength, so that it is greater than that of the adjacent columns.
Strength models have been generally considered adequate for design, since the ExCB
connection is expected to remain elastic if designed as a strong base. However, within this
framework, the beneficial effects of ductility and dissipation in these bases are discounted
along with the possible detrimental effects of disregarding their flexibility. In large
measure, the reliance on strong bases may be attributed to (1) the general notion that
connections are less ductile than members, and (2) the lack of system simulation or testing
that demonstrates acceptable performance with weak-base systems. The latter may be
attributed to lack of sophisticated hysteretic models for simulation of ExCB connections,
which are necessary to characterize system performance that leverages the dissipative
characteristics of the bases. More specifically, approaches such as those outlined in FEMAP695 (FEMA, 2009) mandate nonlinear time history simulation to quantify system metrics
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such as acceptable response modification factors (i.e., R & Ω0), deformation demands, and
probabilities of collapse.

Motivated by these issues, the main objective of this study is to present a hysteretic model
that can represent the response of ExCB connections. Referring to Figure 2.1, the complex
construction of ExCB connections implies that their hysteretic response is complex as well;
Figure 2.2 shows representative response of one such ExCB connection (cyclically tested
by Gomez et al., 2010). The response (shown for Test #2 in Table 2.1) is marked by several
phenomena including pinching, which is attributed to contact and gapping between the
base plate and the grout, as well as between the base plate and the nuts on the anchor rods.
Other phenomena such as grout/concrete spalling, and yielding of the plate and rods are
active as well – these lead to various forms of strength and stiffness degradation. In
addition, the presence of axial compression in the column has a re-centering effect,
resulting in the flag shaped hysteresis noted in Figure 2.2. Due to these peculiarities,
prevalent models for hysteretic response cannot adequately capture the response of ExCB
connections. For example, models that capture yielding and degradation (e.g., Ibarra et al.,
2005) are not able to accurately capture the flag shaped hysteresis associated with recentering. On the other hand, models that represent flag shaped response (Christopoulos et
al., 2008) are limited as well, because they are formulated to reflect response associated
with an elastic re-centering element (such as a pre-stressing cable), such that the prestressing (re-centering) force is deformation dependent. This is distinct from the ExCB
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connections, in which the re-centering force is a constant, leading to a relatively “flat”
plateau in the flag-shaped response (see Figure 2.2).

With reference to the above discussion, the objectives of this study may be more
specifically defined as follows: (1) to describe physical processes responsible for the cyclic
hysteretic response of ExCB connections, (2) based on these processes, to formulate a
hysteretic model that represents key aspects of response peculiar to ExCB connections in
a physical way, such that it may be generalized with accuracy, and (3) to provide general
guidelines for the calibration of such a model, based on configurational details of the ExCB
connection. The next section of the chapter presents an overview of the physical
phenomena that control behavior of the ExCB connections. This is followed by description
of the mathematical formulation developed specifically to simulate this type of behavior.
The mathematical formulation is then validated against a set of 5 experiments (from the
Gomez et al., 2010 program) that include a range of ExCB configurations. A subsequent
section provides guidelines for the calibration of key parameters of these models. The
chapter concludes by discussing applications of the model, with consideration of its
limitations.

2.2 PHYSICS OF CONNECTION RESPONSE
Figure 2.3a-f schematically illustrate the various stages in the cyclic deformation of the
ExCB connection. The inset graphics trace the evolution of the cyclic load displacement
curve associated with each of the physical events shown in Figures 2.3a-f. The response
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shown in these figures is representative of a large number of base connections tested in the
various studies mentioned previously. Referring to Figures 2.3a-f, the response of the
ExCB connection may be decomposed into 6 distinct phases. For convenience, these
phases are demarcated by discrete, visually observable events (and correspond to sudden
changes in the load deformation response), rather than processes such as concrete spalling
which result in more gradual nonlinearity between these events. The events (and phases
shown in Figures 2.3a-f) correspond to one half cycle of loading, and they qualitatively
repeat on subsequent half cycles, accompanied by deterioration primarily due to concrete
spalling and residual deformations of the plate and anchor rods. The events and phases
shown in Figure 2.3a-f are observed quite generally across all the experiments. The phases
are now summarized:
1. Phase I: Shown in Figure 2.3a, this corresponds to the initial loading response, where
the load is carried by stresses in the compression bearing block, and tension in the
anchor rods. The plate itself is subjected to bending on both the tension and
compression sides of the connection. The response within this phase is slightly
nonlinear, due to the response of the concrete/grout. This continues until either the base
plate or the anchor rods begin to yield. As previous research, including Steel Design
Guide One (Fisher and Kloiber, 2006) indicates, the plate may yield on the tension or
the compression side of the connection, depending upon its layout. For the purposes of
illustration, Figure 2.3b (and subsequent figures) assume this event to be yielding of
the base plate on the compression side of the connection. Regardless of the manner of
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yielding, a sudden change in the loading stiffness is observed at this point. This marks
the initiation of Phase II.
2. Phase II: During this Phase (illustrated in Figure 2.3b), the element which yielded at
the end of Phase I, continues to yield with increasing deformations. The next event is
the yielding of another region of the connection. For example, if the first event (as
assumed above) is yielding of the base plate on the compression side, the second event
may correspond to yielding of the anchor rods, or yielding of the base plate on the
tension side.
3. Phase III: Gomez et al. (2010) demonstrated that this second yielding event (shown in
Figure 2.3c as yielding of the anchor rods, for purposes of illustration) creates a
mechanism in the base connection, resulting in a yield plateau (or an ultimate strength)
of the base connection. In general, this Phase may continue until one of the following
two scenarios occurs, depending on displacement to which it is loaded: (1) sudden loss
of strength due to fracture of an anchor rod or the base plate weld, or (2) unloading,
and loading in the reverse direction. The former typically results in connection failure,
and while it must be modeled as a failure event, it is the latter that is more interesting
from the perspective of hysteretic model development.
4. Phase IV: Shown in Figure 2.3d, this corresponds to elastic unloading, as the base plate
and anchor rods are relaxed. This continues until the top surface of the base plate loses
contact with the bottom surface of the nut-washer arrangement. At this point, a gap is
formed between the base plate and the grout, owing to the inelastic deformations
accrued during Phases I and II. From a behavioral standpoint, this event occurs when
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the entire moment applied by the base plate may be carried in the base without the
anchor rods, i.e., only due to the pre-stress effect of the axial compressive force (since
the plate-grout interface cannot carry tensile stress, which is necessary for carrying any
base moment). As a corollary, if no axial compression is present, then the loss of contact
occurs at zero moment; an observation consistently reported in previous research,
including Gomez et al., (2010), Kanvinde et al., (2014).
5. Phase V: Shown in Figure 2.3e, once the base plate loses contact with the nut-washer
(i.e., the anchor rod) it continues to move freely downwards, as the connection
maintains a roughly constant moment; an intermediate loading plateau. As mentioned
in the previous point, this moment corresponds to the moment capacity of the base
without developing tension in the anchor rods, only due to the prestress (in the
compression region) provided by axial force. Phase IV ends when the base plate makes
contact with the grout.
6. Phase VI: Shown in Figure 2.3f, once the plate contacts the grout, the unloading
becomes much more rapid, since the incremental unloading (negative) moment has a
much stiffer load path. In combination, Phases IV and V have a re-centering effect,
such that the residual (or permanent) base rotation at zero moment is fairly low
compared to the peak rotation.

Analogous phases are observed in the reverse loading direction (and subsequent loading
excursions), generating the hysteretic response shown previously in Figure 2.2, which also
illustrates that the strength, stiffness, and other aspects of response (such as the
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intermediate plateau corresponding to Phase IV), show deterioration. As discussed
previously, this deterioration may be attributed to spalling of the concrete (resulting in a
smaller bearing area), and residual deformations in the plate and anchor rods. Building on
the physical processes described in this section, the next section presents a model
formulation that mathematically describes this hysteretic response.

2.3 MODEL FORMULATION
The proposed model formulation for ExCB connections is a modified version of a pinching
model originally proposed by Ibarra et al. (2005), referred to hereafter as the original IMK
model. The original IMK model is a phenomenological model, which may be empirically
calibrated to reflect the moment-rotation response of the base connection measured
experimentally. As a result, this model is convenient to implement as a rotational hinge
within nonlinear frame simulations, since it does not require simulation of the physical
processes internal to the component. However, this empirical calibration limits the
generality of the model such that rigorous guidelines must be developed to correlate
parameters of the model with configurational parameters (geometry, material properties)
of the base connection. Moreover, since it describes the response of a pure rotational hinge,
it cannot capture axial force-moment interaction (i.e., the simultaneous variation of axial
force and moment), and the axial force must treated as a configurational parameter for
calibrating rotational response. These issues are discussed in length after the model is
introduced.
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The original IMK model has several characteristics that are favorable for adaptation to
ExCB connections. Specifically, the original IMK model has a trilinear backbone curve
with three distinctive regions each of which capable of representing one of the first three
phases of an ExCB connection response: (1) elastic response associated with Phase I, (2)
post-yielding-pre-capping response associated with Phase II, and (3) post-capping response
associated with Phase III. Phase IV of the ExCB connection response corresponds to elastic
unloading, which is also part of the original IMK model. In addition, the original IMK
model incorporates various modes of cyclic deterioration – which may be defined as the
decrease in any given quantity (e.g., strength) over successive cycles to the same
deformation. As a result, the model is composed of a backbone curve, defined by
parameters of the trilinear curve, accompanied by a set of hysteresis rules that govern the
cyclic response within this backbone, and the deterioration of the backbone itself.

The proposed hysteretic model, referred to hereafter as the ExCB model, has a trilinear
backbone curve similar to the original IMK model to represent the first three phases of the
ExCB response described in the previous section. However, the new ExCB model has
hysteresis rules that are developed to represent response that is characteristic of ExCB
connections. More specifically, these rules are aimed at the flag-shaped hysteresis (and the
associated re-centering effect). Figure 2.4 schematically illustrates the working of the
ExCB model, whereas Table 2.2 summarizes all the parameters of the ExCB model; these
are categorized as those characterizing the backbone, and those characterizing the
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hysteretic response. The following discussion describes the model formulation, referring
to Figure 2.4 and Table 2.2.

2.3.1 Parameters defining the backbone
Referring to Figure 2.4a, the elastic region (Phase I response) of the ExCB connection is
initial
and the associated yield
defined by two parameters, i.e., the component stiffness K I

moment M y , such that the yield rotation θ y = M y / K Iinitial may be considered a derived
quantity. The figure denotes M y , and other moment and rotation quantities with negative
or positive signs, e.g., M y+ and M y− . All quantities marked in this way are equal in
magnitude, representing a symmetric backbone curve. The second branch of the trilinear
curve describes Phase II response, which is associated with the first-yield of the ExCB
connection (typically the base plate yielding in flexure). Two additional parameters define
this branch, namely the rotation and moment associated with the end of this branch, i.e.,

θ II and M peak . The third branch of the backbone is used to represent the ultimate strength
plateau, associated with Phase III. The ExCB model allows for the calibration of the slope
associated with this to a non-zero value. In some component models (e.g., see Lignos,
2008), a negative non-zero value may be assigned to this slope (termed the capping slope)
to simulate loss of force capacity (due to structural failure). For ExCB connections, this
may be utilized to simulate phenomena such as anchor rod or weld fracture. However, test
data (introduced previously) on seismically detailed ExCB connections indicates that
strength loss does not occur until base rotations in excess of 0.06 radians, suggesting that
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the ExCB connections are highly ductile. Considering this, it is anticipated that failure of
the ExCB will not occur before the structure approaches its collapse limit (e.g., in the
sidesway mode) or the adjacent column shows strength loss (e.g., due to local or lateral
torsional buckling). On the other hand, use of the third branch to simulate structural failure
(through a negative slope) limits the versatility of the model, in the “rising” phases of the
load-displacement curve, since only a bilinear curve is available for these phases.
Considering these competing factors, the capping slope is set to zero for all calibrations
initial

presented in this chapter, implying that four parameters ( K I

, M y , θ II , and M peak – see

Table 2.2) may be used to define the backbone curve.

2.3.2 Rules and parameters defining hysteretic response
Figures 2.4b, c, and d illustrate the rules defining the hysteretic response simulated by the
ExCB model. Marker 2 on Figure 2.4b shows elastic unloading, or the initiation of Phase
IV (referring to prior discussion). Assuming no deterioration has occurred (topic of
initial
subsequent discussion), the unloading stiffness is equal to the initial elastic stiffness K I

, as indicated in Figure 2.4b. To simulate the intermediate plateau (Phase V), the unloading
+
is terminated at the moment determined by M initial
(Marker 3 on Figure 2.4b). If unloading
plateau

continues (in terms of rotation), then the moment maintains a constant value M plateau (=
+
M initial
for the first cycle) until the rotation reaches a value of θ plateau = ρ ( M y K I ) – see
plateau

Marker 4 on Figure 2.4b, where M y K I reflects the yield rotation, while ρ is a model
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parameter. After this point (between Markers 4 and 5 on Figure 2.4b), unloading occurs
with the slope K I , to simulate Phase VI response. It is pertinent to discuss here that
reloading (incremental rotation in the original/positive direction) may be re-initiated at any
time during the unloading. As a result it is important to clarify the dependence of the ExCB
model on loading direction at any time. Three scenarios are envisioned:
1. The rotation continues to increase in the negative direction: In this case, Phase VI
(elastic unloading) terminates when the hysteresis curve reaches the horizontal axis
(zero moment) see Marker 5 on Figure 2.4b. Further loading in the negative direction
engages the pinching behavior. In general, loading occurs in the direction defined by

( M pinch , θ max ) , where M pinch = Fpr × M max ; Fpr is a pinching model parameter, and

M max & θ max are the maximum moment and rotation attained in that direction for any
previous cycle. Loading in the direction of ( M pinch , θ max ) is arrested at a princh × S P where
a pinch is a pinching model parameter and S P is the residual rotation attained in that

direction for any previous cycle; subsequently the response is directed towards a point
defined by the rotation of the previous largest excursion and the associated peak
moment. Following loading in the negative direction in Figure 2.4c and given that no
previous maximum moment and residual rotation was attained, loading will point
−
= M y− × Fpr , θ max = θ y− ) and is arrested at Marker
towards Marker 6 defined by ( M pinch

0 . Subsequently the response is directed towards Marker 7
6’ defined by a pinch × 0 =
defined by the rotation of the previous largest excursion, and the associated peak
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moment, which at this stage are equal to M y− , and θ y− , respectively. Loading and
unloading from Marker 7 to Marker 11 follows the rules described previously.
Following the loading sequence from Marker 11 (see Figure 2.4d), the rotation
continues to increase in the positive direction towards Marker 12 defined by (
+
FPdeg
= M MAX × Fpr , θ max ) and is arrested at Marker 12’ defined by a pinch × S P . The

response is directed towards Marker 13 defined by the rotation of the previous largest
excursion (Marker 2). The hysteretic curve follows the backbone subsequently. These
rules are similar to those used for the original pinching IMK model; a detailed
discussion may be found in (Ibarra et al., 2005).
2. The rotation begins to increase in the positive direction, at any point before it reaches
the negative peak: In this case, the model retraces its path (along Markers 4, 3, and 2)
back to the maximum moment/rotation point (i.e., the termination of Phase III), and
continues from there along the backbone curve, assuming no damage or degradation
associated with the unloading. This is because the unloading (Phases IV, V, and VI),
as well as the elastic loading phase in the negative direction are not associated with any
form of damage, but rather with elastic unloading of the anchors (Phase IV), free
motion of the base plate (Phase V), and elastic loading of the grout (Phase V).
3. The rotation reverses, i.e., begins reloading in the positive direction at any point after
it has reached the negative peak. In this case, the curve follows the path similar to the
one outlined in Point 1 above, except in the reverse (positive) direction. This is shown
in Figure 2.4d.
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Figures 2.4a-d show one full cycle of loading assuming a symmetric deformation history.
Subsequent cycles follow similar rules, except with deterioration in some quantities, as
discussed in the next subsection.

2.3.3 Modes of cyclic deterioration
As discussed earlier, cyclic deterioration reflects the cycle-to-cycle (in contrast to the incycle) decrease in any given quantity. Four modes of cyclic deterioration are observed in
the ExCB connections. These are: (1) deterioration of the unloading stiffness K I , (2)
deterioration of the peak strength M peak , (3) deterioration of the intermediate plateau,
defined by the moment M plateau , and

(4) the deformation θ plateau associated with

termination of the plateau during unloading. Figure 2.4e illustrates the first two modes

( M peak and K I ), whereas Figure 2.4f illustrates the two modes associated with the plateau,
i.e., deterioration of M plateau and θ plateau . These modes of deterioration are simulated to
reflect the observed patterns in experimental data.

For all these modes, rules originally proposed by Rahnama and Krawinkler (1993) are used
to simulate the deterioration. The central assumption of these rules is that the deterioration
of each quantity depends only on the dissipated energy, and the manner of deterioration is
determined through Equations (2.1)-(2.3). Equation (2.1) below indicates the evolution of
any generic quantity Γ :

=
Γi (1  βi ) × Γi −1
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(2.1)

Where Γi and Γi−1 are the values of the quantity Γ during cycle i and i − 1 respectively.
The  sign denotes that deterioration may be associated with the decrease or increase of
the quantity Γ . For example, if Γ represents a displacement used to compute an effective
stiffness, then it increases from cycle to cycle, resulting in the net reduction of stiffness.
For the ExCB model, the positive sign is used only for the quantity θ plateau , as shown in
Figure 2.4f. On the other hand, the negative sign is used to simulate the direct deterioration
of quantities such as strength and stiffness. For the ExCB model, the negative sign is used
for deterioration of the quantities K I , M peak , and M plateau . In either case, the factor βi is
determined as follows:


Ei
βi = 
i −1
 ET − E
∑
i


1








c

(2.2)

In the above equation, Ei denotes the hysteretic energy dissipated during cycle i , whereas
E T is termed the “reference energy” such that when this magnitude of energy is expended,

the deterioration approaches infinity. The parameter c is a model parameter. The reference
energy itself may be determined as shown in Equation (3.1).

ET = Λ × M y

(2.3)

In Equation (2.3), M y is the yield moment, which sets the scale for the reference energy,
and Λ is a model parameter. The physical basis and details for this modeling approach are
provided in Rahnama and Krawinkler (1993). In the context of the ExCB model, the main
implication is that the deterioration can be simulated through eight model parameters, two
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for each of the four deterioration modes. Referring to Table 2.2, these are: cK , Λ K , cM peak
I

I

, Λ M peak , cM plateau , Λ M plateau , cθ plateau , and Λθ plateau , bringing the total model parameters to 16. The
model has been implemented in the open source simulation platform OpenSEES (Mazzoni
et al., 2009). The next section discusses the efficacy of the model in reproducing
experimental data.

2.4 EVALUATION OF THE EXCB MODEL AGAINST EXPERIMENTAL DATA
The ExCB model is evaluated in two contexts to examine its applicability for characterizing
response of ExCB connections. In the first case, the model is fit to the experiments (listed
in Table 2.1) in an unconstrained manner, wherein all the model parameters are allowed to
take values that minimize the error (whose definition is discussed later in this section)
between the model and the experimental data. This type of unconstrained fitting provides
a direct evaluation of the functional form (and associated rules) of the ExCB in its ability
to reproduce the experimental data. However, parameters fit in this way may often not be
generalizable, since they cannot directly be correlated with physical quantities (such as
computed strength and stiffness) or with the connection configuration. Consequently, it is
also critical to evaluate the performance of the model when the parameters are constrained
to match physical quantities that can be independently computed. In this case, the model
agreement with experimental data is likely less satisfactory. Nonetheless, it provides a
better assessment of the model for situations where it must be generalized and applied to
situations for which experimental data is not available. For both these calibration exercises,
the model is evaluated against five experiments conducted by Gomez et al. (2010). Table
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2.1 (referenced previously) provides a summary of these experiments, showing the
variables they examine – including the base plate thickness, anchor rod layout and strength,
and level of axial force.

2.4.1 Unconstrained calibration to examine reproducibility of test data
Referring to the discussion above, the parameters of the ExCB model are first calibrated in
an “unconstrained” manner, meaning that they are allowed to assume values that minimize
error between the simulated and experimental load deformation curves. The error (denoted

∈ ) is defined as per Equation (2.4) below –
∈=

∫ M M ⋅ dθ
∫ M ⋅ dθ
test −

test

ECB

p

(2.4)

p

Equation (2.4) is based on the error definition developed by Smith et al. (2014), and
provides a quantitative measure the agreement between the experimental load deformation
curve, and the simulated curve (based on the ExCB model). The terms within the integral,
the terms M ECB and M test refer to the moment at a given instant obtained from the model
and the corresponding experiment respectively. The term dθ p denotes the incremental
plastic rotation. In essence, ∈ represents the energy norm of the error between the two
curves. As described in Smith et al., (2014), some modifications distinguish it from more
traditional energy based error measures (e.g. Pal et al., 1996). In the context of this
research, it is sufficient to note that (1) the error measure ∈ takes a value of zero for a
perfect fit, with smoothly increasing error as the fit diminishes in quality, and (2) the error
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is normalized by the term

∫M

test

⋅ dθ p , such that it is not biased towards experiments

with longer/shorter loading histories or differing magnitudes of moment. As such, it may
be interpreted as an objective measure of the model fit across different experiments.

