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Seismic Demands in Column Base
Connections of Steel Moment Frames

Pablo Torres-Rodas,a) M.EERI, Farzin Zareian,a) M.EERI, and
Amit Kanvindeb)

Methods for the seismic design of base connections in steel moment frames
are well-developed and routinely utilized by practicing engineers. However,
design loads for these connections are not verified by rigorous analysis. This
knowledge gap is addressed through nonlinear time history simulations using
design-level seismic excitation that interrogate demands in column base connec-
tions in 2-, 4-, 8-, and 12-story steel moment frames, featuring base connections
that reflect current U.S. practice. The results indicate that: (1) for exposed base
plate connections, lower bound (rather than peak) estimates of axial compression
are suitable for design because higher axial forces increase connection strength by
delaying base plate uplift; (2) even when designed as pinned (as in low-rise
frames), base connections carry significant moment, which can be estimated
only through accurate representation of base flexibility; and (3) the failure of
embedded base connections is controlled by moment, which may be estimated
either through overstrength or capacity-based calculations. [DOI: 10.1193/
062317EQS127M]

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., low- versus 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
Figure 1a and 1b. 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 a basic understanding of force transfer mechanisms in these connections (e.g.,
Astaneh et al. 1992 and Gomez et al. 2010 for exposed base plate type connections and
Barnwell 2015 and 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 the AISC Seismic Design Manual (2006), as well as the Structural Engineers Asso-
ciation of California Structural/Seismic Design Manual Volume 1 (SEAOC 2015). More recent
studies have addressed rotational flexibility of these connections (Kanvinde et al. 2012,

a) Department of Civil and Environmental Engineering, University of California, Irvine, Irvine, CA 92697;
Email: zareian@uci.edu (FZ, corr. author)

b) Department of Civil and Environmental Engineering, University of California, Davis, Davis, CA 95616

Earthquake Spectra, Volume 34, No. 3, pages 1383–1403, August 2018; © 2018, Earthquake Engineering Research Institute
1383



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 simu-
lation 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 research reveals that it has focused almost exclu-
sively 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 unsub-
stantiated by rigorous simulation. Specifically, both the SEAOC (2015) and AISC
(2016) Seismic Design Manuals illustrate a “capacity-based” design of the base connec-
tions, such that it is designed for the moment 1.1RyMp 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 Ω0E 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, National Earthquake Hazards Reduction Program [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 Ω0E for the axial force is simi-
larly 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

(a) (b)

Figure 1. (a) Exposed base plate connection typical of low-rise construction and (b) embedded
base plate connection typical of mid- to high-rise construction.
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conservatisms in demand estimation entail significant expense (Gomez et al. 2010), or, con-
versely, (2) nonconservatism in demand estimation has the potential to compromise connec-
tions 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 analysis (NLRHA) simulations on steel special moment-resisting
frames (SMRFs) representative of current U.S. construction using ground motions represent-
ing design-level seismic excitation. These simulations (which subject 2-, 4-, 8-, and 12-story
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. The paper 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.

BACKGROUND

Seismic design considerations for column bases are currently prescribed in the American
National Standards Institute/American Institute of Steel Construction ANSI/AISC 341-16
Seismic Provisions for Structural Steel Buildings (2016), referred to hereafter as the
ANSI/AISC 341-16 Seismic Provisions (2016). As per the ANSI/AISC 341-16 Seismic Provi-
sions (2016), the bases must be designed for axial loads, shear forces, 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 active regions, this usually cor-
responds to the 1.2D*þ 0.5Lþ Ω0E load case, in which D* corresponds to the Dead Load,
including the effects of vertical acceleration (American Society of Civil Engineers/Structural
Engineering Institute ASCE/SEI 7-10 2006), L is the Live Load, and Ω0E is the “over-
strength” seismic load. For special moment frames, Ω0 ¼ 3.0 (ANSI/AISC 341-16 2016).
Similar considerations apply to connection shear forces. For the flexural strength, the
ANSI/AISC 341-16 Seismic Provisions (2016) require that either: (1) the base connection
be designed for the fully yielded and strain hardened capacity (i.e., 1.1RyMp of the attached
column) or (2) the connection be designed for the moment calculated using the overstrength
seismic load (i.e., using theΩ0- 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 358-16
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. Conse-
quently, 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 the American Concrete Institute ACI 318-14 (2014,
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Appendix D). 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 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 the SEAOC (2015) and AISC (2006) illustrate
the use of the former condition (i.e., designing the base connection for the column moment
1.1RyMp) 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 overesti-
mate 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 1.1RyMp is conserva-
tive; (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); and (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 back-
drop, 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-, 8-, and 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.