For each of the experiments summarized in Table 2.2, the unconstrained calibration is
performed by determining the 16 parameters that minimize the error ∈ for that particular
test. An automated procedure (developed by Smith et al., 2014) is used to determine these
parameters. This procedure is based on the Particle Swarm Optimization (PSO) method
(Shi and Eberhart, 1998). Table 2.2 indicates the parameters fitted in this manner for all 5
tests summarized in Table 2.1. Figures 2.5a-e show the moment rotation curves from the
ExCB model (for the parameters shown in Table 2.2) overlaid on the corresponding
experimental curves from Gomez et al. (2010). Discussion of these results is reserved until
after the next subsection, which discusses the “constrained” model calibration wherein
some of the parameters are estimated a priori through various approaches. A preliminary
visual assessment of Figures 2.5a-e, however, suggests that the ExCB model has the ability
to match the key features (pinching, intermediate plateau) of the experimental data.

2.4.2 Constrained calibration and guidelines for parameter estimation
The unconstrained calibration discussed in the preceding subsection disregards the physics
of connection response, and is focused solely on obtaining the parameters that provide the
best fit with experimental data. While this demonstrates the efficacy of the ExCB model
itself, such an approach cannot be used in a general way to simulate response of
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connections for which experimental data is unavailable. For these situations, it is prudent
to distinguish between model parameters that may be calibrated based on physics and
connection configuration (e.g., through established models), and parameters that cannot be
directly related to connection configuration. The former may be considered “core”
parameters, such as the strength and stiffness; these control the backbone, and thus
dominate the hysteretic response. The latter (e.g., the parameters controlling deterioration)
have a relatively modest impact on overall response and prescribed values for these may
often be used for a various specimens without a significant loss in model performance;
these are termed the “ancillary” parameters. This approach has been previously used in
other contexts, e.g., reinforced concrete beam columns (Haselton et al., 2008), and steel
beam columns (Lignos and Krawinkler, 2007). For ExCB connections, four out of the 16
parameters are considered core. These parameters, identified in Table 2.2 are (1) the initial
stiffness K I , (2) the yield moment M y , (3) the peak moment M peak , and (4) the initial,
non-deteriorated value of the intermediate plateau, M initial
plateau . Each of these parameters may
be determined from previously established approaches, as summarized briefly here:
1. The yield moment M y : The American Institute of Steel Construction’s Design Guide
One (Fisher and Kloiber, 2006) provides a method for designing base connections. The
central assumption of the method is that given an axial compressive load and applied
moment, a predetermined stress distribution (usually assumed rectangular or constant)
may be used to represent the bearing stresses between the base plate and supporting
grout or concrete. Once this stress distribution is established, bending moments in the
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base plate and tensile forces in the anchor rods may be determined. Three limit states
are considered possible; these include flexural yielding of the base plate on the tension
or compression side of the connection (with respect to applied column moment), and
yielding of the anchor rods. As per the Fisher and Kloiber (2006) method, the design
strength of the connection is associated with the attainment of the first of these limit
states. Experimental studies, including those by Gomez et al. (2010), and Kanvinde et
al., (2014) have indicated that the strength determined by the method correlates well
with the “first-yield” of the base connection. In fact, recall prior discussion and Figure
2.3b, which indicates that the end of Phase I of loading is associated with the formation
of the first yield line in the base plate; which is associated with M y . Accordingly, it is
recommended that the model parameter M y be determined using the method outlined
in Design Guide One, and that the expected yield stress of all materials (plate and rod)
be used.
2. The parameter M peak : Gomez et al., (2010) indicate that the ultimate (or peak) moment
of the base connection is achieved when a mechanism is mobilized within the
connection. This occurs only when a limit state on the tension side of the connection
has been activated (i.e., yielding of the anchor rods or the base plate on the tension
side). The design strength determined by Design Guide One (and used for the
determination of M y ) represents a necessary, but not a sufficient condition for the
development of this mechanism, since it also includes the moment associated with base
plate yielding on the compression side of the connection, which does not result in
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mechanism formation. This finding is reflected in the Seismic Provisions (AISC 34110, 2010) based on the work of Gomez et al. (2010). Recall Figure 2.3c, which
illustrates the end of Phase II of loading and the yield plateau with yielding of the base
plate on the compression side, and the anchors on the tension side. Gomez et al. (2010)
considered all possible combinations of limit states required to form a mechanism
within the connection and concluded that the ultimate strength of the connection is
achieved when the first limit state on the tension side of the connection (i.e., flexural
yielding of the base plate on the tension side, or yielding of the anchor rods) is activated.
Following this, it is recommended that M peak be calculated as the moment
corresponding to the development of the first failure mode on the tension side of the
connection, that is, the minimum of anchor rod and base plate yielding. Moreover, it is
recommended that the ultimate stress Fu (of the applicable material, i.e., base plate or
rod) be used instead of the yield stress Fy , in calculation of this limit state.
3. The initial stiffness K I : Grilli et al. (2012) provide a method to characterize the initial
stiffness of exposed base connections. The method uses the internal force distribution
(stress blocks) prescribed by Design Guide One (Fisher and Kloiber, 2006), and
determines the connection flexibility by considering deformations of various
components (rods, base plate, concrete) within it. This method has been further verified
(against additional test data) by Trautner and Hutchinson (2015). The method considers
the influence of plate thickness and configuration, anchor rods, as well as the axial
compressive force. This method may be used to characterize K I .
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4. Moment associated with the initial value of the intermediate plateau M plateau : Referring
to previous discussion regarding connection physics, and Figure 2.3e, the intermediate
plateau corresponds to the free motion of the base plate after it loses contact with the
nut-washer assembly at the top of the anchor rod, towards the grout. Gomez et al.
(2010) recognized that M plateau reflects the moment capacity of the connection
associated with the pre-stress due to axial force (i.e., without any anchor rod tension).
Figure 2.6 schematically illustrates stress distribution underlying the determination of

M initial
plateau . The figure is similar to Figure 2.3e, indicating that the entire moment is
resisted by the eccentricity between the applied axial load (which is concentric with
respect to the column), and the bearing stress block. Based on the stress distribution
shown in Figure 2.6, M initial
plateau may be determined through static equilibrium as follows:
N

P
N Y
M initial
P×e =
P× −  =
P× −
plateau =

 2 2
 2 2× B × f 

(2.5)

In Equation (2.5) above, N is the length of the base plate (in the direction of loading),
B is the width of the base plate in the out-of-plane direction, f is the compressive

strength of the supporting grout or concrete (considering the effects of confinement),
and P is the axial compressive force (which mobilizes the pre-stress). Accordingly,
intermediate plateau is not observed for the connections without axial load. As shown
in Figure 2.6, the term =
Y P / (2 × B × f ) represents the width of the bearing stress
block. An examination of Figure 2.6 and Equation (2.5) may be used to provide some
insight into the deterioration of the intermediate plateau as observed in the experiments
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and simulated in the ExCB model. Cumulative cyclic deformations result in spalling or
crushing of the concrete, leading to a loss in strength, i.e., a decrease in f . In turn, this
increases the bearing width Y , decreasing the lever arm between the applied
compressive load and the bearing stress resultant, ultimately reducing M plateau from
cycle to cycle.

For each of the tests summarized in Table 2.1, the four core parameters are determined as
per the discussion above. The twelve ancillary parameters (which mainly pertain to the
deterioration quantities) are determined as the average of these parameters obtained from
the unconstrained calibration for all the tests, since a physical explanation cannot be
attributed to them. All the fitted parameters (from the constrained as well as the
unconstrained calibration) are shown in Table 2.2. The prescribed (non-core) parameters
are shown in the lower row of Table 2.2. Referring to Table 2.2, the core parameters do not
have a prescribed value, since they are computed independently as discussed above. The
results of the constrained calibration for the five Gomez et al (2011) experiments are shown
in Figures 2.7a-e.

2.5 DISCUSSION OF RESULTS
Referring to Figures 2.5a-e, and Table 2.2, the following observations may be made about
the ExCB model:
1. Referring to Figures 2.5a-e, by and large, the ExCB model is able to reproduce key
characteristics of experimental response including the trilinear hardening, intermediate
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plateau (and re-centering effect), as well as the key modes of deterioration. Recall that
Figures 2.5a-e show unconstrained calibration of the parameters, and are a direct
assessment of the efficacy of the model functional form and hysteretic rules.
Considering this, the implication is that if calibrated appropriately, the model may be
suitable used for characterizing base connection response.
2. While the overall response is well simulated, a closer inspection of the model reveals
three areas where the functional form is not accurate. First, in the reloading phase
(loading after inelastic dissipation to a previously loaded deformation), the model curve
(the branch between Markers 11-14 on Figure 2.4c) cannot accurately trace
experimental data. Second, as loading progresses, the intermediate plateau is not
constant anymore (as simulated by the model), but rather shows a reduction even within
each cycle. Referring to prior discussion, this is not surprising, and suggests concrete
damage or spalling within the cycle. Lastly, the unloading stiffness is in some cases
(for low-eccentricity connections) between 20-30% of the initial elastic stiffness
whereas the ExCB model consider them equal.

Figures 2.7a-e represent model calibrations that are more representative of likely
implementations, i.e., for connections in buildings for which experimental data is not
available. For these, the core parameters were determined independently, using the
methodology described in the previous subsection, whereas the prescribed set of ancillary
parameters was used based on the average of the unconstrained calibrations (these are
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summarized in the lower rows of Table 2.2). Two observations may be made based on
these figures:
1. The model agreement, unsurprisingly, is not as good as it is for the unconstrained fit,
since the core parameters are determined independently. This lack of agreement is
mainly associated with the methods used to determine the core parameters. However,
the overall response appears to agree with a fair degree with experimental data.
2. An important, but somewhat subtle point is revealed after the examination of the lowest
row of Table 2.2, which lists the coefficients of variations (ratio of standard deviation
to mean) of the various ancillary parameters, some of which are as high as 1.73 (for

Λ M peak ) . This underscores that if the ancillary parameters are selected to minimize error
in an unconstrained way, then there may be great variability in these across various
experiments. However, it appears that even when average values of these are used (as
they are for the constrained fits), the resulting fit to experimental data is not
significantly worsened as compared to the unconstrained fit. This suggests that using
prescriptive values of the ancillary parameters (as suggested in Table 2.2) is a
reasonable approach, since the response is not highly sensitive to them (within the
values determined through the unconstrained calibration).

Figures 2.8a-c demonstrate the response of the ExCB model for an asymmetric loading
history. Note that all the experiments in literature on exposed base connections have
featured symmetric loading histories such as the ATC-SAC protocol (Gupta and
Krawinkler, 1999). These loading histories ensure consistency between component tests.
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However, true deformation histories encountered by components are not symmetric. To
examine the stability of the ExCB model under such conditions, Figure 2.8 shows the
response of the model for the ATC-SAC near fault protocol (Gupta and Krawinkler, 1999),
which is an asymmetric loading history (Figure 2.8a). For demonstration purposes, Figures
2.8b and 2.8c show the ExCB model calibrated to the unconstrained parameter sets (see
Table 2.2) corresponding to Tests #1 with no axial load (Figure 2.8b), and Test #2 with
axial load (Figure 2.8c). In the absence of experimental data for comparison, the efficacy
of the model can be assessed relative to the heuristic expectation of experimental response,
informed by an understanding of connection physics. With this context, Figures 2.8b and
c suggest that response predicted by the ExCB model is reasonable, and within the envelope
of the backbone (which has the dominant effect on overall response). An issue raised
previously (about the reloading stiffness branch) is more prominent for these loading
histories – this is because the reloading curve (after the “break point” – see Figure 2.4d) is
linearly directed towards the previous peak point, and does not trace the nonlinear curve
towards this point.

2.6 CONCLUSIONS AND LIMITATIONS
This research presents a new hysteretic model for the simulation of Exposed Column Base
(ExCB) connections, which are commonly used in seismically designed steel moment
frames. Previous research on ExCB connections has primarily focused on characterizing
their strength, since they are typically designed to remain elastic, while other elements
(such as the adjacent column) and beams form plastic hinges. However, recent research
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has shown the potential of ExCB connections as dissipative elements. However, building
design methods that leverage their inelastic response cannot be established or validated in
the absence of component models to simulate it. This is a major motivation for the proposed
model.

The study first presents a detailed explanation of the physics of connection response when
subjected to reversed cyclic loads. This type of explanation is absent in literature, given the
focus on strength characterization of ExCB connections—and represents new insights into
ExCB response. While some aspects of this response are similar to other structural
components (e.g., pinching, yielding, and strength/stiffness deterioration), there are some
peculiarities as well – such as the re-centering effect induced by the presence of axial load.
The physics of connection response is used to develop the hysteretic model. The model
borrows some elements from a previously published model for generic component
response (Ibarra et al., 2005), and adds functionality to represent the specific characteristics
of ExCB response. Salient features of the model include a trilinear backbone curve, an
intermediate plateau to simulate the re-centering effect, and four modes of deterioration for
the strength, stiffness, and the strength and deformation associated with the intermediate
plateau. This results in a total of sixteen parameters, of which four represent the backbone,
and the remaining twelve are used for representation of the hysteretic rules and
deterioration. The parameters are further classified as core or ancillary. The core
parameters have the most dominant effect on hysteretic response; three of the four
backbone parameters are classified as core. More importantly, the core parameters
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represent physical aspects of response (such as strength and stiffness) and can be calibrated
directly from configurational details (such as geometry and material properties) of the
ExCB connection. As a result, these may be used to generalize the hysteretic model to
specific connection details. The ancillary parameters are typically assumed to bear no
correlation with connection configuration, and can be calibrated only in an empirical
fashion. It is relevant to emphasize here that the distinction between the core and ancillary
parameters is essentially arbitrary – and some of the ancillary parameters may be
characterized through physics, but with a concomitant increase in model complexity. The
model seeks to balance accuracy and generalizability with convenience of implementation;
the current classification of core versus ancillary parameters reflects this balance.

The efficacy of the model is examined against a data set of five experiments on ExCB
connections, which have variations in base plate thickness, anchor rod strength, and the
level of axial load. The assessment is conducted in three stages. First, the model parameters
are calibrated in an entirely unconstrained manner, meaning that all parameters (including
the core parameters) are calibrated to maximize agreement with test data. This provides a
direct assessment of the functional form of the ExCB model, indicating the by and large
the model shows good agreement with test data, but has some shortcomings, primarily (1)
its inability to capture the nonlinearity of the reloading branch, and (2) its inability capture
the change in shape of the intermediate plateau with increasing cyclic deformations. The
second stage of assessment is conducted by first determining the core parameters through
adaptations of physics based models published previously, and then using prescribed
40

values of the ancillary parameters, based on the unconstrained calibration. Finally, the
model is subjected to an asymmetric loading history representative of seismic shaking. In
terms of the functional form, these assessments reveal the same strengths and weaknesses
as the unconstrained assessment. From a practical standpoint, the main observation is that
constraining some parameters does not induce additional errors in the overall fit of the
model, beyond those directly related to the error in determination of the core parameters
themselves. This provides a strong basis for the use of prescribed values for the ancillary
parameters.

In summary, the model is recommended for simulating ExCB connections in steel moment
frames, with (1) physics-based characterization of the core parameters as per the models
summarized in this chapter, and (2) prescriptive values of the ancillary parameters. If
experimental data for the ExCB connection to be simulated is available, then unconstrained
fitting remains the best option.

The model has several limitations that must be considered in its application, and in the
interpretation of results of nonlinear time history simulations that utilize the model. The
model is validated against a relatively small data set – mainly because these experiments
contained the self-centering intermediate plateau which is generated by the axial load.
Other test programs (e.g., Kanvinde et al., 2014) do not include axial load, and the response
is that of straightforward pinching hysteresis, which may be simulated conveniently by the
ExCB model, or even the original hysteretic model by Ibarra et al. (2005). However,
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extrapolating the model to highly dissimilar situations (e.g., ExCB connections with tensile
axial force) may introduce significant error. As discussed above, the functional form itself
has some issues, including its inability to simulate nonlinearity during re-loading.
Similarly, the use of a bi-linear rise with a flat strength plateau limits the ability of the
model to simulate failure or loss of strength within a cycle. Incorporating this within the
current model will require the use of one of the branches for strength loss, thereby limiting
the versatility of the backbone in the “rising” phases. Finally, as a uniaxial concentrated
plasticity formulation, the ExCB model inherits the limitations of this general class of
models – chiefly that it cannot simulate axial force and moment interaction. An expedient
strategy in this case is to pre-determine the axial load (for example, through gravity load
simulation), and then calibrate moment-rotation response (i.e., the ExCB model) for a
constant axial load, recognizing that fluctuations in this during lateral loading (e.g., due to
alternating overturning effects) will reduce the accuracy. These limitations arise mainly
from the simplifying features of the model, and may be mitigated by incorporating more
physics based parameter characterization, which will also increase model complexity. The
current form of the model represents the authors’ informed sense of a judicious tradeoff
between simplicity and accuracy.
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Table 2.1- Test matrix for Gomez et al. (2010) test

Test #
1
2
3
4
5

Base plate
thickness1

tp
(mm)
25.4
38.1
25.4
50.8
25.4

Anchor rod
grade2
Funominal (MPa)

Axial
compressive
force P
(kN)

724
248
724
724
724

0
411
411
411
679

1

All base plates are 356mm X 356 mm with a W200 X 71 (W8 X 48 imperial units) column centered on the
base plate. The concrete has compressive strength 21 MPa.
2
All anchor rods are ASTM Grade F1554 19mm diameter centered 38mm from the each edge of the base
plate near the corners. Gomez et al., (2010) provide more details on layout
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Prescribed
value3
CoV

5

4

3

2

Test↓
1

Backbone
or →
Hysteretic
Core or
→
Ancillary
Paramete
r
→

515

120
0
128
0
135
0

N.A.

964

880

146.
2
501.
7
141.
6
783.
7

C

73.5

50.
0
81.
5
63.
0
75.
0
70.
0
N.A.

143
2
707

648

780

C1
U

(kN.m)

My

U1

(103
kN.m/rad)

K Iinitial

Core

1

C
116
2
113
0
165
8
165
8
193
4

N.A.

103
0
105
7
147
7
159
5
164
4

U

(kN.m)

M peak

933

520

N.A.

598

598

598

0

C

490

485

490

0

U

(kN.m)

M initial
plateau

Core

0.1

0.6

0.6

0.5

0.6

0.7

0.8

ρ

1.3

0.0

0.1

0.0

0.1

0.0

0.0

a pinch

0.3

0.6

0.8

0.7

0.8

0.4

0.5

0

1

1

1

1

1

1

Fpr cK I

0.2

0.7

0.8

0.7

0.5

0.6

1.0

2

plateau

cθ plateau Λθ
plateau

0

1

1

1

1

0.47

10.0

13.0

7.0

15.0

0

1

1

1

1

0.26

1.9

1.7

1.5

1.5

No intermediate plateau
without axial load
1
5.0
1
2.5

Λ K I cM platea Λ M

Ancillary

Hysteretic

Unconstrained or Constrained Calibration
All ancillary parameters calibrations are unconstrained
3
Average from unconstrained calibration

0.31

0.04
1
0.07
5
0.04
3
0.08
4
0.61

0.06

)

(rad

θ II

Anc
illar
y2

Backbone

Table 2.2 – Model parameters and their calculated or calibrated values

0.

1

1

1

1

1

1

1.7

24

100

4

10

4

4

cM peak Λ M peak

Applied force and
moment

(a)

(b)

Steel
Column
Base
Plate
Grout
Tensile forces
in anchor rods

Bearing
stresses in
footing

Concrete
Foundation

Anchor
Rods
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Figure 2.5- Results of unconstrained calibration of ExCB model to experimental data
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CHAPTER 3
ROTATIONAL STIFFNESS OF DEEPLY EMBEDDED COLUMN BASE CONNECTIONS

3.1 INTRODUCTION
Column bases in structural steel frames are connected to footings using a variety of
structural details, depending on the frame configuration, size, and response modes. For
low-rise Steel Moment Resisting Frames (SMRFs) or gravity frames in which relatively
low moment resistance is required, exposed base plate connections (such as the one shown
schematically in Figure 3.1a) are the norm. In this detail, the base moment is resisted
through a force-couple consisting of anchor rod tension complemented by bearing on the
compression side of the connection. In taller SMRFs (with more than 3-4 stories), an
exposed type connection entails the use of a large number of anchor rods and thick base
plates, such that the preferred detail is often a Deeply Embedded Column Base (DECB)
connection of the type shown in Figure 3.1b. In this connection, the base moment is resisted
by horizontal bearing on the column flanges, in additional to vertical bearing on an
embedded base plate, if present. Even exposed type connections may be shallowly
embedded under a slab-on-grade cast on top of the base plate – see Figure 3.1c. Although
the shallow embedment (usually less than ~300 mm) is incidental rather than designed to
resist moments, it contributes strength and stiffness to the connection (Barnwell, 2015).
Research on exposed base plate connections is fairly mature (refer Gomez et al., 2010, and
Grauvilardell et al., 2005 for a comprehensive review), such that prominent design
documents, including the Seismic Provisions (AISC 341-10, 2010), the AISC Design
Guide One (Fisher and Kloiber, 2006), and the SEAOC Seismic Design Manual SSDM
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(Grilli and Kanvinde, 2013) focus exclusively on exposed type connections (similar to that
shown in Figure 3.1a). The absence of commensurate design guidance for DECB
connections may be attributed to the relatively sparse experimental research on them.
Recent experimental studies (Grilli and Kanvinde, 2015) have addressed the seismic
response of DECB connections (such as those shown in Figure 3.1b), whereas Barnwell et
al., (2015) have studied shallowly embedded connections. The focus in these studies is
primarily on the flexural (or combined flexural-axial) strength of these connections, and
the development of strength models and design methods. While the strength of embedded
base connections (whether shallow or deep) is important, characterization of their
rotational stiffness has significant implications for structural performance and safety. More
specifically, these connections are often idealized as fixed (if deeply embedded) or pinned
(if shallowly embedded or exposed) in structural simulations. Recent research (Zareian and
Kanvinde, 2013; Aviram et al., 2010) has indicated that these idealizations lead to highly
erroneous estimation of structural response. For example, DECB connections (or even
exposed connections, if designed to develop the column plastic moment) are often assumed
to be rotationally fixed in simulation. However, experimental data suggests that even
connections designed in this manner are significantly flexible, contributing as much as
0.005 radians (0.5%) drift at design level ground motions (Gomez et al., 2010; Grill and
Kanvinde, 2015). This base flexibility lowers the location of the point of inflection within
the first story column, increasing the flexural demands at the top of the column, ultimately
leading to a soft-story mechanism that severely compromises structural performance with
respect to the fixed base assumption (Zareian and Kanvinde, 2013). On the other hand,
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exposed (or shallowly embedded) base connections are often assumed to be rotationally
pinned. In these situations, discounting the base stiffness may underestimate lateral
resistance, leading to conservatism in design and collapse assessment (Barnwell, 2015;
Tryon, 2016). Recent research has developed methods to estimate the rotational stiffness
of exposed base connections (Kanvinde et al., 2012; Trautner et al., 2015). Tryon (2016)
developed a stiffness characterization method for shallowly embedded connections. The
primary mode of moment resistance in these connections is resistance to uplift of the base
plate by the anchor rods as well as the overlying slab (Figure 3.1c). This contrasts with
DECB connections where the primary mode is bearing against the column flanges,
supplemented by resistance to vertical uplift of the base plate (Figure 3.1b). Validated
stiffness models for this type of response currently do not exist, presumably because DECB
connections (especially following design practice in the United States) have not been
examined experimentally until recently.

Motivated by this, the main objective of this research is to present a validated method to
determine the rotational stiffness of DECB connections subjected to axial load and flexure.
The focus is on developing a practical method for convenient application in a design
setting, while also reflecting essential aspects of physical response. The model relies on
test data and behavioral insights developed in the test series by Grilli and Kanvinde (2015),
as well as by Barnwell (2015) for shallowly embedded connections, recognizing that
characterizing base stiffness across a range of embedment depths, and capturing transitions
in response modes is desirable.
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The next sub-section outlines experimental observations from Grilli and Kanvinde (2015),
and Barnwell (2015) to provide: (1) background regarding physical response of these
connections to inform the model, and (2) a testbed for its validation. This section is
followed by derivation of the model itself, and comparisons to test data. The chapter
concludes by examining limitations of the proposed approach.

3.2 PREVIOUS RESEARCH: EXPERIMENTAL DATA AND MODEL DEVELOPMENT
Referring to prior discussion, two experimental programs are considered in this study:
Grilli and Kanvinde (2015) – referred to hereafter the as the UCD (University of California
at Davis) study, and Barnwell (2015) denoted the BYU (Brigham Young University) study.
Each of these is briefly summarized in this section, with the objective presenting the test
data (including specimen geometry, instrumentation, and physical response modes) used
for validation of the model presented herein. The emphasis is on the Grilli and Kanvinde
(2015) study, since DECB connections are the primary focus of this research. The Barnwell
(2015) data supplements this, in the context of examining the ability of the model to capture
transitions in response modes as the embedment is reduced, noting that Tryon (2015) has
already developed a model for shallowly embedded connections.

3.2.1 Tests and strength models for Deeply Embedded Column Base Connections by
Grilli and Kanvinde (2015): UCD Study
Figure 3.2a schematically illustrates the basic test configuration for the UCD study,
whereas Table 3.1 summarizes the test parameters. Referring to the figure, all tests featured
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a column of height ~3 meters embedded into a concrete footing. Assuming the location of
a point of inflection at 2/3rd of the first story height, these tests may be considered full scale.
In all tests, a cyclic loading history (consistent with the ATC-SAC protocol – Krawinkler
et al., 2000) was applied in the presence of a constant axial load. Referring to Table 3.1
(which shows the test matrix along with some results discussed later), the primary variables
interrogated were the embedment depth, axial force, and column size. Figure 3.2b shows
representative moment-rotation response of a test specimen (shown for Test #1), whereas
Figure 3.2c shows a post-test photograph illustrating the observed modes of failure; similar
response was observed for the other experiments. Detailing aspects of the connections (see
Figure 3.2a) were selected to reflect current construction practice in the United States; for
example, the bottom base plate provides resistance against tensile uplift, as well as stability
during erection on a lean concrete subbase. The stiffener plate at the top provides resistance
to axial compression. Nominal reinforcement was provided in the footings, which were
large enough to mitigate boundary effects due to attachment to the strong floor. Numerous
data streams were recorded, including those to determine rigid body rotation of the block
and elastic deformation of the column such that only the base rotation (which is of
importance in this study – plotted in Figure 3.2b) could be isolated. From the standpoint of
this investigation (i.e., characterizing rotational stiffness of DECB connections), the
following findings of the UCD study are pertinent:
1. Based on test data, finite element simulations, and physical observations of connection
damage and failure, Grilli and Kanvinde (2015) postulated internal stress distributions
and mechanisms that resist applied moments and axial loads in DECB connections.
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These were ultimately used in a strength model (Grilli and Kanvinde, 2015). Figures
3.3a and b show two primary mechanisms of moment resistance, as outlined in the
UCD study: (1) Horizontal bearing stresses against the column flanges (Figure 3.3a)
along with a complementary shear panel zone, similar to that observed in composite
steel beam column connections (ASCE, 1994; Cordova and Deierlein, 2010), and (2)
Vertical bearing stresses that resist uplift of the base plate – Figure 3.3b.
2. The distribution of moments between the mechanisms (shown in Figures 3.3a and 3.3b)
arises from indeterminate interactions between the column and the surrounding
medium. It may be envisioned that for a deep embedment (or a highly flexible column
relative to the surrounding concrete), a greater fraction of the moment would be resisted
by horizontal bearing. On the other hand, a shallower embedment or a stiff column
would transfer more moment to the base plate, resulting in resistance through vertical
bearing. These indeterminate interactions are controlled by interactive effects of
column stiffness, embedment, and stiffness of the surrounding concrete. The UCD
study also proposes a methodology (relying on a combination of Winkler beam theory
– Hetenyi, 1946, and experimental data) to resolve these indeterminacies. This
methodology is used to determine internal stresses, and subsequently deformations in
the stiffness method presented here.
3. The moment rotation curve shown in Figure 3.2b indicates the following: (1) despite
the presence of pinched hysteretic response, the “backbone” or envelope curve of the
cyclic tests may be characterized unambiguously, and (2) although the backbone curve
is somewhat non-linear from the outset (primarily owing to nonlinearity in concrete), a
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clear change in slope is observed corresponding to the onset of connection yield. Grilli
and Kanvinde (2015) determined that for all tested connections, this occurred at
test
as a suitable design
approximately 70% of the ultimate moment, suggesting 0.7 × M max

value. Consequently, a secant stiffness determined at this value (see Figure 3.2b) may
be considered a suitable indicator of connection response at design level loads. This
approach is consistent with stiffness determination of partially restrained moment
connections (ASCE Design Guide for Partially Restrained Composite Connections,
ASCE, 1998). Following the procedure outlined above, Table 3.1 summarizes the
rotational stiffness calculated for each of the UCD tests (along with other tests and
results, discussed later).

3.2.2 Tests and stiffness model for Shallowly Embedded Column Base Connections
by Barnwell and Richards (2015): BYU Study
Barnwell (2015) conducted experiments on specimens with relatively shallow (203-406
mm) embedment, intended to represent a slab-on-grade overtopping an exposed base plate
type connection, rather than an embedment expressly designed to resist base moment.
Additionally, these connections included 4 anchor rods. Figure 3.4a shows a schematic
illustration of the general specimen and test setup, while Table 3.1 summarizes test
parameters and key results, along with the connection stiffness, determined in a manner
similar to that as the UCD study. From a behavioral standpoint, the BYU tests show failure
and response modes distinct from the UCD tests, due to differences in their construction.
The following differences are noteworthy: (1) the embedments are shallower, such that the
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effect of horizontal bearing is significantly diminished, (2) vertical bearing stresses
supplemented by anchor rod forces are the dominant mechanism of moment resistance, and
(3) the overtopping slab is poured over the footing, creating a cold-joint at the elevation of
the base plate as compared to the DECB connections in which the embedment is
monolithic. In the context of this study, whose focus is on DECB connections, it is noted
that the BYU study is a supplemental data set used to examine the extent to which the
proposed model may be extrapolated beyond DECB connections. Tryon (2016) also
developed a method (henceforth termed the BYU method) for calculating the rotational
stiffness of shallowly embedded connections. Figure 3.4b schematically illustrates the
assumptions inherent to the method – details in Tryon (2016). The method relies on
calculating the rotational stiffness of the embedded base plate, and then representing it as
an equivalent spring at the end of a beam embedded in an elastic formulation. Classical
equations (Hetenyi, 1946) are solved for this system based on a set of simplifying
assumptions. Differences between the BYU method and the proposed method in this
research are examined during the discussion of results in a concluding section of this
chapter. More details on the BYU study may be found in Barnwell (2015), as well in
follow-up work regarding connection stiffness by Tryon (2016).

3.3 STIFFNESS MODEL FOR DECB CONNECTIONS
The approach presented here to estimate rotational stiffness of DECB connections reflects
the physical response modes observed in the various test programs, as well as quantitative
determinations of internal force distributions (as developed in the context of strength
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models) that may be adapted characterizing connection deformations. Since the secant
stiffness is determined at 70% of the maximum moment, the stiffness is essentially the ratio
βbase
= 0.7 × M max / θbase , in which θbase is the connection rotation corresponding to this moment.

Following this, the primary objective of the stiffness characterization method is
determination of the connection rotation θbase , given an applied moment M base , for a given
set of connection parameters including geometry, material properties, and axial force. It is
pertinent to note here that M max (and consequently, 0.7 × M max ) may not be known a priori for
un-tested connections. For these, one of two approaches is appropriate to determine M max :
(1) a predictive strength model, such as the one outlined by Grilli and Kanvinde (2015), or
(2) the flexural strength of the attached column. The latter may, in fact, be most appropriate
since the connection is designed to remain elastic while the column yields in flexure,
implying that the base moment (in the connection) corresponding to design-level
performance is consistent with the column plastic moment (i.e., 1.1× Ry × M p ). For the
current study, 0.7 × M max is determined from experimental measurements of M max . As
discussed subsequently during interpretation of data, the implications of this are relatively
modest. The model presented here assumes a generic DECB detail, similar to the one
shown previously in Figure 3.2a (and used in the UCD test program), meaning that the key
parameters defining the connection are as follows: the embedment depth

dembed , the column

shear V at 0.7 × M max , the column size, the base plate plan dimensions B (width), N (length
in direction of loading) and thickness

t p , the axial force
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P , and material properties i.e.,

the compressive strength and elastic modulus of concrete
elastic modulus and Poisson’s ratio

βbase

fc′

and

Econcrete

, and the steel

Esteel and ν . The objective of the model is to determine

given these parameters. Specifically, calculating the rotational stiffness of DECB

connections may be decomposed into the following steps, discussed in the following
subsections:
1. Identifying the patterns of deformation within the connection, including the various
components (or regions) of the connection that deform, and how these various
deformations are constrained or compatible.
2. For the applied moment, estimating the stresses or forces in these components or
regions. This is done based on prior work of Grilli and Kanvinde (2015), and others
that resolve internal stress distributions in the connections.
3. Based on the internal forces determined in (2), to estimate the deformations in each of
these components.
4. Aggregating deformations determined in (3) according to the patterns identified in (1)
to determine overall connection rotation, and finally the connection stiffness as the ratio
of the applied moment to this rotation.
To preface the details of the method in the subsequent sections, it is useful to note that the
method seeks to balance simplicity with accuracy, by retaining key aspects of physical
response that are critical, while making expedient assumptions where analytical or
mathematical complexity would otherwise hinder the adoption of this method into research
or professional practice.
66

3.3.1 Connection deformation modes
Figures 3.5a-c schematically illustrate the presumed modes of connection deformation.
These modes correspond to the decomposition of applied moment into moments resisted
by horizontal and vertical bearing stresses. More specifically, Figure 3.5a only shows
deformations corresponding to: (1) rotation of the base plate due to vertical deformations
associated with vertical bearing stresses in the concrete above and below the plate, (2)
bending of the base plate due to these vertical bearing stresses, and (3) bending and shear
deformations of the embedded portion of the column. The deformed shape shown in Figure
3.5a assumes no deformation associated with horizontal bearing stresses in the concrete.
Note that the net vertical displacement of the embedded column (which may arise when an
axial force is present) is not indicated in Figure 3.5a for clarity. Figure 3.5b shows the
deformations associated with horizontal bearing stresses within the concrete. These are
assumed to result in a rigid body motion of the embedded portion of the column with the
total deformations shown in Figure 3.5c. Although the figures show slightly exaggerated
deformations to elucidate the response, small angles (<0.05 radians) are assumed in these
constructions, such that the vertical tangential direction of deformations (e.g., as shown in
Figure 3.5a) is not affected by rigid body rotation. Once the overall rotation and its
constituent modes are identified in this manner, the next step is to estimate the internal
forces associated with each of these modes.
3.3.2 Internal stress distributions
The strength method developed by Grilli and Kanvinde (2015) provides a way to establish
the bearing stress distribution along the column embedded into the footing as well as the
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stress distribution along the base plate at the bottom of the connection. Referring to Figure
3.3 shown previously, the net base moment
level loads, i.e.,
which

M base (taken equal to the moment at design-

M base
= M des= 0.7 × M max ) may be decomposed as M=
M VB + M HB , in
base

M VB and M HB represent the moments resisted by the vertical and horizontal bearing

stresses respectively. Further, the decomposition follows the proportion expressed by
Equations (3.1) and (3.2) below:

M HB =(1 − α ) × M base

(3.1)

M VB= α × M base

(3.2)

The factor α represents the fraction of the moment resisted by vertical bearing on the
embedded base plate. Referring to prior discussion, this fraction diminishes as the
embedment depth increases. To reflect this, Grilli and Kanvinde (2015) propose the
following expression for α :

α = 1−

d embedment
d reference

(3.)

As per the above equation, the embedment is effective only to a limiting value defined as

d effective

(defined in Equation 3.4 below), which may be determined through adaptations of

analytical derivations by Hetenyi (1946) for beams on elastic foundations, since the
embedment is analogous to a beam supported by an elastic medium:

=
deffective d reference ≤ dembedment
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(3.4)

d reference =

Co

(3.5)

ρo

1/4



Econcrete
ρo = 

 4 × Esteel × I column 

(3.6)

Equation (3.4) above caps the effective embedment at the value of the physical embedment;
Equations (3.5) and (3.6) propose expressions for the effective embedment, if it is not
capped in this manner. In the above equations,

Co is a calibrated constant, the term

Econcrete

indirectly represents the effective resisting stiffness of the concrete per unit length of the
column (analogous to a subgrade modulus); and the term 4 × Esteel × I column reflects the stiffness
of the steel column. The basis of Equations (3.4)-(3.6) above is detailed in Grilli and
Kanvinde (2015). In the context of this study, it is pertinent to note that these equations
reflect the following: (1) Winkler theory for beams on elastic foundations to capture the
attenuation of stresses through the depth of embedment, (2) first-order edge (boundary
condition) effects based on the work of Becker and Bevis (2004) – in fact, the modulus of
subgrade reaction being equal to Econcrete is a fortuitous artifact of this analysis, and (3) a
single coefficient, Co = 1.77 calibrated for best agreement with test data.

Once the moment has been decomposed in this manner, the free body of the embedded
portion above the base plate may be isolated as shown in Figure 3.6a, such

M VB

may be

interpreted as an external moment applied to the lower end of the embedment. Since the
Grilli and Kanvinde (2015) method provides a means to estimate this moment directly,
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deformations of the base plate itself are not necessary to analyze deformations of the
embedment above the base plate (that are compatible with deformations of the base plate).
Consequently, the remainder of the method focuses on determining deformations
associated with the free body shown in Figure 3.6a. Referring to Figure 3.6a, the various
forces on the free body are as follows:
1. The applied moment and shear M base and Vbase at the top of the embedment.
2. The moment at the lower end

M VB= α × M base .

3. The resisting bearing stresses, represented by the stress blocks shown in the figure
whose lengths may be obtained by solving the following equations which arise through
force and moment equilibrium:

Vcol =×
q ( dU − d L )

(3.7)


( dU2 + d L2 ) 
M HB = q × b j ×  d L × d effective −
2



(3.8)

Where q represents the stress level of the rectangular equivalent blocks at yielding (seventy
percent of the peak strength, Grill et al. 2015). It is assumed that the value of q is equal to

β × β1 × b j where β = 2.0 simulates the effect of confinement and β1 = 0.85 establishes
equivalence between a rectangular stress block and the idealized parabolic stress
distribution which has a peak stress of 2 × f c′ . These factors are consistent with the values
used by Mattock and Gaafar (1981), and in the ASCE Guidelines for composite

bj
connections (ASCE, 1994). The effective joint width =
70

(b

f

+ B ) / 2 to account for the

development of the concrete panel outside the column flange through the development of
a compression field (this is an element of the Grilli and Kanvinde, 2015 strength model).
Since the base plate promotes the development of this compression field, the base plate
width B features in the expression for b j . In the above equations, it is pertinent to note that
the horizontal bearing stress blocks, by definition, resist only the fraction of base moment

M HB =(1 − α ) × M base determined to be resisted by horizontal bearing. Once all the forces on
the embedded portion have been established in this manner, the deformation (specifically,
the rotation at the top of the embedment) may be solved in a relatively straightforward
manner; this is the topic of the next subsection.

3.3.3 Estimation of embedment deformations given internal stress distribution
The free body shown in Figure 3.6a is further simplified by assuming that rigid body
rotation of the embedded portion may be referenced to the lateral displacements at two
locations, namely the centers of the upper and lower stress blocks – see Figure 3.6b.
Following this assumption, the net rotation at the top of the embedment may be estimated
through superposition of the two deformation modes shown in Figures 3.5a and b. Of these,
the rigid body mode shown in Figure 3.5b may be calculated by determining the horizontal
displacements

δU

and

δ L at the middle of the stress blocks (see Figure 3.6b). To determine

these, recall that the upper and lower stress blocks each carry forces equal to FU = q × dU
and FL = q × d L . Assuming an effective modulus of subgrade reaction equal to Econcrete ,
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the displacements at the center of the upper and lower blocks may be determined as per the
following:

δ=
U ,L

FU , L
q0 × dU , L
q0
=
=
kU , L Econcrete × dU , L Econcrete

kU , L
In the above equation, the term=

Econcrete × dU , L

(3.9)

represents the net stiffness of the

concrete material in the upper or lower stress blocks, being equal to the subgrade modulus
times the length of the block. Once determined in this way, these displacements may be
used to calculate rigid body rotation of the embedment as follows:
RBM
= (δU − δ L ) / e
θbase

In which

(3.10)

e= dembed − (dU + d L ) / 2 is the distance between the centers of the two stress blocks.

It is acknowledged here that the above formulation simplifies the continuous deformation
field within the concrete in terms of discrete, averaged displacements at two locations. The
purpose of this simplification is to avert the analytical intractability that would arise in
solving for a continuous deformation field in concrete.