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 shown in Figure 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 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 2.

The buildings are designed as per ASCE/SEI 7-05 (2006), and the ANSI/AISC 341-10
Seismic Provisions (2010), assuming R ¼ 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

1386 P. TORRES-RODAS, F. ZAREIAN, AND A. KANVINDE



2-, 4-, 8-, and 12-story frames are 0.95, 1.65, 2.33, and 3.36 s, respectively—these are super-
imposed on the design spectrum, as shown in Figure 3. Other characteristics of
these buildings are detailed in Zareian and Kanvinde (2013). 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 for which they are designed.

Plan View - All Frames

4-Story 2-Story

8-Story

12-Story

Figure 2. Key characteristics of the moment-resisting frames used in this study.
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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/SEI 7-05 2006) 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 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/SEI 7-05 (2006). 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 U.S. practice as 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 were considered for design. These are
based on the linear elastic analyses described in the previous point, as well as on the
capacity of adjoining elements. Specifics of the simulations are as follows:

Figure 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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• For the 2-story frame, two combinations were considered; these correspond to
two levels of axial load (i.e., P ¼ 1.2D� þ 0.5Lþ Ω0E, and P ¼ 1.2D�þ
0.5Lþ 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 corre-
spond to two estimates of axial force: P ¼ 1.2D� þ 0.5Lþ Ω0E and
P ¼ 1.2D� þ 0.5Lþ Q and two estimates of bending moment (i.e.,
M ¼ 1.2D� þ 0.5Lþ Ω0E, and M ¼ 1.1RyMp 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 ¼ 1.2D� þ 0.5Lþ Ω0E, and
M ¼ 1.1RyMp of the connected column) multiplied with two estimates of col-
umn shear, (i.e., V ¼ 1.2D� þ 0.5Lþ Ω0E, and V ¼ 2� 1.1RyMp∕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 prac-
tice. Specifically, exposed base connections (Figure 1a) are common in low-rise
frames (2- and 4-story frames in this study). Current design methods for exposed
base plates (Fisher and Kloiber 2006, Grilli and Kanvinde 2013)
reflect interactions between the axial force and moment, as both are resisted
by anchor rod tension and are relatively insensitive to shear. On the other
hand, embedded base connections (Figure 1b) are common mid- to high-rise
frames (8- and 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, as
both are resisted by horizontal bearing stresses in the concrete and are relatively
insensitive to axial force. Following this, the load combinations outlined
previously 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 ¼ 1.2D� þ 0.5Lþ 1.0E) are omitted, as 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 col-
umn connections) are designed to satisfy each of the load combinations discussed
previously. As discussed previously, the exposed base plate connections are
designed for the 2- and 4-story frames, whereas embedded base connections are
designed for the 8- and 12-story frames. Design of the exposed base plate connec-
tions 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 1
details the 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
f 0c ¼ 27.6MPa was assumed.

4. The previous process results in a multiple base connection sets for each of the
frames, corresponding to the 14 load combinations (two for the 2-story frame
and four for each one of the taller frames) outlined previously in point 2. The
first two columns of Table 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 combina-
tion) was subsequently simulated through NLRHA, with the appropriate base

Table 1. Design configurations

2-Story frame

Pbase
design Mbase

design

Interior column base Exterior column base

Ba N tp drod
b βc (�104) B N tp drod β (�104)

1.2Da þ 0.5LþΩ0E N/A 508 762 25 25 1.16 508 762 25 25 1.16
1.2Da þ 0.5Lþ Q N/A 508 762 25 25 1.16 508 762 25 25 1.16

4-Story frame

Pbase
design Mbase

design

Interior column base Exterior column base

B N tp drod β (�105) B N tp drod β (�105)

1.2Da þ 0.5LþΩ0E 1.2Da þ 0.5LþΩ0E 508 762 57 44 2.84 508 762 51 38 2.47
1.2Da þ 0.5LþΩ0E 1.1RyMp 508 762 51 44 2.80 508 762 44 38 2.49
1.2Da þ 0.5Lþ Q 1.2Da þ 0.5LþΩ0E 508 762 51 44 2.96 508 762 51 38 2.47
1.2Da þ 0.5Lþ Q 1.1RyMp 508 762 44 38 2.66 508 762 44 38 2.49