To determine bending and shear deformations of the embedment, i.e., those consistent with
the mode shown in Figure 3.6a, the following differential equation is applicable:


Esteel × I column
d 2v
1
× q( x) 
=
−
 M ( x) +
2
( E × I )effective 
dx
As × G


(3.11)

The equation above (utilizing the coordinate system shown in Figure 3.7a) represents the
well-known Timoshenko beam theory (Timoshenko, 1921), to incorporate the effects of
shear deformations, which are significant owing to the low aspect ratio of the embedment.
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The terms v ,

M ( x) ,

and

q( x)

represent lateral displacement, bending moment, and

transverse load per unit length respectively. The term As is the effective shear area, taken
equal to the area of the web of the column, and G is the shear modulus of steel. The
effective flexural rigidity of the composite section is given by: (Steel Construction Manual,
AISC 2011):

( E × I )effective=

Esteel × I column + C1 × Econcrete × I concrete

(3.12)

Where I column is the moment of inertia of the steel column, and I concrete is the moment of
inertia of the concrete (core) section. The coefficient C1 to reflect concrete participation in
composite action is also computed using the Steel Construction Manual:
 As 
C1 = 0.1 + 2 × 
 ≤ 0.3
 As + Ac 

Where

(3.13)

As and Ac are the area of the steel column, and the concrete core, respectively. Since

the rigid body mode, which is contingent on displacements at the centers of the upper and
lower stress blocks, is computed separately, equation (3.11) above is solved assuming zero
displacements (i.e., pinned supports) at these locations, such that:
v=0

at

x= d L / 2 ; x= L − dU / 2

(3.14)

Subject to these boundary conditions, the method of superposition is applied to solve the
equation, in which deformations from two distinct cases are determined and superposed.
Case I: Deformations under concentrated end loads
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In this case, only the concentrated loads M base , Vcol and α M base = M VB act on the beam, as
shown in Figure 3.7b. The rotation due to bending and shear, i.e., the rotation of the column
axis at the top of the embedment, is determined as follows after solving equation (3.11)
with the boundary conditions and loads as outlined above:
1
θ
=
( E × I )effective
Case − I
base
x = dembed

2
 R2  dU 2 R1 

dL 
 ×   − ×  L −  − α × M × L + K Case − I 
2 
2 
 2  2 


In which the integration constant

(3.15)

KCase− I is determined through enforcement of boundary

conditions as:

 −α × M base  d 2 α × M
K Case − I 
=
× L  +
e
2
2× e
×
 2 

The reactions R1 and

2
2
 d L  R1 × e R1 × ( E × I )effective 
×e +  +
−

As × G
2 
6



(3.16)

R2 (see Figure 3.7b) may be obtained by equilibrium, given that the

system is statically determinate.

Case II: Distributed loads
In this case, deformations of the embedment due to the distributed loads within the stress
blocks are determined, in a manner similar to that for Case I (i.e., with the same boundary
conditions and governing equation), albeit with the loading as shown in Figure 3.7c, in
which q is determined as discussed previously.

74

Case − II
θbase

x = dembed

1
( E × I )effective

=

2
2
3
 R1 

d  q × d embed
R d 
q
− 2 ×  U  + × dU3 + .............
 ×  d embed − L  −
2 
6
2  2 
6
 2 


q
3


................ + 6 × ( d embed − d L ) + K Case − II 
In which the integration constant

(3.17)

KCase− II is determined through enforcement of boundary

conditions as follows:
K Case − II
=

( E × I )effective  q

2
3
2

q × As × G × d L  d L 
dL 
q 
 dL 
×   + R1 × e − ×  e +  + ......
 ×  −
2 
As × G × e  2  2  12 × ( E × I )effective  2 
2 



2
2

As × G
d  q 
d 
d
q 

×b + L
...... ×  e − a − L  + ×  b − L  −
2 
2  2 
2  ( E × I )effective 
2


 
 × ...
 

3
3
  R × e 2 q  d 3 q 
d L  q  d L  
L
1
− ×  e +  + ×  e − a −  + ×  e −  
× 
6 
2  6 
2  6 
2  
  2

(3.18)

3.3.4 Aggregation of deformations to calculate net connection rotation
The net rotation of the connection (i.e., the column cross-section rotation at the top of the
embedment) may be determined by following the deformation pattern shown previously in
Figure 3.5, i.e., by aggregating the rotations from rigid body motion as well as the two
Cases considered above, such that:
RBM
Case − I
Case − II
θbase =θbase
+ θbase
+ θbase

Finally, the stiffness of the connection is calculated as:
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(3.19)

method
βbase
=

M base
θbase

(3.20)

It is emphasized that the method for characterizing the rotational stiffness of embedded
base connections seeks to balance accuracy with simplicity, thereby increasing the
likelihood of application in design offices. The method leverages the framework for the
strength characterization proposed by Grilli et al. (2015). This facilitates the calculation of
the stiffness of connection because part of the method is already completed as a by-product
of the strength design process. Figure 3.8 shows a flowchart that summarizes the entire
process for calculating the stiffness, given base connection parameters, and the applicable
equations from the text above; essentially the method involves the application of a series
of equations. This process is applied to determine β base

method

for each of the tests in the UCD

and the BYU studies; the next section evaluates these results.

3.4 RESULTS AND DISCUSSION
Table 3.1 introduced previously also summarizes the stiffness β base

method

(denoted in this way

to distinguish it from the stiffness method developed at BYU) calculated for each of the 5
UCD specimens, as well as the 4 BYU specimens subjected to major axis bending. Also
method
included in the table are the estimates of base stiffness β base , BYU calculated as per the BYU

method (Tryon, 2016) discussed previously, which has been developed for shallowly
embedded base connections (to simulate the effect of an overtopping slab). Figure 3.9 plots
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the test-predicted ratios βbase / β base
test

method

against the embedment depth. Referring to the Table

3.1 and Figure 3.9, the following observations may be made:
test
method
1. For the UCD tests on the DECB connections, the average ratio β base / β base ,UCD is 1.15

with a Coefficient of Variation (CoV) of 0.27. When all data, including the BYU tests
(with shallowly embedded connections) are considered, the average test-predicted ratio
is 1.20, with a COV of 0.21. Considering that the dataset reflects two distinct testing
programs with embedments in the range of 200-762 mm, the method may be considered
reasonably accurate.
2. Table 3.1 also summarizes results of the method developed by Tryon (2016), termed
the BYU method, indicating that each method is more accurate for the type of tests it
test
method
was developed for. Specifically, the UC method has an average β base / β base ,UCD = 1.26
test
method
for the BYU tests, and the BYU method results in an average β base / β base , BYU = 0.75 for

the UCD tests (while it predicts the BYU tests with a high degree of accuracy, such
test
method
that the average β base / β base , BYU = 1.01).

3. Referring to Figure 3.9, the proposed method shows good accuracy for the shallowest
(200 mm – from the BYU tests) and the deepest (762 mm – from the UCD tests)
embedments. For intermediate tests, it appears to underestimate the stiffness, such the
test-predicted ratio is in the vicinity of 1.5.
The observation in point 3 above may be explained by examining the assumptions inherent
in the proposed method. Among these, the use of the notional factor

α to characterize

moment transfer to the base plate (and subsequent resistance by vertical bearing) is key. In
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essence, the factor α resolves the indeterminacy of the system by distributing the moments
between horizontal and vertical bearing. The factor

α

does not explicitly utilize the

stiffness provided by the base plate (and its restraint due to vertical stresses) in this moment
distribution, but rather assumes the embedment depth (and its interaction with the
surrounding elastic medium) to be the sole indicator of the moment distribution.
Consequently, it cannot distinguish between varying levels of fixity provided by different
base plate end conditions (e.g., those in the BYU tests with anchor rods). Recall that this
assumption greatly simplifies the method (by obviating the need to estimate the base plate
stiffness), and by leveraging the strength method that has presumably (already) been
applied to design the connection. On the other hand, the BYU method explicitly estimates
base plate stiffness and represents it as a rotational spring (see Figure 3.4b). For shallower
column embedment, where this stiffness is expected to have a more dominant effect, this
assumption is particularly judicious. However, the BYU method simplifies other aspects
of response, e.g., it does not consider the development of a concrete panel zone, or the
influence of edge/boundary effects in the determination of subgrade modulus. All things
considered, the proposed method appears to be more accurate for DECB connections, and
reasonable for shallower embedments (e.g. < 400 mm) with anchored base plate details
(such as the BYU tests). On the other hand, the BYU method is accurate for shallowly
embedded connections, being developed specifically for details in which the role of base
plate stiffness is more dominant. A review of both methods and their success in
characterizing base stiffness (for their respective target details) suggests that seeking a
unified method to accurately determine rotational stiffness across the entire spectrum of
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details and embedments may not be warranted, especially given the additional complexity
that it would introduce.

3.5 CONCLUSIONS AND LIMITATIONS
The rotational stiffness of column base connections is a critical parameter, strongly
affecting the seismic response of steel moment frame structures. Despite this, they are often
idealized (and consequently simulated) as fixed or pinned resulting in structures that are
designed based on inaccurate assumptions, potentially leading to compromised
performance (Zareian and Kanvinde, 2013). This type of idealization is necessary because
suitable models are not available to estimate the true stiffness of column base connections.
To address this issue, this research presents a method to characterize the flexural stiffness
of Deeply Embedded Column Base (DECB) connections. The work complements previous
work by the authors (Kanvinde et al., 2012) that proposed a stiffness method for exposed
base plates, and more recent work (Tryon, 2016; Barnwell, 2015) that focuses on shallowly
embedded base connections.

Recent tests on DECB connections conducted by Grilli and Kanvinde (2015) provide the
primary experimental basis for the proposed approach, whereas tests on shallowly
embedded base connections by Barnwell (2015) provide a supplementary testbed to
examine the validity of the model against a different test program and shallow
embedments. Considering both test programs, the method is examined against a total of 9
tests that represent details common in United States construction practice.
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The proposed approach decomposes the total rotation into that due to deformation of the
concrete due to horizontal bearing stresses, and flexural and shear deformations of the
column embedment. To calculate these deformations, the method draws from the theory of
beams on elastic foundations, supplemented by some empirical modifications. The
approach itself is designed to balance generality (i.e., validation against a range of test data)
against convenience of application and adherence to key modes of physical response
observed in the test programs. To this end, the approach idealizes some aspects of behavior,
and leverages elements of the strength model (and associated stress distributions) proposed
by DECB connections by Grilli and Kanvinde (2015). For example, the rotation of the base
plate at the bottom is indirectly represented through a notional factor

α (dependent on

embedment) that distributes moments between the horizontal bearing stresses on the
column and vertical bearing stresses on the embedded base plate. However due to its
reliance on the strength model, the stiffness method may be applied with incremental effort
once the base connection has been designed for strength. The proposed method provides
good estimates of connection stiffness over a range of embedment depths, such that the
average test-predicted ratio is 1.20 for all the considered experiments, and 1.15, if only the
UCD study is considered. In comparison to a similar method proposed by Tryon (2016),
the method is less accurate for shallowly embedded connections, but more accurate for
deeply embedded connections, for which it is primarily intended.
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The proposed method is limited by multiple factors which must be considered in its
interpretation and generalization. First, the limitations of the validation test program
(especially the UCD study) are inherited by the method as well – these pertain to
parameters such column sizes, top and bottom plate details, footing dimensions, and the
presence of only minimal reinforcement in the tested footings. Application of the method
to details significantly different from these may incur error. Of these untested details, a
particularly notable one (commonly used in practice) features reinforcement that bars are
welded to the column flanges to provide additional resistance. In such cases, it may be
anticipated that this reinforcement will provide additional stiffness as well. Because of the
indeterminate nature of the internal stress distribution in the connection, it is somewhat
difficult to speculate the manner in which these bars will interact with the stress distribution
assumed in the model. However, the proposed model may be used conservatively for such
cases, because it discounts the additional stiffness provided by this reinforcement.
Moreover, the method only considers local deformation modes in the vicinity of the
embedment, whereas column bases in the field may have additional deformation modes
depending on the type of foundation into which the column is embedded; these include soil
structure interaction in pedestal footings, or flexibility of grade beams or mat foundations.
This additional flexibility must be suitably incorporated into analysis. Literature in the
geotechnical engineering discipline, e.g., (Melchers, 1992) is appropriate for this purpose.

The method itself may be criticized in its attempt to idealize some aspects of response in
favor of simplicity. Primarily, the method does not require explicit computation of the
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rotational stiffness of the base plate, but rather indirectly infers this through the factor

α.

This assumption may be problematic if the embedded base plate has significant fixity due
to anchor rods or other details. Similarly, for shallow embedments where the effect of the
base plate fixity is dominant, the BYU method is more appropriate. The method does not
incorporate the effect of axial load, although the strength model (Grilli and Kanvinde,
2015) on which it is based incorporates this, but only as it concerns failure modes. This is
supported by a review of UCD test data. For example, Tests #5, #6, and #7 are identical in
all respects except for the axial load, and yet do not show a significant variation in stiffness
(Table 3.1). Unlike exposed base connections whose stiffness is strongly influenced by
axial load due to the effect of prestress that delays the uplift of the plate (see Kanvinde et
al., 2012), a similar physical mechanism cannot be postulated for DECB connections in the
absence of test data that supports it.

Additional test data or finite element simulations may help overcome some of these issues,
especially those that arise due to the limited nature of the validation data set. As new
insights become available, models may be refined to reflect more sophisticated aspects of
physical response. As in this research, balancing this additional model complexity with
simplicity (which is necessary from the perspective of application in a practical setting) is
expected to be challenging. Efforts to facilitate the adoption of this model (and subsequent
refinements) into professional practice may include inclusion into design guides such as
AISC Steel Design Guide Series No. 1 (Fisher and Kloiber 2006), or in the Steel
Construction Manual (AISC 2011). Perhaps more suitably, the model (which is essentially
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a collection of algebraic expressions) may be incorporated into software platforms such as
OpenSEES (Mazzoni et al. 2009) or SAP2000 or ETABS (Computers and Structures Inc.
2015), such that an elastic rotational spring with the appropriate stiffness (calculated from
the connection configuration) may be attached to the base of the first story column.
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W 14x370
W 18x311
W 14x370

W8x35
W8x48
W8x35
W8x48

1
2
3
4
5

A1*
A2
B1
B2

UCD

2.04
2.04
2.11
2.11

2.85
2.85
3.09
3.09
3.09

Column
height
(m)

203
203
406
406

762

508

dembed
(mm)

No axial
load
applied

445(C)
445(C)
0
445(C)
667 (T)

Axial
Load
(kN)

Econcrete = 25710 MPa, Esteel = 200000 MPa, ν = 0.3 (for steel).

*Numbering consistent with that used by Barnwell (2015).

BYU

Column
Size

Test
#

Test
Program

25 X 330 X 330

51 X 762 X 762
51 X 864 X 711
51 X 762 X 762

Base Plate Size
(mm)
𝒕𝒕𝒑𝒑 × 𝑵𝑵 × 𝑩𝑩

Table 3.1 – Test Matrix from UCD and BYU Studies and Results

69.82
57.12
85.59
111.93

1817.00
1572.14
2514.57
2707.70
2542.57

(kN-m)

0.7M max
[105 kNm/rad]

test
βbase

0.44
2.30
0.48
2.46
0.16
3.46
0.16
3.52
0.16
3.47
Mean (UCD)
CoV (UCD)
0.45
0.097
0.50
0.096
0.00
0.159
0.00
0.212
Mean (UCD)
CoV (UCD)
Mean (Pooled)
CoV (Pooled)

α

1.32
1.35
0.84
0.94
0.90
1.07
0.23
0.91
0.92
1.20
1.36
1.10
0.20
1.08
0.19

method
βbase
,UCD

test
βbase

(c)

(b)

(a)
Steel
Column

Steel
Column

Overtopping
slab

Steel
Column

Concrete
footing

Figure 3.1 – Column base connections and force transfer mechanisms (a) exposed with
base plate and anchor rod, and (b) deeply embedded, and (c) shallowly embedded due to
overtopping slab
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Constant axial
and cyclic
lateral loads

(a)

Top plate
dembed
Lower
base plate
3000

(b)
Mbase (kN.m)

2000
1000
0

-1000
-2000
-3000
-0.04

-0.02

0

0.02

0.04

θbase (radians)

(c)
Gap behind
column flange
Crushing
damage
ahead of
flange

Shear cracks indicating
mobilization of concrete

Figure 3.2 – UCD study (a) test configuration (b) moment-rotation curve showing
calculation of

, and (c) damage patterns suggesting modes of deformation
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Horizontal bearing
stresses and
complementary panel
shear cracks

(a)

Bearing stress on top
plate mainly resisting
axial compression

(b)

Vertical bearing stresses
restraining rotation of
base pate

Figure 3.3 – Load resisting mechanisms in DECB connections (a) horizontal bearing stresses
and complementary and panel and (b) vertical bearing stresses restraining base plate rotation
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(b)

(a)

Overtopping
slab

Column embedment
represented as beam
on elastic
foundation

Base plate
with anchor
rods

Concrete
block-out

Footing
Base plate rotational stiffness
represented as spring

Figure 3.4 – BYU Studies: (a) test configuration of Barnwell, 2015 (b) key
elements of stiffness method proposed by Tryon, 2016
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M base

Vbase

Case − I
Case − II
θbase
+ θbase

d embed

(a)

M VB= α × M base
dU
2

RBM
θbase

δU

e

δL

(b)

dL
2

M base

Vbase

q
θ

total
base

q

(c)

M VB= α × M base

Figure 3.5 – Components of deformation of DECB connection (a) flexural and shear
deformations of embedment (b) rigid body rotation and (c) total deformations
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M base
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dU

dU
2

δU
RBM
θbase

e
e

δL

dL
dL
2

(b)

(a)
M VB= α × M base

Figure 3.6 – Free body of embedment above the base plate showing (a) the forces on
the free body including the exposed moment
rotation of this free body
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, and (b) rigid body
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Vbase
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M base
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x
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q

dU

dU
2

q

e

x

x
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dU
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v
dL

q

δL
dL

o

(a)

v

dL
2
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o

(c)

(b)
M VB= α × M base

v

M VB= α × M base

Figure 3.7 – Estimation of deformations of embedment (a) generic illustration of
shear and flexural deformations in support of Eq. 11 (b) loads and boundary
conditions for Case I (c) loads and boundary conditions for Case II
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v

Obtain column size, connection parameters
and material properties:
(

)

Determine design
moment as
and
corresponding
Based on
construct Cases I and
II, and determine
,
Eqs. (15) and (17)

From
determine
stress block
lengths
Eqs. (7) & (8)
Calculate rigid
body rotation

Aggregate
deformations to
calculate

Distribute
into
and
Eqs. (1) & (2)

Eq. (19)

, Eqs.
(9) & (10)

Calculate the connection stiffness
Eq. (20)

Figure 3.8 - Flowchart illustrating the steps of the proposed method

92

2.00

1.50

1.00

0.50

0.00
0

200

400

600

800

dembed (mm)

Figure 3.9 – Test-predicted ratios from both the UCD and BYU models plotted
against embedment depth
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CHAPTER 4
SEISMIC DEMANDS IN COLUMN BASE CONNECTIONS OF STEEL MOMENT FRAMES

4.1 INTRODUCTION
Column base connections in Steel Moment Frames resist combinations of axial force, moment,
and shear force under a variety of loadings. Depending on the type of structure (e.g., lowversus mid- or high-rise), and the magnitude of forces that must be resisted, these connections
are constructed as exposed base plate connections with anchor rods (for low-rise frames) or as
embedded type connections (for mid- to high-rise frames); see Figures 4.1a and b. The vast
majority of research on column bases has focused on their response at a component level. This
includes experimental and analytical investigations to develop basic understanding of force
transfer mechanisms in these connections (e.g., Astaneh et al., 1992; Gomez et al. 2010 for
exposed base plate type connections; and Barnwell 2015, Grilli and Kanvinde 2017, for
embedded type connections).
These studies have been synthesized into design documents for base connections, including
the American Institute of Steel Construction’s (AISC) Design Guide One (Fisher and Kloiber
2006), and Seismic Design Manuals from AISC (AISC 2006), as well as the Structural
Engineers Association of California (SEAOC 2015). More recent studies have addressed
rotational flexibility of these connections (Kanvinde et al. 2012, Torres-Rodas et al. 2017), and
the effect of this flexibility on frame response (Zareian and Kanvinde 2013). Other work has
focused on developing strategies for finite element simulation of column base connections
(Kanvinde et al. 2013, Stamatopoulos and Ermopoulos 2011). The profusion of research in
this area points to the importance of these connections. However, a closer examination of this
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research reveals that it has focused almost exclusively on connection response (including
strength, stiffness, or hysteretic characteristics), and not on the axial force, moment, and shear
demands for which these connections must be designed. Consequently, the connections are
designed for force demands that notionally correspond to idealized modes of response, while
these demands themselves are unsubstantiated by rigorous simulation. Specifically, both the
SEAOC and AISC Seismic Design Manuals illustrate a “capacity-based” design of the base
connections, such that it is designed for the moment 1.1Ry M p of the connected column
(consistent with a strain-hardened plastic hinge), accompanied by an axial force corresponding
to the overstrength seismic load case (i.e., the

Ω0 E case), as determined from equivalent

lateral load–or response-spectrum–analysis. The intent of these guidelines is to ensure that the
base connection itself remains elastic, inducing a plastic hinge in the column cross-section at
the base. Contrary to this assumed behavior, numerous studies (e.g., Gupta and Krawinkler
1999, NEHRP 2010) indicate that for design-level ground motions, the first-story column may
not develop a plastic hinge because a plastic mechanism is not formed, or because a partial
mechanism is formed (engaging only a few stories through the height of the structure). The
choice of

Ω0 E for the axial force is similarly not supported by research; in fact, studies by

Richards 2009, suggest that this may significantly overestimate axial forces in columns during
design level shaking.
Accurate characterization of demands in the base connection is critical because: (1) the
geometric complexity and their location at the interface of two materials implies that
conservatisms in demand estimation entail significant expense (Gomez, et al. 2010), or
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conversely (2) non-conservativism in demand estimation has the potential to compromise
connections that transfer forces from the entire building into the foundation. Motivated by this,
the main objective of this study is to characterize force and moment demands in column base
connection to inform their design. The primary scientific basis for this study is a series of NonLinear Response History Simulations (NLRHA) on steel Special Moment Resisting Frames
(SMRFs) representative of current United States construction using ground motions
representing design level seismic excitation. These simulations (which subject 2- 4- 8- and 12story frames to a suite of 40 design-level ground motions) reflect key aspects of structural
response, including geometric and material nonlinearity, and perhaps more importantly, the
rotational flexibility of the column base itself. This chapter begins by reviewing current
practice for designing column bases, against the backdrop of research in the area. This is
followed by a discussion of the design characteristics of the frames used in this study, and the
methodology used to simulate them. Design implications of the simulation results are then
discussed, before outlining limitations of the study.
4.2 BACKGROUND
Seismic design considerations for column bases are currently prescribed in the Seismic
Provisions for Structural Steel Buildings (AISC-341 2016), referred to hereafter as the Seismic
Provisions. As per the Seismic Provisions, the bases must be designed for axial loads, shearforces, and moments that are the summation of the required connection strengths (in the
vertical, horizontal, and rotational directions) for all the members attached to the column base.
For SMRFs, where the only element attached to the base is the column, this implies that the
design axial force corresponds to the required axial strength of the column. In seismically
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active regions, this usually corresponds to the

1.2 D * +0.5L + Ω0 E load case, in which D *

corresponds to the Dead Load, including the effects of vertical acceleration (ASCE 2006), L is
the Live Load, and

Ω0 E is the “overstrength” seismic load. For Special Moment Frames,

Ω0 =3.0 (AISC-341 2016). Similar considerations apply to connection shear forces. For the
flexural strength, the Seismic Provisions require that either: (1) the base connection be designed
for the fully yielded and strain hardened capacity, i.e., 1.1Ry M p of the attached column, or (2)
the connection be designed for the moment calculated using the overstrength seismic load (i.e.,
using the

Ω0 - factor), provided that the connection or the foundation is able to accommodate

inelastic rotation. As a practical matter, achieving the latter condition is challenging. This is
because unlike for beam-column connections (for which prequalified connection details have
been developed based on extensive testing, see AISC-358 2016), minimal guidance is available
for design or detailing of base connections for ductile performance, implying that qualification
tests must be conducted for this purpose. Consequently, designers usually select the former
option, i.e., designing the base connection to remain elastic as the column reaches flexural
capacity. This can be costly, especially in situations where large design forces (essentially
corresponding to yielding of the column flanges) must be transmitted into concrete, usually
through anchors or other attachments, subject to the requirements of ACI-318 (Appendix D)
2014. In addition to the practical challenges of achieving ductile performance, the requirement
that the base be designed for overstrength seismic loads is somewhat arbitrary, even if
motivated by caution. Specifically, it contrasts with design criteria for other elements in the
structure (e.g., beams, in which inelastic action is expected), which are designed for the reduced
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seismic load without the

Ω0 - factor. Second, it does not define ductile performance (e.g.,

connection rotation capacity) that qualifies for overstrength-based design. Owing to these
issues, design manuals from both SEAOC 2015 and AISC 2006 illustrate the use of the former
condition, i.e., designing the base connection for the column moment 1.1Ry M p , and an axial
load corresponding to the overstrength seismic load.
As discussed earlier, NLRHA simulations (Richards 2009) have shown that capacity-based
design approaches, as well as overstrength seismic loads may significantly overestimate
demands in columns. For column bases, demands may be incorrectly estimated for the
following reasons: (1) in high-rise frames, response is often dominated by higher modes
resulting in the formation of partial-story mechanisms, such that plastic hinges may not form
at the base of the column, suggesting that capacity design using 1.1R y M p is conservative, (2)
for all frames (particularly low-rise frames) column-bases have significant rotational flexibility
with respect to the fixed-based assumption typically used for calculation of design loads.
Although this flexibility is detrimental to overall structural performance, it has the effect of
reducing flexural demands at the base of the column (Zareian and Kanvinde 2013), (3) the peak
axial forces and moments may not occur synchronously.
In summary, current guidelines for the seismic design of column bases are not rigorously
informed by nonlinear time history simulation, and are formulated conservatively based on
assumptions of idealized frame response and intuitive reasoning. Although well-intentioned,
these bear closer scrutiny, given the critical function of these connections (transferring forces
from the entire building) and the high cost of overestimating design forces. Against this
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backdrop, the specific objectives of the study are: (1) to develop fundamental understanding of
axial force, moment, and shear demands in column base connections in a range of (2-, 4-, 8and 12- story) steel moment frames under design level ground motions, and (2) based on this
understanding, to recommend optimal approaches for the design of these connections. The next
section summarizes the archetype frames considered in this study.
4.3 ARCHETYPE STEEL MOMENT FRAMES AND BASE CONNECTIONS
As discussed in the previous section, four steel moment frames were considered in this study.
The overall geometry of these frames and member sizes are illustrated in Figure 4.2. This study
takes the approach of using “archetype” frames, to develop fundamental and broad insights
about system behavior, focusing on one variable (i.e., building height or number of stories),
which is anticipated to have the most significant impact on the seismic demands in the base
connections. Referring to Figure 4.2, the frames range in height from 8.5 m (2-story) to 48.2
m (12-story), each with three bays, and are designed as the seismic load resisting system for
buildings with an identical floor plan, which is also shown in Figure 4.2.
The buildings are designed as per ASCE 7-05 2006, and the Seismic Provisions AISC 2010,
assuming R = 8, and site class D conditions under the seismic design category

Dmax . Seismic

hazard and site conditions consistent with a non-near fault location in the Los Angeles basin
are assumed. The fundamental time periods of the 2-, 4-, 8-, and 12-story frames are 0.95, 1.65,
2.33, and 3.36 seconds respectively–these are superimposed on the design spectrum shown in
Figure 4.3. Other characteristics of these buildings are detailed in Zareian and Kanvinde 2013.
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For the purposes of this study, these buildings represent archetype SMRFs designed as per
code, in which the demands on base connections may be examined.
As discussed previously, rotational flexibility of the base connections themselves has
significant impact on the force and moment demands in the base connections. However,
the flexibility of the base connections depends on their design (i.e., configuration, sizing
of various elements), which in turn depends on the loads they are designed for. To resolve
this circularity, the following process was adopted for design of the connections and
subsequent assessment:
1. For each frame, linear elastic analyses were conducted under code specified (ASCE 7-05)
Dead, Live, and Earthquake loads. For the earthquake load case, the total base shear for
each frame was determined using the design spectrum shown in Figure 4.3, and an
equivalent lateral load distribution that distributes the base shear in an exponential manner
(depending on the code specified period) through the height of the building, as per ASCE
7-05. This results in the basic load cases for Dead, Live, and Earthquake loads which may
be factored as necessary within various load combinations. For the 2-story frame, the bases
are simulated as pinned in these linear analyses. In all the other frames, the base
connections are simulated as fixed. This reflects prevalent United States practice since base
connections are often designed (and simulated) as pinned in low-rise frames and fixed in
mid- to high-rise frames.
2. For each of the two (interior and exterior) base connections within each frame, a range of
possible design load combinations was considered for design. These are based on the linear
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elastic analyses described in the point above, as well as capacity of adjoining elements.
Specifics of the simulations are as follows:
•

For the 2-story frame, two combinations were considered; these correspond to two
levels of axial load, i.e., P = 1.2 D + 0.5 L + Ω 0 E , and
*

P = 1.2 D * + 0.5L + Q , where

Q represents the summation of shears in all beams framing into the column, assuming

all the beams are yielded and strain hardened. Since the bases were assumed pinned,
the base moment in both these cases is zero.
•

For the 4-story frame, four load combinations were considered. These correspond to
two estimates of axial force: P = 1.2 D + 0.5 L + Ω 0 E and
*

P = 1.2 D * + 0.5L + Q

and two estimates of bending moment, i.e., M = 1.2 D + 0.5 L + Ω 0 E , and
*

M = 1.1R y M p of the connected column. Recall that unlike the 2-story frame, bases of
the 4-story frame are simulated as fixed, resulting in the development of base moments.
•

For the 8- and 12- story frames, four load combinations are considered. These arise
from two estimates of base moment (i.e.,

M = 1.2 D * + 0.5L + Ω 0 E , and

M = 1.1R y M p of the connected column) multiplied with two estimates of column
*
shear, i.e, V = 1.2 D + 0.5 L + Ω 0 E , and V = 2 × 1.1R y M p / Lcolumn .

Note that the combinations for the 2- and 4- story frames include variations in axial load,
whereas, those for the 8- and 12- story frames include variation in the shear, but not axial
load. This distinction is based on current construction practice. Specifically, exposed base
connections (Figure 4.1a) are common in low-rise frames (2- and 4- story frames in this
104

study). Current design methods for exposed base plates (Fisher and Kloiber 2006, Grilli
and Kanvinde 2013) reflect interactions between the axial force and moment (since both
are resisted by anchor rod tension), and are relatively insensitive to shear. On the other
hand, embedded base connections (Figure 4.1b) are common mid- to high-rise frames (8and 12-story frames in this study)–primarily because it is economically unfeasible to
transfer large base moments through anchor rods. Design methods for these reflect
interactions between shear and moment (since both are resisted by horizontal bearing
stresses in the concrete) and are relatively insensitive to axial force. Following this, the load
combinations outlined above result in realistic designs of base connections consistent with
current practice. Also note that some possible load combinations (e.g., axial forces,
moments, or shears corresponding to the reduced seismic load M = 1.2 D * + 0.5 L + 1.0 E )
are omitted, since they are likely to be unconservative and cannot be rationalized for
components that are not explicitly detailed for ductility.
3. For all the frames, sets of base connections (consisting of interior and exterior column
connections) are designed to satisfy each of the load combinations discussed above. As
discussed above, the exposed base plate connections are designed for the 2- and 4- story
frames, whereas embedded base connections are designed for 8- and 12- story frames.
Design of the exposed base plate connections is carried out as per the process outlined in
Steel Design Guide One (AISC 2006), and Gomez et al. 2010. Design of the embedded base
connections is carried out as per an approach recently proposed by Grilli and Kanvinde 2017.
Table 4.1 details dimensions and configurational aspects of each set of base connections
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designed in this way. For all designs a nominal concrete strength 𝑓𝑓𝑐𝑐′ = 27.6 MPa was

assumed.

4. The above process results in a multiple base connection sets for each of the frames,
corresponding to the 14 load combinations (2 for the 2-story frame, 4 for each one of the
taller frames) outlined in Point 2 above. The first two columns of Table 4.1 list the loadings
for which the various combinations were designed, whereas the remaining summarize the
key parameters of each base connection. Each of these configurations (i.e., frame and base
connection combination) was subsequently simulated through NLRHA with the appropriate
base flexibility (as discussed in the next section), to characterize the axial force and moment
demands in the base connections.

Nonlinear Response History Analysis (NLRHA–discussed in the next section) on these 14
configurations provide best estimates of base forces and moments, appropriately considering
the effects of base flexibility for each configuration. As a result, these forces and moments may
be compared to base connection capacities to determine which load combinations result in
successful (safe and non-conservative design). When conducted in this way, these comparisons
are consistent in terms of the interactive relationships between base flexibility, the
force/moment demands, and the base strength capacities.
4.4 SIMULATION METHODOLOGY AND MODELS
Each of the 14 combinations discussed above was simulated using the platform OpenSEES
(McKenna et al. 2000). Referring to Figure 4.4, all configurations were simulated as twodimensional planar frames. The main aspects of these models are summarized below:
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1. The beams and columns were simulated as elastic elements with concentrated plasticity
(i.e., rotational M − θ hinges) at their ends. The inelastic response of these hinges was
represented through a hysteretic model (i.e., bilinear) developed by Ibarra et al. 2005
which consists of a bilinear rise, linear “cap” monotonic backbone, supplemented by
rules (developed by Zareian and Krawinkler 2009, and Lignos and Krawinkler 2011)
to model the energy based cyclic deterioration of strength, stiffness, as well as the onset
of the cap, i.e., loss of deformation capacity. The parameters for the backbone and the
hysteresis are calibrated from a compilation of 300 component tests assembled by
Lignos and Krawinkler 2011. These springs cannot directly simulate axial forcemoment interactions in the columns. To address this, the moment strength of the
hysteretic backbone is modified using suitable interaction equations (AISC 2011), and
axial loads obtained from combined actions of gravity and lateral loading (estimated as

P1.2 D*+0.5 L + 0.5 × PΩ0 E , in which the latter term reflects the average lateral load due to
cyclic earthquake motions).
2. Panel zone effects, i.e., finite size as well as deformations were modeled through a
parallelogram element with a nonlinear hysteretic hinge (see Figure 4.4), whose strength
and stiffness properties are determined as per ATC-72 2010.
3. Destabilizing 𝑃𝑃 − ∆ effects were modeled through a “leaning-column,” in conjunction

with a large displacement formulation to simulate sidesway collapse. This leaning column
was loaded with vertical loads corresponding to the lateral as well as the gravity system.

4. Column bases were simulated as elastic rotational springs (see Figure 4.4). Simulating
these bases as elastic is consistent with current design practice (and intent of the Seismic
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Provisions) as discussed earlier. For all configurations that used exposed base connections
(i.e., the 2- and 4- story frames) the rotational stiffness for each base connection was
calculated using an approach proposed by Kanvinde et al. 2012, later validated by Trautner
et al. 2016. For the configurations that used embedded base connections (i.e., the 8- and
12-story frames), the stiffness for each base connection was determined using an approach
developed by Torres-Rodas et al. 2017. Both these approaches determine the rotational
stiffness of the base connections by aggregating deformations of various components (e.g.,
base plate, anchor rods, concrete, and the soil underlying the foundation) under applied
forces. Table 4.1 (introduced previously) also summarizes the base connection stiffness
determined in this manner for all connections; this is denoted as β . The true base
connection stiffness may vary significantly with respect to the estimated value for three
reasons. First, the models for estimating base connection stiffness are susceptible to error,
because they are calibrated only based on limited test data. The cited references (Kanvinde
et al. 2012, Torres-Rodas et al., 2017) note that this error may be on the order of 10% to
20%. Second, multiple designs (e.g., combinations of plate thickness, anchor rod size,
footing type) are often possible for the same design forces, based on local construction
practice, soil bearing capacity, and cost of labor versus material. Third, construction
tolerances as well as variation between actual and specified values of material properties
have the potential for introducing additional error. Recognizing these sources of error, the
sensitivity of the all results to base connection stiffness is rigorously examined. To this end,
each of the configurations listed in Tables 4.1 is simulated with three sets of base flexibility:
one reflects the best estimate of base flexibility, i.e., the rotational springs at the interior
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and external column use the values of β listed in Table 4.1. Two additional sets of
simulations are conducted; with the rotational springs assigned the values β / 2 and 2 β
to account for sufficiently large variation in the base stiffness with respect to the best
estimate.
The above process results in 42 simulation models, three corresponding to each configuration
shown in Table 4.1. Each of the models was subjected to a suite of 40 California ground
motions selected by Medina and Krawinkler 2003, scaled to match the design level shaking
(i.e. corresponding to a probability of exceedance of 10% in 50 years, i.e. 10/50) at the first
mode period of the structure for typical soil type D in Los Angeles area. Figure 4.3 shows the
scaled spectra, as well as the equal hazard spectrum (i.e. random component). For each
building, the spectra are scaled to match the target spectrum at the fundamental period of each
building.
For each simulation run, time histories of moments, axial forces, and shear forces (at all bases)
were recorded. Determining design criteria from these time histories is not straightforward for
two reasons. First, the base moment and the axial load do not peak at the same time in any of
the time histories, owing to complex dynamic response; this means that using a combination
of the peak axial forces and moments for design may not accurately reflect instantaneous
demands. Second, connection capacity (especially for the exposed base plate connections) is
controlled by interaction between axial force and moments (see Gomez et al. 2010). In such
cases, neither the peak moment nor the axial force may control design; rather a combination
of intermediate values of both the moment and force may be critical owing to the shape of the
capacity interaction curve. Another issue is the interpretation of variability in response between
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the various ground motions for the same configuration. Since the 40 ground motions
correspond to design level shaking (i.e., 10/50 events), it is posited that an acceptable design
criterion is one that results in safe design for all the ground motions. Considering these various
factors, quantities of interest are derived from each time history, and summarized in Table 4.2.
These quantities are briefly introduced below; a detailed discussion interpreting these
quantities in the context of design follows in a subsequent section:
1. The maximum (over all ground motions) of the peak values from each of the time histories
of axial force, moment, and shear; these are denoted

Pmax , M max , and Vmax . Each of these

actions is normalized by the axial force, moment or shear corresponding to (1) the
overstrength seismic load, i.e.,

1.2 D * +0.5L + Ω0 E , and (2) a capacity based estimate

corresponding to the particular action. For example, the peak axial force

Pmax is normalized

by PQ which reflects the summation of beam shears in all, in addition to the axial load in the
base corresponding to 1.2 D * +0.5 L . The peak shear

Vmax is normalized by

2 ×1.1Ry M p / Lcolumn , consistent with reverse curvature bending of the column with plastic
hinges at both ends. The peak moment

M max is normalized by 1.1Ry M p . Normalization in

this way enables assessment of these demands relative to commonly used design forces, and
member capacities. The quantities shown in Table 4.2 correspond only to the best estimate
of base stiffness β as summarized previously in Table 4.1. Results of the sensitivity study
featuring β / 2 and 2 β are illustrated in Figure 4.6 discussed later.
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2. An index α , which quantifies the margin of safety of the base connections given vectorvalued demands (consisting of multiple force actions, i.e., P and M for the exposed
connections, and V and M for the embedded connections) and corresponding capacities,
defined by interactions between these force actions. Figures 4.5a and c illustrate the
determination of α for interior and exterior connections from the 4-story frame; Figure 4.5b
and d show similar information for embedded connections from the 12- and 8-story frames.
Specifically, these figures contain “particle plots” showing the co-evolution of the demands,
superimposed on the limit-state line (or interaction curve) between the axial force and
moment for the exposed connection (Figure 4.5a) or the shear and moment for the embedded
connection (Figure 4.5b). These curves are determined from the strength characterization
approaches discussed earlier. Referring to these figures, α is determined as a scale factor
which when applied equally to the vertical and horizontal coordinates of the interaction
curve, results in exactly one point of the particle plot lying on the scaled interaction curve.
When defined in this manner, α may be interpreted as a scalar demand-capacity ratio such
that α > 1 implies an unsafe condition whereas α ≤ 1 represents a safe condition. Table
4.2 lists the maximum value of α max , reflecting the highest demand-capacity ratio attained
over all 40 ground motions.
3. A closer examination of the P-M interaction curve in Figure 4.5a indicates that the moment
capacity increases with respect to axial compression near the horizontal axis. This may be
attributed to the compressive prestress due to the axial load, which delays uplift of the base
plate and subsequent limit states on the tension side of the connection (i.e., yielding of the
base plate bending downwards, or anchor rod yielding). A consequence of this response is
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that the critical condition (i.e., the demand point closest to the capacity curve) occurs at a low
value of axial compression, rather than at its peak – since the moment capacity is lower.
Following this, Table 4.2 also includes the normalized values of

Pmin denoting the minimum

axial force for each configuration, over all ground motions. Figure 4.5b is similar to Figure
4.5a, except it shows the response for embedded connections, in the shear-moment (i.e.,

V − M ) space determined as per methods outlined by Grilli and Kanvinde 2017. Unlike the

P − M interaction curve, presence of shear does not enhance the moment capacity.
In addition to Table 4.2, results are graphically presented in Figures 4.6a-h. Figures 4.6a and b
correspond to the interior and exterior columns of the 2-story frame, i.e., the exposed base plate
connections. In both these figures, the demand-capacity ratio α max (maximum over all ground
motions) is plotted against the normalized values of base stiffness, i.e., β / 2 , β , and 2 β . The
figures show two columns, each corresponding to one of the design configurations for the 2-story
frame shown in Table 4.1. Recall that for all the exposed base connections, shear was not a design
consideration, since all estimates of shear (including that based on yielding at both ends of the
column) were well below the frictional capacity of the base. Figures 4.6c and d illustrate similar
data for the 4-story frame. The difference in this case is that four columns are plotted, to reflect
the four design configurations for the bases connections of the 4-story frames. Figures 4.6e-f, and
g-h are similar to Figures 4.6c and d, except they reflect the design configuration and
corresponding results for the 8- and 12-story frame, which feature the embedded base
connections. The next section discusses the results presented in Table 4.2 and Figures 4.6a-h,
along with implications for design of the base connections.
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4.5 RESULTS AND IMPLICATIONS FOR DESIGN
Two-Story Frame (bases designed only for axial load, as exposed base plate connections):
•

Referring to Table 4.1, designs corresponding to both load combinations result in an
identical connection configuration. As a consequence, the response for both is identical
as well.

•

For both the interior and exterior columns, the base moments are fairly low–in the range
of 20-25% of 1.1Ry M p . This may be attributed to the low stiffness of these connections,
which are designed only for axial compression.

•

The maximum axial compression

Pmax is greatest in the exterior columns, and is best

estimated by PΩ0 (which includes Dead, Live, and overstrength seismic load), such that

Pmax / PΩ0 = 0.84 (the corresponding ratio for the capacity based estimate
Pmax / PQ = 0.72 . The axial compression is significantly lower for the interior columns
(~ 40% of both the overstrength and capacity based estimates), due to reduced
overturning moment. Interestingly, the peak demand-capacity ratio

α max for both cases

is either close to critical (~ 0.8 for the interior columns) or slightly above critical (~
1.07 for the exterior columns). A closer examination of the results (specifically, particle
plots similar to Figure 4.5a) indicates that

α max occurs not at the instant of maximum

axial compression and moment, but rather when the axial compression is near its
minimum value. This may be attributed to the shape of the P − M interaction curve,
which shows an increase in moment capacity with increasing axial compression by
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delaying uplift of the plate. This explains the somewhat high value of

α max for the

interior columns, which occurs despite the low levels of both peak axial force and
moment. The main implication of this finding is that designing for minimum, rather
than maximum axial loads may be more suitable for design of exposed base plate
connections, because the maximum axial loads (the increase flexural strength) may
result in non-conservative designs.
•

Motivated by the above observation, Table 4.2 reports the minimum values of axial
force

Pmin ; also reported are the estimates PΩ− , and PQ− which are similar to PΩ , and
0

0

PQ except that overstrength or capacity axial forces are subtracted from the Dead and
Live loads to include overturning induced tension. For the interior columns, the
−
−
minimum forces are compressive, although both PΩ0 , and PQ predict significant
−
tension. For the exterior columns, the minimum forces are zero, whereas both PΩ0 , and

PQ− again predict significant tension. Based on the preceding point, this suggests that
−
−
either estimate of column force PΩ0 , or PQ will result in conservative design.

•

Figures 4.6a and b illustrate that for both the interior and exterior columns, the demandcapacity ratio

α max increases strongly with base stiffness. Consequently, the appropriate

design moment for these connections should account for the uncertainty in characterizing
the base stiffness.
•

Exposed base connections in moment frames are not usually shear-critical (Grilli and
Kanvinde 2013). Nevertheless, the simulations (results for shear not shown in Table 4.2)
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indicate that the overstrength underestimates the peak shear ( Vmax / VΩ0 = 1.35 ), whereas
the shear calculated from capacity consideration significantly overestimates it (

Vmax / VM p = 0.47 ).
Four-Story Frame (bases designed for axial load and moment, as exposed base plate
connections):
•

The peak moments in the 4-story frames (both design configurations) are approximately
equal to 1.1Ry M p , indicating significant yielding and strain hardening. This may be
attributed to their higher rotational stiffness, which is a result of their design for significant
base moments (unlike the 2-story bases, which are designed only for axial force).

•

All design configurations show response that is qualitatively similar to that observed for
the 2-story frame, i.e., the critical condition occurs at an instant of low axial force and high
moment. For the interior columns, all design combinations (except the one that utilizes PQ
and 1.1Ry M p ) result in safe design, i.e.,

α max ≤ 1 .

For the exterior columns, the two

combinations that utilize [ PQ , M Ω0 ], and [ PΩ0 , M Ω0 ] result in safe design, whereas those
base
that use the M design = 1.1Ry M p do not, presumably because for all exterior columns,

M Ω0 > 1.1Ry M p .
•

Motivated by the above points, Table 4.2 also includes

Pmin values along with counterpart

−
−
estimates PΩ0 and PQ . The interior columns do not go into tension in any of the cases,
−
−
and the estimates PΩ0 are quite accurate, whereas the estimates PQ predict significant
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tension in the column; this is conservative. The exterior columns too do not go into tension
−
−
in any of the design cases. However, in each case the PΩ0 and PQ predict tension, which

is conservative.
•

Unlike the 2-story frame, the α max for all design cases of the 4-story base connections is quite
insensitive to the base stiffness. This is because (as discussed above) for all design
combinations, the column base is fully yielded and plastified subjecting the base connection to

1.1Ry M p . Variations in stiffness change building deformations, but not the peak force and the

α max . In the 2-story frames, the column base moments are well below yield, and hence sensitive
to base stiffness.
•

1.24 − 1.34 ),
The indicated overstrength underestimates the peak shear ( Vmax / V=
Ω0
0.81 − 0.92 ) is
whereas the shear calculated from capacity considerations ( Vmax / V=
Mp
significantly more accurate.

Based on the above observations, the following considerations are important for the design
exposed base plate connections in low- to mid-rise moment frames:
1. Due to the beneficial effect of axial compression in exposed base plates, designing for peak
moments and peak compression may not be conservative. The appropriate load
combination includes the peak moment and the minimum anticipated axial load. The
−
−
results indicate that use of either PΩ0 and PQ will result in conservative design, perhaps

overly so.
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2. For the 2-story frame (or more generally frames where the bases are designed as pinned), the
true base moment is highly sensitive to base stiffness; this may result in yielding/fracture of
the anchors. Even if the base is not expected to carry moment, this type of failure may be
undesirable–for example, because it may reduce shear capacity of the connection. To
mitigate this, it is important to design the base connection for some level of moment; using
base
M design
= 1.1Ry M p is likely highly conservative. A more appropriate estimate of base

moment may be obtained by simulating the structure (even in a linear elastic sense) with an
estimated value of base stiffness. Kanvinde et al. 2012 provide a model to estimate base
stiffness for exposed base plate connections.

Eight and twelve story frames (designed for moment and shear combinations, as embedded
base connections):
An analysis of results from the 8- and 12- story frames reveals similar insights. Consequently,
they are discussed concurrently. The main observations are:
•

For the interior column bases (all configurations), the peak moment demands

M max are

very close to 1.1Ry M p ( M max /1.1Ry M p in the range of 0.97 to 0.99), and significantly
greater than M Ω0 , implying that the former estimate is accurate, possibly because the
column bases undergo significant yielding. Additionally, for the interior columns, the only
base
load combinations that result in safe design are those that include M design = 1.1Ry M p . For

each of these cases, the peak demand-capacity ratio
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α max is very close to the corresponding

M max /1.1Ry M p . This indicates the flexural failure dominates failure, which is
unsurprising because the interaction between the shear and moment is weak, in the range
of shear forces experienced by the base. Figure 4.5b shows this schematically; the weak
interaction observed in this figure is representative of all connections examined in this
base
study. Of the two combinations that use M design = 1.1Ry M p , the combination that uses
base
Vdesign
= VM p is possibly more suitable for design, since it results in relatively accurate

estimates of shear force across all interior column connections in these two frames (

Vmax / VM p in the range of 0.94 to 1.02, versus Vmax / VΩ0 in the range of 1.40 to 1.55).
However, due to the weak interaction between shear and moment, the effect of shear
estimation on design is likely to be fairly modest.
•

Even in the cases that do not result in acceptable design for the interior column bases, i.e.,
base
those corresponding to M design = M Ω0 , the peak demand-capacity ratio

α max is very close

to the ratio M max / M Ω0 , providing further evidence that failure is moment-controlled.
•

For the exterior column bases (all configurations), the peak moment demands

M max are

better represented by M Ω0 ( M max / M Ω0 in the range of 0.86 to 0.91) than by 1.1Ry M p (

M max /1.1Ry M p is in the range of 0.64 to 0.65). Since the peak moments are well below
base
1.1Ry M p , the configurations that use M design
= 1.1Ry M p as a design basis result in

conservative designs ( α max in the range of 0.61-0.68). On the other hand, the configurations
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base
that use M design = M Ω0 result in

α max in the range of 0.82-0.90, indicating safe, and less

conservative design.
•

For the exterior column bases, neither estimate of shear, i.e.,

VΩ0

or VM p is particularly

accurate in characterizing peak shear demands ( Vmax / VΩ0 is in the range of 1.19-1.63,
whereas Vmax / VM p is in the range of 0.61-0.85). As for the interior column bases, the effect
base
= VM p is possibly the
of shear on design is likely to be modest. Nevertheless, using Vdesign

conservative choice.
•

In all cases for the 8- and 12- story frames, the effect of base stiffness on α max is negligible.

In summary, for mid- to high-rise frames where column base connections are likely to be of
the embedded type, the following design considerations are important:
1. Response is likely to be controlled by moment rather than shear; consequently, accurate
characterization of moment is critical.
2. For the frames considered in this study, it appears that moment demands are well
characterized by 1.1Ry M p for interior column bases, and by M Ω0 for the exterior columns.
Correspondingly, the design configurations that use these estimates result in successful
(i.e., safe and economical) designs for both interior and exterior columns.
base
= VM p
3. Although the effect of shear estimation on design is likely to be modest, using Vdesign

appears to be a reasonable and conservative approach.
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4.6 CONCLUSIONS AND LIMITATIONS
Column base connections are critical components in steel moment frames subject to seismic
loads, transferring axial forces, moments, and shears into the foundation. Previous research on
these connections has focused on characterizing the response of the connections themselves,
rather than the demands in these connections. Consequently, current design criteria for these
connections are informed by conservatism and intuitive expectation of structural response,
potentially resulting in uneconomical or unsafe design. In response, this study presents a series
of nonlinear time history simulations on 2-, 4-, 8-, and 12-story steel moment resisting frames,
designed as per current U.S. practice. The base connections are also designed to reflect current
practice; specifically, the 2- and 4- story frames feature exposed base plate type connections,
whereas the 8-, and 12- story frames feature embedded connections. Each connection is
designed for multiple design load combinations with axial forces, moments and shears
calculated either from overstrength or capacity considerations. The simulations employ state
of the art methodologies to model material and geometric nonlinear response, and are subjected
to a suite of 40 ground motions scale to represent design level (i.e., 10% probability of
exceedance in 50 years) seismic hazard. The main findings and design implications from the
simulation results may be briefly synthesized as follows:
•

When exposed base plate connections are specified, failure is likely to be controlled by the
minimum axial compression (or maximum tension) accompanied by high moment. This is
because of the beneficial effects of axial compression that delay uplift of the base plate and
associated limit states of base plate or anchor rod yielding. The axial load corresponding
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to this condition may be conservatively estimated by subtracting either the overstrength or
capacity-based axial overturning force from the dead and live load effects.
•

Even if designed as pinned (e.g., in low-rise frames), exposed base plate connections are
susceptible to flexural yielding and failure, which may compromise connection integrity.
Moreover, the demands on these connections are highly sensitive to base stiffness; it is
prudent to estimate design loads through linear elastic simulations that represent this base
stiffness.

•

When embedded base connections are specified, the response is largely controlled by
moment. The results indicate that overstrength-based estimates of moments are accurate
for exterior column bases, whereas capacity based estimates are accurate for interior ones;
this trend may not be general and it is advisable to use capacity based estimates in all cases.
This study has several limitations, which must be considered in its interpretation and

generalization. The range of variables interrogated, such as the building plans, heights, and
designs (other design solutions are possible for the same conditions, especially if a corner
column is shared between two orthogonal lateral load resisting systems) limit the generality of
the findings. Similarly, biases due to ground motion effects, including the effects of vertical
component of ground motions, cannot be entirely eliminated. For the quantity (i.e., the base
stiffness) that is expected to have the greatest influence on results a sensitivity study is
conducted and reported in this study. However, the response may be sensitive to other
modeling assumptions as well; these include the use of concentrated plasticity (versus
distributed plasticity), the selection of hysteretic model functional forms and parameters, and
lack of consideration of Soil Structure Interaction (SSI) effects. Finally, the simulations are all
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based on a design level hazard, and the intent of design standards, that base connections must
remain elastic at this intensity of shaking. As a result, the study does not address response (e.g.,
base connection yielding due to overloads) that may occur at higher intensities of shaking.
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Table 4.1 – Design configurations.
2-Story Frame

base
Pdesign

base
M design

Interior Column Base
B

1

N

tp

Exterior Column Base

d rod 2

β4

508

762
762

B

N

1.2 D * +0.5L + Ω0 E

NA

508

762

25

25

(x104)
1.16

1.2 D * +0.5L + Q

NA

508

762

25

25

1.16

508

d rod

β

B

508

762

base
design

P

M

base
design

4-Story Frame
Interior Column Base
B

N

tp

d rod

β

25

25

(x104)
1.16

25

25

1.16

tp

Exterior Column Base

N

d rod

β

51

38

(x105)
2.47

tp

1.2 D * +0.5L + Ω0 E 1.2 D * +0.5L + Ω0 E

508

762

57

44

(x105)
2.84

1.2 D * +0.5L + Ω0 E

508

762

51

44

2.80

508

762

44

38

2.49

508

762

51

44

2.96

508

762

51

38

2.47

508

762

44

38

2.66

508

762

44

38

2.49

β

d embed

bf

1.2 D * +0.5L + Q
1.2 D * +0.5L + Q
base
design

V

1.1Ry M p

1.2 D * +0.5L + Ω0 E
1.1Ry M p

M

base
design

8-Story Frame
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B, N, and tp are base plate dimensions in mm; see Figure 4.1a,b (B is the width of the base plate and an
out-of-plane dimension that is not illustrated in Figure 4.1a,b).
2
drod is anchor rod diameter, with two anchor rods in each line; see Figure 4.1a
3
demb is embedment depth, and b f is width of embedded portion; see Figure 4.1b.
4

β is the estimated rotational stiffness of the designed base (kN.m/rad)
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Table 4.2 – Summary of Analysis Results.
2-Story Frame
1

NA

I3
E4
I
E
I
E
I
E
NA NA 0.20 0.24 0.43 0.84 0.43 0.72

NA

NA NA 0.20 0.25 0.43 0.84 0.43 0.72

I

E

I

E

320.1(1108.9)

307.6
0.0
0.00
(-1085.8) (-887.9)
(570.17)
320.1
0.0
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(-570.2) (-1085.8) (-887.9)

1029.76
(834.0)
786.9
(834.0)
786.9
(834.0)
850.9
(834.0)

588.5
(-31.6)
588.5
(-31.6)
588.5
(-31.6)
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(-31.6)

307.6
(-1108.9)

I

E
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1.08
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1.07
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(-1335.8)
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1.15 0.86 0.97 0.64 0.43 1.54 0.34 0.80

1.41
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1.15 0.86 0.97 0.64 0.43 1.54 0.34 0.80

1.40

1.21
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Figure 4.1. (a) Exposed base plate connection typical of low-rise
construction,
(b) Embedded base plate connection typical of mid- to high-rise
construction.
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Figure 4.2. Key characteristics of the moment resisting frames used in this
study.
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(a)

(b)

(c)

(d)

Figure 4.3. Response spectra scaled to the first period of the SMRFs:
(a) 2-story (b) 4-story (c) 8-story, and (d) 12-story.
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Figure 4.4. Schematic representation of the physical and mathematical
model for moment resisting frames.
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(a)

(b)

(c)
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Demands (M & P/V)

Connection Capacity(Scaled)

Load Combination (M & P/V)

Connection Capacity(Unscaled)

Figure 4.5. Demands and interaction curve for SMRF columns: a)
exterior column of 4-story SMRF b) exterior column of 12-story
SMRF, c) interior column of 4-story SMRF, d) interior column of 8Story SMRF.
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Legend

Figure 4.6. Variation of αmax with normalized base connection
stiffness in SMRFs: a, b) interior, and exterior columns in 2-story
SMRF; c, d) interior, and exterior column in 4-story SMRF, e, f)
interior and exterior column of 8-story SMRF, g, h) interior and exterior

130

4.7 REFERENCES
ACI, 2014. Building Code Requirements for Structural Concrete (ACI 318-14). Farmington
Hills, MI
Applied Technology Council (ATC), 2010. ATC 72-1, Modeling and acceptance criteria for
seismic design and analysis of tall buildings, Redwood City, CA, USA.
American Institute of Steel Construction (AISC), 2006. Seismic Design Manual, Chicago, IL.
American Institute of Steel Construction (AISC), 2010. Seismic provisions for structural steel
buildings, Chicago, IL, USA.
American Institute of Steel Construction (AISC), 2011. Steel Construction Manual, 14th Edition,
Chicago, IL.
American Institute of Steel Construction (AISC), 2016. Seismic provisions for structural steel
buildings, Chicago, IL, USA.
American Institute of Steel Construction (AISC), 2016. Prequalified Connections for Special
and Intermediate Steel Moment Frames for Seismic Applications, Chicago, IL, USA.
American Society of Civil Engineers (ASCE), 2006. Minimum Design Loads for Buildings and
Other Structures, Reston, VA, USA.
Astaneh, A., Bergsma, G., and Shen J.H., 1992. Behavior and Design of Base Plates for Gravity,
Wind and Seismic Loads, Proceedings of the National Steel Construction Conference,
Las Vegas, Nevada, AISC, Chicago, Illinois.
Barnwell, N., 2015. Experimental Testing of Shallow Embedded Connections Between Steel
Columns and Concrete Footings, Masters Thesis, Brigham Young University.

131

Fisher, J.M. and Kloiber, L.A., 2006. Base plate and anchor rod design, 2nd Ed., Steel Design
Guide Series No. 1, American Institute of Steel Construction, Inc., Chicago, IL, USA.
Gomez I.R., Kanvinde A.M. and Deierlein G.G., 2010. Exposed column base connections
subjected to axial compression and flexure, Report Submitted to the American Institute of
Steel Construction (AISC).
Grilli, D.A., and Kanvinde, A.M., 2013. Special Moment Frame Base Connection: Design
Example 8, 2012 IBC SEAOC Structural/Seismic Design Manual, Volume 4, Examples
for Steel-Frame Buildings, 255-280.
Grilli, D.A., and Kanvinde, A.M., 2017. Embedded column base connections subjected to
seismic loads: Strength model. Journal of Constructional Steel Research 129: 240–249.
Gupta, A., and Krawinkler, H., 1999. Prediction of seismic demands for SMRFs with ductile
connections and elements, SAC Background Document, Report No. SAC/BD-99/06.
Ibarra, L.F., Medina, R.A., Krawinkler, H., 2005. Hysteretic models that incorporate strength
and stiffness degradation, Earthquake Engineering and Structural Dynamics, 34, 14891511.
Kanvinde, A.M., Grilli, D.A., Zareian, F., 2012. Rotational stiffness of exposed column base
connections – experiments and analytical models, ASCE Journal of Structural Engineering,
138, DOI 10.1061/(ASCE)ST.1943-541X.0000495.
Kanvinde, A.M., Jordan, S.J., Cooke, R.J., 2013. Exposed column base plate connections in
moment frames — Simulations and behavioral insights. Journal of Constructional Steel
Research, 84: 82–93.

132

Lignos, D.G., Krawinkler, H., 2011. Deterioration modeling of steel components in support of
collapse prediction of steel moment frames under earthquake loading, ASCE Journal of
Structural Engineering, 137, 1291-1302.
McKenna, F., Fenves, G. L., and Scott, M. H., 2000. Open System for Earthquake Engineering
Simulation, University of California Berkeley, California.
Medina, R.A., Krawinkler, H. 2003. Seismic demands for nondeteriorating frame structures and
their dependence on ground motions. Report No. 144, John A. Blume Earthquake
Engineering Center, Department of Civil Engineering, Stanford University, Stanford, CA.
NEHRP, 2010. Evaluation of the FEMA P-695 Methodology for Quantification of Building
Seismic Performance Factors. NIST GCR 10-917-8. NEHRP Consultants Joint Venture.
Richards, P., 2009. Seismic Column Demands in Ductile Braced Frames. ASCE Journal of
Structural Engineering, Vol. 135, No. 1.
Stamatopoulos G.N., Ermopoulo J. Ch., 2011. Experimental and analytical investigation of steel
column bases, Journal of Constructional Steel Research 67: 1341–1357
SEAOC, 2015. 2015 IBC SEAOC Structural/Seismic Design Manual Volume 1: Code
Application Examples, Structural Engineers of California.
Torres-Rodas, P., Zareian, F., and Kanvinde, A., 2017. Rotational Stiffness of Deeply
Embedded Column–Base Connections, ASCE Journal of Structural Engineering, 143(8).
Trautner, C., Hutchinson, T., Grosser, P., and Silva, J., 2016. Effects of Detailing on the Cyclic
Behavior of Steel Baseplate Connections Designed to Promote Anchor Yielding, ASCE
Journal of Structural Engineering, 143(2).

133

Zareian, F., and Kanvinde, A.M., 2013. Effect of Column Base Flexibility on the Seismic Safety
of Steel Moment Resisting Frames, Earthquake Spectra, 29(4): 1-23.
Zareian, F., Krawinkler, H. 2009. Simplified performance-based earthquake engineering, Report
No. 169, John A. Blume Earthquake Engineering Center, Department of Civil Engineering,
Stanford University, Stanford, CA.

134

CHAPTER 5
A HYSTERETIC MODEL FOR THE ROTATIONAL RESPONSE OF EMBEDDED COLUMN
BASE CONNECTIONS

5.1 INTRODUCTION
Column base connections in steel moment frames may be categorized as being exposed or
embedded. Exposed base plate connections (such as the one shown in Figure 5.1a) are
common in low-rise (1-3 story) moment frame buildings, where the base moment, shear,
and axial force demands are relatively modest. These details are less preferable for mid- or
high-rise moment frames, since the higher moment demands necessitate a large number of
deeply embedded anchor rods and/or thick base plates. In these cases, Embedded Column
Base (ECB) connections, such as the one shown in Figure 5.1b are more preferable. These
connections resist base moments and forces through a combination of bearing stresses on
the column flanges and the embedded base plate.

Exposed base plate connections are well-researched, with validated models for strength
(Drake, and Elkin 1999), stiffness (Kanvinde et al 2012, Trautner et al. 2015), and
component hysteretic response (Torres-Rodas et al. 2016), and methods for design (Fisher
and Kloiber 2006, Gomez et al. 2010). In contrast, ECB connections (especially in the
United States) have attracted research attention only recently; this work includes some of
the first experiments on deeply embedded column bases (Grilli et al. 2017), and shallowly
embedded column bases (Barnwell 2015). These experiments have led to validated strength
models and design methods (Grilli and Kanvinde 2017 for deeply embedded, and Barnwell
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2015 for shallowly embedded), as well as stiffness characterization approaches (TorresRodas et al. 2017 for deeply embedded, and Tyron 2016 for shallowly embedded). A
secondary finding of these connections is that ECB connections are ductile (rotation
capacity in the range of 0.03 to 0.08 radians) for the specimens tested by Grilli and
Kanvinde 2017, and Barnwell 2015, even when not explicitly detailed for ductility. This
finding is important in the context of current seismic design approaches for steel moment
frames (AISC 2007), that require ECB connections to remain elastic during an earthquake.
More specifically, ECB connections (and more generally, column base connections in
seismic moment frames) are designed to resist a moment equal to 1.1Ry M p of the
connected column (i.e., a “strong-base-weak-column design”). This assumes that a plastic
hinge within the column section (usually a wide-flanged section) possesses greater rotation
capacity compared to the base connection. This is problematic for two reasons:
1. From a mechanistic standpoint, the strong-base-weak-column design may not provide
superior performance, since the column plastic hinges themselves may have lower
rotation capacity (influenced by local and lateral torsional buckling) than the base
connections, as determined from experimental data curated by Lignos and Krawinkler
(2007). In contrast, the rotational capacity of the base connections referenced above is
comparable to that of beam-column moment connections (FEMA 350 2000), which are
the designated “fuse” element in moment resisting frames.
2. From a constructional standpoint, requiring the base connection to be stronger than the
column is expensive, requiring deep embedments, thick embedded base plates, and
logistical overhead in terms of multi-stage concrete installation.
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In summary, the current design methodology may well be counterproductive, disregarding
the deformation capacity of the base connections to promote inelastic action in the
columns, resulting in inferior performance at increased costs. Retrospectively, the
prevalence of the strong-base-weak-column paradigm may be attributed to the notion that
column hinges are likely to be more ductile than base connections, in the absence of test
data to indicate the contrary. A collateral outcome of the strong-base-weak-column
paradigm is that the post-yield or hysteretic response of column bases has remained
virtually unexamined, since they are designed to remain elastic. Consequently, tools are
not available to simulate base connections within prospective weak-base-strong-column
systems that leverage the ductility and dissipative characteristics of base connections. More
specifically, hysteretic models for ECB connections are not available for use within
nonlinear time history simulations that establish interrelationships between base
connection strength, ductility, and system performance. Such simulations (e.g., as outlined
in FEMA-P695 2009 and NEHRP 2010) may be used to quantify frame performance
metrics such as acceptable response modification factors (i.e., R & Ω0), deformation
demands, and probabilities of collapse and their relationship to base connection design.

Within this context, the main objective of this research is to present a validated method to
represent the hysteretic response of ECB connections. The method integrates physical
behavior, previously developed approaches for strength, stiffness, and failure prediction,
to provide generalized modeling guidelines that effectively represent various aspects of
ECB response. These aspects include the monotonic backbone with yielding and
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hardening, as well features pertaining to cyclic hysteresis and progressive damage, such as
pinching, and strength/stiffness degradation.

The next section outlines physical mechanisms and phenomena that control the response
and failure modes of the ECB connections. This is followed by description of the proposed
modeling approach which decomposes the response into the mechanisms of horizontal and
vertical resisting stresses and represents each through a hysteretic model (Ibarra et al.,
2005). The chapter then describes calibration of this approach based on physical insight
and previously developed strength and stiffness models. The response, as obtained from
the approach calibrated against these guidelines is then examined against experimental
response from 5-full scale tests on deeply embedded column base connections conducted
by Grilli and Kanvinde (2015). The chapter concludes by summarizing limitations of the
proposed approach.

5.2 PHYSICAL RESPONSE OF CONNECTIONS
Figures 5.2a illustrates representative moment rotation response of an EmCB connection
(tested by Grilli and Kanvinde 2015), whereas Figure 5.2b and c show photographs of limit
states corresponding to horizontal bearing (i.e., concrete crushing on compression side, gap
opening and tension side, and shear cracking in concrete panel), and vertical bearing (i.e.,
showing concrete uplift and corresponding horizontal crack). The response of all tested
connections is qualitatively similar with minor variations. Figures 5.3a-f schematically
illustrate the physical response of EmCB connections subjected to cyclic loads, along with
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the corresponding evolution of the hysteretic load deformation curve. Referring to the
figures, the hysteretic response exhibits the following phases:
1. Phase 1 (Figure 5.3a): The first phase corresponds to the initial linear elastic response.
Even though small cracks in the concrete foundation are observed located near the
corners of the column, they do not affect the load deformation response. The applied
loads are resisted by a combination of bearing stresses between the column flange and
concrete foundation as well as the base plate located at the bottom of the column and
the foundation.
2. Phase 2 (Figure 5.3b): The linear elastic portion of response ends with a significant loss
in stiffness, due to concrete in the bearing zone achieving peak strength. Subsequent to
this, a small gap opens between the column flange and the foundation on the tension
side. The load deformation response continues with initiation of concrete spalling due
to bearing stresses in the column flange (i.e. compression side). The connection
strength plateaus when concrete ahead of the column flange begins to crush,
accompanied by an increase in the gap between the tension flange of the column and
the surrounding. This type of response continues until one of the following occurs: (1)
uplift of a concrete cone on the tension side – discussed later, or (2) load reversal, and
unloading – Figure 5.3c.
3. Phases 3-4-5-6 (Figures 5.3c-d-e-f): Loading in the reversed direction initially has low
stiffness, as the column moves within the “pocket” it has created during loading in the
forward direction (Figure 5.3c), until it makes contact with the concrete, closing the
gap (Figure 5.3d). After this point, the stiffness increases abruptly – resulting in
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“pinched” hysteretic response (Figure 5.3e). Subsequent to this re-engagement,
response in the reverse direction is similar to that in the forward direction, i.e., elastic
loading followed by concrete crushing and a plateau (Figure 5.3f).
4. Phases 7-8 (Figures 5.3g-h): These correspond to reloading in the forward direction.
Qualitatively, this loading is similar to loading during the first cycle in addition to
pinched response due to closing of the gap between the column flange and footing (now
in the forward direction – Figure 5.3g). Notwithstanding this, various quantities,
including strength and reloading stiffness show degradation – Figure 5.3h. This
degradation may be attributed to progressive crushing or spalling of the concrete in the
previous cycle, which leads to reduction of the effective lever arm between the bearing
stress blocks on the column flanges. This type of degradation in the moment carrying
capacity of the horizontal bearing stresses leads to the gradual transfer of base moment
to the embedded base plate (Grilli and Kanvinde 2015), ultimately leading to concrete
blowout or uplift failure due to vertical stresses generated by the embedded plate – as
shown in Figure 5.2c. If sufficient embedment is provided, this type of failure may not
occur until significant rotation is reached.
Grilli and Kanvinde (2015) postulated physical mechanisms for the internal force in EmCB
connections, subsequently incorporating these (Grilli and Kanvinde 2017) into a
quantitative model for strength characterization. As per this model the base moment is
shared by two mechanisms, as shown in Figure 5.4: (1) horizontal bearing stresses on the
column flange acting in conjunction with panel zone shear – Figure 5.4a, and (2) vertical
bearing stresses that restrain rotation of the embedded base plate – Figure 5.4b. Further,
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Grilli and Kanvinde (2017) propose that prior to failure due to horizontal bearing stresses
(e.g., concrete spalling ahead of column flange), the distribution of moment between these
two mechanisms bears a constant ratio, dependent on the embedment depth. Specifically,
the moments supported by vertical and horizontal bearing stresses may be estimated as
follows:

M VB = α × M base

(5.1)

M HB = (1 − α )× M base

(5.2)

and,

In the above equations,

M base is the total base moment, whereas the ratio α controls the

relative contribution of the two mechanisms. The ratio itself is dependent on the
embedment depth, such that the share of the moment carried by horizontal bearing
increases as the embedment depth increases, accompanied by a decrease in the share
carried by the vertical bearing moment, as expressed by Equations 5.3 and 5.4 below:

α=
1 − ( d embed d ref ) ≥ 0

d ref

(5.3)


E concrete
C
= , where ρ = 
ρ
 4 × E steel × I column

Equation 5.4 implies that for embedment depths greater than

d ref
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(5.4)

, the embedded base plate

is ineffective, and all stresses are carried by horizontal bearing. Equation 5.4 (in which C
is a calibration constant equal to 1.77) defines

d ref

based on the interacting stiffnesses of

the embedded column and the surrounding concrete. Further background is provided by
Grilli and Kanvinde (2017). From the standpoint of this study, the decomposition of
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moments in this manner is important for simulating hysteretic response, as discussed in the
next section.

5.3 HYSTERETIC MODEL FORMULATION
Referring to the preceding discussion, and building on the strength model developed by
Grilli and Kanvinde (2017), the hysteretic response of EmCB connections may be most
suitably represented by two rotational springs arranged in parallel, wherein the individual
springs correspond to the components of the moment carried by the horizontal and vertical
bearing stresses, as outlined previously and shown in Figure 5.4a and b. While the original
strength model is developed to represent connection response only up to the point of
monotonic failure, using its key aspects (specifically, an understanding of the internal
moment distribution between the horizontal and vertical bearing mechanisms) is
advantageous while simulating the hysteretic response. Specifically, the parallel springs
arrangement (when used in conjunction with the hysteretic model – discussed next)
successfully simulates the degradation of capacity in the horizontal bearing mechanism,
and the corresponding transfer of moment to the vertical bearing mechanism. In contrast
to a more simplistic approach of representing the entire connection as one hysteretic spring
(as is often done – Ibarra et al. 2005), the proposed approach incorporates some degree of
physical realism into the hysteretic model, with two outcomes: (1) on a purely functional
basis, the model is able to represent hysteretic response with greater accuracy, due to the
additional parameters associated with two springs, (2) it allows examination of moments
resisted by the individual mechanisms, to assess the impact of design/detailing decisions
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(that impact these mechanisms independently) on hysteretic response, and perhaps most
importantly (2) the calibration of the model parameters is more physically based, with the
outcome that it is more generalizable across various configurations.

The hysteretic model developed by Ibarra et al. (2005), referred to hereafter as the IMK
Model (Ibarra-Medina-Krawinkler) as it is popularly known, was determined to be suitable
(when appropriately calibrated) for reproducing the physical response of EmCB
connections via the two-spring arrangement discussed above. The model is implemented
in the platform OpenSEES; simulations shown in this research utilize this implementation.
Figures 5.4c-e show the spring arrangement as well as the backbone curves of the IMK
model calibrated for the horizontal bearing mechanism (Figure 5.4c) and the vertical
bearing mechanism (Figure 5.4d) within the arrangement. For each mechanism, the
backbone curve describes monotonic response, from which the cyclic hysteresis may be
derived based on a set of rules. The IMK model has a trilinear backbone curve that suitably
represents the first three stages of the load deformation response (see Figures 5.3a-b), i.e.,
the linear elastic phase, hardening phase, and the plateau. For the horizontal bearing
mechanism, all three branches of the backbone curve are used, with the final branch having
zero slope to represent the plateau. This results in a total of four backbone parameters for
initial
the horizontal bearing spring, i.e., initial elastic stiffness K I , HB , moment at first yield M y ,VB

, the peak (or plateau) strength M peak , HB , and the rotation θ peak at which this strength is
achieved. The response of the vertical bearing spring is represented through an elastic
perfectly plastic backbone (since experimental data – e.g., Grilli and Kanvinde (2015) does
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not support a more complex representation); this results in two backbone parameters for
initial
the vertical bearing spring, i.e., the initial elastic stiffness K I ,VB and moment at first yield

M peak ,VB . It is important to note here that the backbone curves do not simulate a loss in
strength (e.g., due to failure). This is appropriate because the IMK model backbone has
three branches, and using one of them to represent softening reduces versatility with respect
to modeling the “rising” portion of the moment-rotation curve. Considering the lack of data
in which this type of softening is observed, using this third branch to represent the plateau
(rather than softening) is a judicious tradeoff. In any case, if additional test data (showing
this type of softening) becomes available, this issue may be easily addressed. Additionally,
the backbone curves are symmetric in the positive and negative directions, following the
construction of these connections, and observed test response.

Figure 5.5 describes the hysteretic rules which define the cyclic response as derived from
the backbone, showing the stepwise evolution of the hysteretic curve for 2 cycles (where
the points are numbered sequentially). This cyclic response is defined by a set of rules (and
associated parameters) that are described in detail in Ibarra et al. (2005). In the context of
this investigation, these are only briefly described as they pertain to the simulation of
EmCB connections. More specifically, the IMK model is well-suited for describing two
important aspects of cyclic response: (1) degradation of various quantities, i.e., the plateau
strength – denoted generically as M peak , and the unloading stiffness denoted generically as

K I as the component undergoes cyclic loading, and (2) pinching, during which there is an
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increase in stiffness within each loading cycle corresponding to the closure of cracks or (in
the case of EmCB connections) gaps between the column flange and concrete footing.
Deterioration of generic quantities may be simulated through rules proposed by Rahnama
and Krawinkler (1993), which rely on the dissipated hysteretic energy. For a generic
quantity

Γ (strength, stiffness or deformation), deterioration is expressed as:
=
Γi (1  βi ) × Γi −1

In which

(5.5)

Γi and Γi−1 are the values of the quantity Γ during cycle i and i − 1

respectively. The  sign indicates that deterioration may be obtained by either decreasing
or increasing the quantity

Γ . For example, if Γ represents a displacement used to

compute an effective stiffness, deterioration of the effective stiffness is achieved by
increasing the displacement from cycle to cycle. The factor

βi

may be determined as

follows:





Ei

βi = 
i −1
 ET − E 
∑1 i 



βi

The factor
parameter

c

depends on the hysteretic energy

c

(5.6)

Ei dissipated during cycle i , and the

defines the rate of deterioration. The “reference energy” E T which must be

expended to obtain complete deterioration is calculated as follows:

ET = Λ × M y
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(5.7)

In the above equation,

My

is the yield moment (see Figures 5.4c and d), and Λ is a model

parameter. For a given spring, deterioration may be simulated through four model
parameters (two for each of the two deterioration modes shown in Figure 5.5a). These are:

cK I , Λ K I , cM peak , Λ M peak . In addition to these deterioration parameters, the parameter a pinch
defines the pinching point, at which stiffness is regained – see Figure 5.5b. Once the
modeling scheme (i.e., the two-spring arrangement, and the assignment of the IMK
hysteretic model to them) has been established, the next step is to estimate the model
parameters.

5.4 ESTIMATION OF MODEL PARAMETERS
Referring to prior discussion, the parameters for each two-spring model (such as shown in
Figure 5.4) may be classified as backbone parameters, defining the monotonic response,
and the cyclic hysteretic parameters – this results in 10 parameters for the horizontal spring,
and 2 parameters for the vertical spring (since it is modeled as a non-degrading with only
two branches) with a total of 12 parameters. All parameters are listed in Table 5.1.
Deterioration of strength and stiffness (as defined by Equations 5.5 and 5.6, and shown in
Figure 5.5) is simulated only for the horizontal spring, since it is dominant in the horizontal
bearing mechanism, due to spalling of concrete as shown in Figure 5.3. Test data from
Grilli and Kanvinde (2015) do not provide evidence of such deterioration for the vertical
bearing mechanism; in fact, the vertical bearing mechanism gains strength as the horizontal
mechanism deteriorates.

146

The efficacy of the model is evaluated for two sets of calibration – in the first set, the 12
model parameters are selected to minimize error between simulated and experimentally
observed moment-rotation curves. The experimental curves are obtained from tests
conducted by Grilli and Kanvinde (2015). Referring to Table 5.2, these tests encompass a
range of configurations including variations in embedment depth, column section, and axial
force. Also shown in Table 5.2 is the coefficient

α (as calculated from Equation 5.3),

which determines the ratio of moment between the horizontal and vertical bearing
mechanisms.

Selecting the 12 parameters to minimize error (referred to hereafter as “Unconstrained”
calibration) provides the opportunity to directly examine the ability of the approach (with
its associated functional form and spring arrangement) to reproduce physical behavior,
without the introduction of error due to bias in strength and stiffness characterization
models. On the other hand, parameters calibrated in this way cannot be generalized to
different configurations. As a result, the second calibration set is termed the “Constrained”
set, within which key parameters of the backbone are independently estimated from physics
based models for EmCB connections (as developed by Grilli and Kanvinde 2017). In this
case, the agreement with test data is not as good as that for the Unconstrained set, but it
provides an opportunity to examine model performance in a more realistic scenario (i.e.,
applied to situations for which test data is unavailable). The following subsections outline
the methodology used for each of these calibration exercises, whereas results of these
calibrations are discussed in a subsequent section.
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5.4.1 Unconstrained Calibration
An error measure (based on the work of Smith et al. 2014) is defined to objectively
determine a set of parameters that shows optimal agreement with data, i.e., momentrotation curves as obtained from the Grilli and Kanvinde (2015) tests summarized in Table
5.2. Specifically, the error measure
∈=

∫M

∈ is defined as follows:

test −

M MODEL ⋅ dθ p

∫M

test

(5.8)

⋅ dθ p

The error measure is an estimate of the energy norm of the difference between the
experimental moment-rotation curve and the counterpart curve obtained from the model
for a given set of trial parameters. The terms

M test and M MODEL refer to the moments

obtained from the test and model at a given plastic rotation θ p . Specifically,

M MODEL

refers to the moment obtained from the model (i.e., the two-spring arrangement shown in
Figure 5.3) for this trial set of parameters. Smith et al. (2014) describe the advantages of
this error measure in detail; in the context of this study it is noted that ∈= 0 for perfect
agreement with data, and that the normalizing term

∫M

test

⋅ dθ p ensures that the error

measure is not biased towards experiments with longer or shorter loading histories. For the
“Unconstrained” calibration exercise, an optimal set of 12 parameters corresponding to the
two-spring arrangement is determined. This optimal set minimizes the error

∈ between

the experimental and the model based moment-rotation curve for that test. An automated
algorithm developed by Smith et al. (2014) is used for this minimization. The parameters
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calibrated in this manner are shown in Table 5.1 – the label “U” identifies parameters
calibrated in an unconstrained manner.

Figures 5.6a-e overlay the moment rotation curves as obtained the calibrated model on
those obtained from the Grilli and Kanvinde (2015) experiments. While results are
discussed in detail in a subsequent section, a visual assessment of Figures 5.6a-e indicates
that the model has the functional ability to capture key aspects of response, including
nonlinearity in the backbone, as well as cyclic features such as strength/stiffness
degradation and pinching.

5.4.2 Constrained Calibration
For this calibration exercise, five of the parameters are identified as “core” parameters,
which may be estimated through physics based models developed previously; these
correspond to the strength and stiffness quantities for both the horizontal and vertical
initial
initial
bearing mechanisms. Referring to Table 5.1, and Figure 5.4, these are K I , HB , K I ,VB , M y , HB

, M peak , HB , and M y ,VB . The remainder of the parameters (which mainly pertain to cyclic
hysteresis) cannot be meaningfully determined from physics based models, and must be
calibrated empirically to produce agreement with test data. These are referred to as
ancillary parameters. This is common practice in calibration of such hysteretic models
(Ibarra et al. 2005, Lignos and Krawinkler 2011). For these parameters, the values
determined through the Unconstrained calibration (discussed above) are retained as the
optimal fits. Methods to estimate each of the core parameters are now discussed:
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initial
initial
1. Initial stiffness values for both springs, i.e., K I , HB and K I ,VB (refer Figure 5.4): Torres-

Rodas et al., 2017 developed a method to calculate the rotational stiffness of EmCB
connections. The method is based on decomposing the net base moment
components

M base into its

M VB = α × M base resisted by vertical bearing, and M HB =(1 − α ) × M base

resisted by horizontal bearing, and then calculating the deformations associated each
mode of resistance. The approach follows a straightforward procedure to determine the
initial

net rotational stiffness of the base connection, termed K I

; a detailed description of

this procedure is presented in Torres-Rodas (2017), and excluded here for brevity. The
initial

initial stiffness K I

determined as per this procedure reflects the stiffness

corresponding to the entire connection, which must be decomposed into the stiffnesses
corresponding to the vertical and horizontal bearing mechanisms. The parameter

α

provides a means for performing this decomposition (following its interpretation as a
distribution parameter for the moments), such that the initial stiffness for the two
initial
initial
initial
initial
springs may be determined as K I ,VB = α K I , and K I , HB = (1 − α ) K I , in which

α

is determined from Equations 5.3 and 5.4 based on connection configuration.
2. Strength values for both springs, i.e., M y , HB , M peak , HB , and M peak ,VB (refer Figure 5.4):
Grilli and Kanvinde (2017) provide a method to estimate the peak strength, based on a
consideration of numerous limit states including concrete crushing ahead of the column
flange, panel zone failure, or uplift/blowout of concrete on the tension side of the
connection due to vertical forces exerted by the embedded base plate. Briefly, the
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process entails the following steps: (1) determine the parameter

α

based on the

embedment depth and the properties of the column and the concrete, (2) use the
parameter α to distribute the applied base moment between the horizontal and vertical
bearing mechanisms, (3) for each of these mechanisms, determine the critical failure
mode; for the horizontal bearing mechanism, this failure mode may correspond to
concrete crushing ahead of the column flange, or panel zone failure, whereas for the
vertical bearing mechanism, the failure mode may correspond to blowout of concrete
either above the tension side of the embedded base plate, or under the compression toe
of the embedded base plate, depending on configuration, (4) compute the strengths
associated with these failure modes, and (5) determine the net strength of the
connection based on these mechanism strengths combined appropriately. Grilli and
Kanvinde (2017) describe this process in detail. The peak strength M peak for the base
connection is determined through this process, and further apportioned to each of the
springs such that M peak ,VB = α M peak , and M peak , HB= (1 − α ) M peak . Further, the yield
moment for the horizontal spring is determined as 70% of the peak moment; this
follows experimental observations by Grilli et al., (2017). Consequently,

M y , HB = 0.7 M peak , HB .
Table 5.1 shows the values of the core and ancillary parameters estimated in this way.
Figures 5.7a-e overlay the moment-rotation curves as calibrated from the Constrained
calibration over the corresponding experimental curves. Results are discussed in the next
section.
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5.5 EVALUATION OF THE EMCB HYSTERETIC MODEL AGAINST EXPERIMENTAL DATA
With reference to Figure 5.6a through 6e (which show the Unconstrained calibration), and
Table 5.1, the following observations may be made about the proposed approach:
3. The two-spring arrangement (with the IMK hysteretic model) is able to reproduce
experimental response with high fidelity, capturing relevant modes of behavior,
including nonlinear hardening, pinching, and strength and stiffness degradation. Table
5.1 also summarizes the normalized error

∈ (see Equation 5.8) between the tests and

simulations, which is in the range of 0.25-0.41 (average 0.31). In itself, this may be
considered an acceptable value of error, especially when evaluated relative to
commonly used hysteretic models. The implication is that if the parameters are
calibrated correctly, the proposed approach (i.e., combination of hysteretic models with
the two-spring arrangement) is suitable for simulating the response of embedded
column bases.
4. Although the overall agreement between test and simulation appears reasonable, it is
noted that the hysteretic model is not able to effectively capture the nonlinearity during
unloading response – since the functional form does not allow the change of slope
during this region (but only after zero moment is reached upon unloading). Although a
minor issue, it may result in erroneous estimates of residual rotation. Using a functional
form with a nonlinear unloading branch may mitigate this problem and significantly
reduce error.
5. With the exception of Test #5 (in which premature failure was noted), the error is
relatively uniform across the other specimens.
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Figures 5.7a-e show simulation results (moment-rotation plots) as determined from the
constrained calibration overlaid on the test data. These may be considered representative
of expected implementations for connections in buildings for which test data is not
available, implying that the core parameters must be estimated, rather than calibrated (as
in for the unconstrained set). As discussed earlier, the same values of ancillary parameters
(summarized in Table 5.1) are used for the constrained and unconstrained sets. Referring
to Figures 5.7a-e, and Table 5.1, the following observations may be made.
3. Qualitatively, the model captures all modes of response observed in the experiments,
in a manner similar to that shown in Figures 5.6a-e for the unconstrained fit. However,
in a quantitative sense, the agreement is slightly poorer, such that the error

∈ is in the

range of 0.28-0.42 (average 0.34). This is not surprising, since the core parameters are
not selected freely to minimize this error, but rather calculated. As a result, the
increased error is an artifact of bias in the strength and stiffness estimation models,
rather than the hysteretic functional form.
4. Notwithstanding the slightly poorer fit, the error (and the associated fit) is comparable
to that from the unconstrained fit. This is encouraging from the standpoint of simulating
base connections, in which the key properties (strength/stiffness) are unknown and
must be estimated using models.
In summary, the two-spring arrangement, with the hysteretic models is an effective
approach to characterize the dissipative response of EmCB connections. In terms of
parameter calibrations, the use of previously developed models is appropriate for
estimating the core parameters of strength and stiffness, whereas the other (ancillary
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parameters) must be estimated empirically. Table 5.1 provides such empirically calibrated
estimates for use in nonlinear time history simulations.

5.6 CONCLUSIONS AND LIMITATIONS
This chapter presents an approach to simulate the hysteretic response of Embedded Column
Base (EmCB) connections that are commonly used to connect columns in Steel Moment
Frames to concrete footings. Conventionally, these are designed to remain elastic during
seismic shaking – this is because as connections, they are implicitly assumed to be less
ductile than the adjoining column. As a consequence, previous research has focused mainly
on their elastic stiffness and strength. However, recent work indicates that these
connections may be highly ductile, and disregarding their deformation capacity in design
results expensive detailing, which is required to make them stronger than the column.
However, no modeling approaches are available to simulate the post-yield dissipative or
hysteretic response. As a result, the response of frames with dissipative EmCB connections
cannot be investigated with confidence. This hinders performance assessment of such
frames, ultimately precluding the development of design guidance. Motivated by this, this
research presents a method to simulate the hysteretic response of EmCB connections, along
with guidelines to calibrate the requisite parameters.

The proposed method seeks to directly represent physical mechanisms that control EmCB
response, to enable more meaningful interpretations (and generalization) of estimated
parameters. To this end, this investigation describes various aspects of the cyclic hysteretic
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response of EmCB connections. Many of these aspects (yielding, strength/stiffness
deterioration, and pinching) are similar to those observed in other structural components.
Consequently, a popular hysteretic model (the Ibarra-Medina-Krawinkler, or IMK model
– Ibarra et al. 2005) is adapted to represent EmCB response. However, following previous
experimental and strength models, the hysteretic response is decomposed into its
components resulting from horizontal and vertical bearing mechanisms within the
connection. As a result, the proposed model consists of two rotational springs arranged in
parallel, each representing one mechanism. This results in a total of 12 parameters, which
are further classified as core or ancillary parameters. The core parameters have the most
pronounced effect on hysteretic response, and also represent important physical quantities,
which may be estimated directly from the connection configuration using strength or
stiffness models. The ancillary parameters cannot be associated conveniently (in a physicsbased manner) with connection configurations. As a result, these are calibrated in an
empirical manner through error minimization between the moment-rotation curves
obtained through experiments and simulation.

The proposed approach (i.e., the two-spring arrangement with the IMK model) is assessed
against five experiments on embedded base connections. The first stage of this assessment
entails calibrating all parameters (including the core parameters) in an unconstrained sense,
as to minimize the error between tests and simulations. This directly examines the efficacy
of the IMK model along with the two-spring arrangement to simulate hysteretic response
in a functional sense. This assessment indicates that the presented approach can
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successfully simulate critical aspects of the hysteretic response of EmCB connections.
However, while this exercise provides a sense of the efficacy of the model functional form,
parameters calibrated in this way cannot be generalized to other configurations.
Consequently a “constrained” calibration is conducted, which entails estimating the core
parameters (i.e., strength and stiffness for the springs) through physics based models
published previously, supplemented by ancillary parameters calibrated in an
unconstrained/empirical way. The constrained calibration represents the degree of
agreement with true response that may be realistically expected when the strength/stiffness
of the connection are not known a priori, and must be estimated independently (as would
be the case in practical settings). The finding is that this does not introduce significant
errors in the simulations, other than those due to the bias in the strength/stiffness models
themselves.

Based on this assessment, the proposed approach is determined to be suitable for simulating
the dissipative/hysteretic response of EmCB connections in steel moment frames. It is
recommended (for design or performance assessment) that the core parameters be
estimated through the strength and stiffness models, whereas prescribed values (as shown
in Table 5.1) be used for the ancillary parameters. In cases where experimental response of
the connection is known a priori (e.g., through qualification testing), then unconstrained
parameter calibration may increase accuracy by eliminating bias introduced due to the
strength/stiffness models.
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Possibly being the first attempt to simulate the hysteretic response of EmCB connections,
the model has numerous limitations. These must be considered when applying the
approach, as well as in interpreting results of nonlinear time history simulations that
employ the approach. First, the model is validated against only five tests – since these are
the only ones on deeply embedded column bases available in literature. As a result, the
model inherits limitations of the testing program – e.g., the lack of significant
reinforcement in the footing, and two embedment depths. Additionally, the approach
recommends calibration of the third branch of the backbone as a plateau, with the
implication that it does not simulate the loss of strength (i.e., failure) in the connection; this
follows the observation in that a majority of tests, loss of strength was not observed –
making it difficult to generalize. This may be readily addressed by prescribing a negative
slope for the third branch of the backbone (see Figure 5.3c), albeit it will limit the accuracy
of the approach in simulating the rising phases of the backbone. These issues are the result
of the need to balance accuracy with simplicity. It is anticipated that as more test data
becomes available, and dissipative or yielding base connections are more commonly
considered in design, models to simulate them will advance as well.
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Table 5.1 – Model parameters and their calculated or calibrated values
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Table 5.2 – Test matrix for Grilli and Kanvinde (2015) test

Test #

Column Size
(bf [mm])

1
2
3
4
5

W14x370 (419)
W18x311 (305)
W14x370 (419)
W14x370 (419)
W14x370 (419)

d embed
(mm)
508
508
762
762
762

Axial compressive
force P (kN)

α

445
445
0
445
-667

0.45
0.48
0.17
0.17
0.17
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Figure 5.1 – Types of column base connections: (a) exposed base plate connection with forces
resisted by vertical bearing and anchor rod tension, (b) embedded column base, with forces resisted
by horizontal bearing stress on column flanges, and vertical bearing stresses on embedded plate
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Figure 5.2 – Response of EmCB: (a) Moment Rotation Response, (b) bearing cracking,
(c) uplift failure
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Figure 5.3 – Physical Response of EBC connections subjected to cyclic loading
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Figure 5.6 – Results of Unconstrained Calibration of ECB model to
experimental data
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CHAPTER 6
SUMMARY

6.1 HYSTERETIC MODEL FOR EXPOSED COLUMN-BASE CONNECTIONS
Experimental programs conducted on Exposed Column Base (ExCB) connections indicate
that these connections possess significant ductility and deformation capacity (i.e. column
drifts in the order of 4-10%). However, current design guidelines recommend the use of a
capacity design approach with the intention to promote yielding at the base of the column
rather than in the connection itself. This criterion may be attributed to two main reasons.
First, the general idea that connections have less deformation capacity than members.
Second, and perhaps most importantly, the lack of hysteretic models for the simulation of
ExCB connections.
Motivated by the intention of exploring a “strong-column weak-base” criterion, that
leverage the deformation capacity of base connections as dissipative elements, and at the
same time consider their flexibility and its impact in the performance of SMFs, this
research presents a new hysteretic model for the simulation of ExCB connections. Previous
research on these connections has primarily focused on characterizing their strength, since
they are typically designed to remain elastic, while other elements (such as the adjacent
column) and beams form plastic hinges.
The physics of connection response observed in the test (when subjected to reversed cyclic
loads) is used to develop the hysteretic model. The model incorporates some characteristics
from the hysteretic model with pinching behavior developed by Ibarra et al., (2005), and
adds functionality to represent the specific characteristics of ExCB response. The proposed
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model includes a trilinear backbone curve, an intermediate plateau to simulate the recentering effect, and four modes of deterioration for the strength, stiffness, and the strength
and deformation associated with the intermediate plateau. This results in a total of sixteen
parameters, four of which represent the backbone, while the remaining twelve are used for
representation of the hysteretic rules and deterioration.
The efficacy of the model is examined against a data set of five experiments on ExCB
connections, which have variations in base plate thickness, anchor rod strength, and the
level of axial load. The overall response of the connection is well simulated since the model
is able to reproduce key characteristics of the experimental observations including the
trilinear hardening, intermediate plateau and key modes of deterioration.
The model has limitations that must be considered in its application, and in the
interpretation of results of nonlinear time history simulations that utilize the model.
Extrapolating the model to highly dissimilar situations (e.g., ExCB with tensile axial force)
may introduce significant error. The use of a bi-linear rise with a flat strength plateau limits
the ability of the model to simulate failure or loss of strength within a cycle. Finally, as a
uniaxial concentrated plasticity model, the ExCB model inherits the limitations of this
general class of models. Specifically, it cannot simulate axial force and moment interaction.

6.2 ROTATIONAL STIFFNESS OF DEEPLY EMBEDDED COLUMN BASE CONNECTIONS
Recent research about seismic response of SMFs conducted by Zareian and Kanvinde
(2013) and Aviram et al. (2010) highlights the importance of accurate estimation of base
flexibility. Despite of this, bases of SMFs are often idealizes as fixed or pinned resulting
in optimistic values of structural response. This type of idealization may be attributed to
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the lack of suitable models to approximate the true stiffness of column base connections.
To address this issue, this research presents a method to characterize the flexural stiffness
of EmCB connections.
Recent experimental program on EmCB connections carried out by Grilli and Kanvinde
(2015) constitute the primary experimental basis for the proposed approach, whereas tests
on shallowly embedded base connections by Barnwell (2015) provide a supplementary
testbed to examine the validity of the model against a different test program and shallow
embedments. Considering both test programs, the method is examined against a total of 9
tests that represent details common in United States construction practice.
The proposed approach decomposes the total rotation into that due to deformation of the
concrete due to horizontal bearing stresses, and flexural and shear deformations of the
column embedment. To calculate these deformations, the method draws from the theory of
beams on elastic foundations, supplemented by some empirical modifications. The
approach idealizes some aspects of behavior, and leverages elements of the strength model
such as stress distributions proposed by Grilli and Kanvinde (2015). The proposed method
provides good estimates of connection stiffness over a range of embedment depths, such
that the average test-predicted ratio is 1.20 for all the considered experiments, and 1.15, if
only the UCD study is considered.
The proposed method is limited by multiple factors which must be considered in its
interpretation and generalization. These limitations consist of parameters from the
validation test program such column sizes, top and bottom plate details, footing
dimensions, and the presence of only minimal reinforcement in the tested footings.
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Application of the method to configurations that are significantly different from these may
incur error. Moreover, the method only considers local deformation modes near the
embedment, whereas column bases in the field may have additional deformation modes
depending on the type of foundation into which the column is embedded; these include soil
structure interaction in pedestal footings, or flexibility of grade beams or mat foundations.
This additional flexibility must be suitably incorporated into analysis.

6.3 SEISMIC DEMANDS IN COLUMN BASE CONNECTIONS OF STEEL MOMENT FRAMES
Prior research programs on column base connections has focused on characterizing the
response of the connections themselves, rather than in their demands. Because of this, current
design criteria for these connections are informed by conservatism and intuitive expectation of
structural response, potentially resulting in uneconomical or unconservative designs. In
response, this study presents a series of nonlinear time history simulations on a series of four
SMFs varying in height as the main parameter. The base connections are designed to reflect
current practice. The 2- and 4- story SMF feature exposed base plate type connections, whereas
the 8- and 12- story frames feature embedded connections. Each connection is designed for
multiple design load combinations with axial forces, moments and shears calculated either
from overstrength or capacity considerations.
The SMFs are simulated as plane frames and the column bases as elastic rotational springs
(consistent with the intention for them to remain elastic as per current practice). The elements
of the frame are simulated employing state of the art methodologies to model material and
geometric nonlinear response. The structural models are subjected to a suite of 40 ground
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motions scaled to represent the design level (i.e., 10% probability of exceedance in 50 years)
seismic hazard.
When exposed base plate connections are specified, failure is likely to be controlled by the
minimum axial compression (or maximum tension) accompanied by high moment. This is
explained by the beneficial effects of axial compression that delay uplift of the base plate and
associated limit states of base plate or anchor rod yielding. The axial load corresponding to this
condition may be conservatively estimated by subtracting either the overstrength or capacitybased axial overturning force from the dead and live load effects. Even if designed as pinned
(e.g., in low-rise frames), exposed base plate connections are susceptible to flexural yielding
and failure, which may compromise connection integrity. Moreover, the demands on these
connections are highly sensitive to base stiffness; it is prudent to estimate design loads through
linear elastic simulations that represent this base stiffness.
When embedded base connections are specified, the response is largely controlled by moment.
The results indicate that overstrength-based estimates of moments are accurate for exterior
column bases, whereas capacity based estimates are accurate for interior ones; this trend may
not be general and it is advisable to use capacity based estimates in all cases.
This study has several limitations, which must be considered in its interpretation and
generalization. The range of variables interrogated, such as the building plans, heights, and
designs limit the generality of the findings. Similarly, biases due to ground motion effects,
including the effects of the vertical component of ground motions, cannot be eliminated. The
simulations are all based on a design level hazard, and the intent of design standards, that base
connections must remain elastic at this intensity of shaking. As a result, the study does not
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address response (e.g., base connection yielding due to overloads) that may occur at higher
intensities of shaking.
6.4 A HYSTERETIC MODEL FOR THE ROTATIONAL RESPONSE OF EMBEDDED COLUMN
BASE CONNECTIONS
This research presents an approach to simulate the hysteretic response of EmCB
connections that are commonly used to connect columns in Steel Moment Frames to
concrete footings. The proposed method seeks to directly represent physical mechanisms
that control EmCB connections response, to enable more meaningful interpretations (and
generalization) of estimated parameters. Various aspects of the cyclic hysteretic response
of EmCB connections are described. Many of them (yielding, strength/stiffness
deterioration, and pinching) are similar to those observed in other structural components.
Consequently, the Ibarra-Medina-Krawinkler, Ibarra et al. (2005) is adapted to represent
EmCB connections response. Following previous experimental and strength models, the
hysteretic response is decomposed into its components resulting from horizontal and
vertical bearing mechanisms within the connection. As a result, the proposed model
consists of two rotational springs arranged in parallel, each representing one mechanism.
This results in a total of 12 parameters, four of which (i.e. Peak Strength, Moment at First
Yield, Elastic Stiffness, Rotation at Peak Strength) have the most pronounced effect on
hysteretic response, and represent important physical quantities, which may be estimated
directly from the connection configuration (except in the case of the Rotation at Peak
Strength)
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The proposed approach is validated against five experiments on embedded base
connections. The overall observation is that it is able to successfully simulate critical
aspects of the hysteretic response of EmCB connections and could be used for simulating
their dissipative/hysteretic response in SMFs. However, the model has several limitations.
These must be considered when applying the approach, as well as in interpreting results of
nonlinear time history simulations that employ the approach. First, the model is validated
against only five tests – since these are the only ones on deeply embedded column bases
available in literature. As a result, the model inherits limitations of the testing program –
e.g., the lack of significant reinforcement in the footing, and two embedment depths.
Additionally, the approach recommends calibration of the third branch of the backbone as
a plateau, with the implication that it does not simulate the loss of strength (i.e., failure) in
the connection; this follows the observation in that a majority of tests, loss of strength was
not observed – making it difficult to generalize. These issues are the result of the need to
balance accuracy with feasibility of implementation in nonlinear dynamic simulations.
6.5 FUTURE WORK
The studies presented in this dissertation intent to address some unresolved aspects of the
behavior of column base connections in the context of seismic design. However, a critical
analysis in their finding and perhaps, more importantly, in their limitations indicate that
various aspects remain open for future research in many possible directions, including:
1) Experimental programs on exposed base plates considering different configurations
(i.e. number of anchor bolts, size, layout, etc.), and levels of axial load (including
tension) to validate or improve the hysteretic model proposed in chapter 2.
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2) Experimental tests on Embedded base connections considering different column
and base plate sizes, deeper embedment lengths to validate the rotational stiffness
method detailed in chapter 3.
3) Sophisticated finite element simulations on embedded base connections aimed to
explore the distribution of stresses on the column flanges and base plate. This may
potentially refine the coefficient alpha ( α ) that distributes the moment at the base,
leading to improvements in the strength and stiffness methods.
4) Non-linear dynamic simulations to investigate the performance of SMFs
considering a criteria of strong-column weak-base connection. Appropriate
hysteretic models have been proposed in this dissertation for this work.
5) Reliability analysis of exposed base connections to validate current

φ -factors

available in Steel Design Guide 1 and a reliability analysis of embedded base
connections to suggest appropriate

φ -factors.
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