8-Story frame

Vbase
design Mbase

design

Interior column base Exterior column base

demb
d bf B N β (�105) dembed bf B N β (�105)

1.2Da þ 0.5LþΩ0E 1.2Da þ 0.5LþΩ0E 864 508 762 762 2.87 660 328 762 762 2.10
1.2Da þ 0.5LþΩ0E 1.1RyMp 1016 711 914 914 3.32 1067 508 914 914 2.82
2� 1.1RyMp∕Lcolumn 1.2Da þ 0.5LþΩ0E 914 508 762 762 2.89 762 328 762 762 2.18
2� 1.1RyMp∕Lcolumn 1.1RyMp 1016 711 914 914 3.26 1067 508 914 914 2.76

12-Story frame

Vbase
design Mbase

design

Interior column base Exterior column base

dembed bf B N β (�105) dembed bf B N β (�105)

1.2Da þ 0.5LþΩ0E 1.2Da þ 0.5LþΩ0E 965 711 864 864 3.73 864 610 762 762 3.58
1.2Da þ 0.5LþΩ0E 1.1RyMp 1016 965 1016 1016 3.88 1016 965 1016 1016 3.92
2� 1.1RyMp∕Lcolumn 1.2Da þ 0.5LþΩ0E 965 711 864 864 3.64 864 610 762 762 3.41
2� 1.1RyMp∕Lcolumn 1.1RyMp 1016 965 1016 1016 3.81 1016 965 1016 1016 3.81

aB, N, and tp are base plate dimensions in mm; see Figure 1a and 1b (B is the width of the base plate and an out-of-plane
dimension that is not shown in Figure 1a and 1b.

b drod is anchor rod diameter, with two anchor rods in each line; see Figure 1a.
c β is the estimated rotational stiffness of the designed base (kN ·m/rad).
d demb is embedment depth and bf is width of embedded portion; see Figure 1b.
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flexibility (as discussed in the next section) to characterize the axial force and
moment demands in the base connections.

NLRHA (discussed in the next section) on these 14 configurations provides the 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 with base
connection capacities to determine which load combinations result in successful (safe and
nonconservative 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.

SIMULATION METHODOLOGY AND MODELS

Each of the 14 combinations discussed previously were simulated using the platform
OpenSEES (McKenna et al. 2000). Referring to Figure 4, all configurations were simulated
as two-dimensional (2-D) planar frames. The main aspects of these models are summar-
ized later:

1. The beams and columns were simulated as elastic elements with concentrated plas-
ticity (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 Lignos and Krawinkler 2011
and Zareian and Krawinkler 2009) to model the energy-based cyclic deterioration
of strength and 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).

Bilinear Hysteretic 
Springs at RBS Location

Panel Zone 
Hysteretic 
Spring

Elastic Beam Column 
Elements

Bilinear Hysteretic 
Springs at Columns

Linear Elastic  
Base Flexibility 
Spring

Two Springs
in Series

Figure 4. Schematic representation of the physical and mathematical model for moment-
resisting frames.
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These springs cannot directly simulate axial force–moment 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
P
1.2D*þ0.5L þ 0.5� PΩ0E, in which the latter term reflects the average lateral

load because of 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), whose
strength and stiffness properties are determined as per the Applied Technology
Center ATC 72-1 (2010).

3. Destabilizing P� Δ effects were modeled through a “leaning-column,” in conjunc-
tion 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). Simulating
these bases as elastic is consistent with current design practice (and intent of the
ANSI/AISC 341-16 Seismic Provisions 2016) as discussed earlier. For all configura-
tions that used exposed base connections (i.e., the 2- and 4-story frames), the rota-
tional stiffness for each base connection was calculated using an approach proposed
by Kanvinde et al. (2012), which was 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 of these approaches deter-
mine 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 1 (introduced previously) also sum-
marizes the base connection stiffness determined in this manner for all connec-
tions; 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 con-
nection stiffness is rigorously examined. To this end, each of the configurations
listed in Tables 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 and exter-
nal column use the values of β listed in Table 1). Two additional sets of simula-
tions are conducted, with the rotational springs assigned the values β∕2 and 2β to
account for sufficiently large variation in the base stiffness with respect to the best
estimate.
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The previous process results in 42 simulation models, with three corresponding to each
configuration shown in Table 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, 10/50) at the
first mode period of the structure for typical soil type D in the Los Angeles area. Figure 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 straight-
forward 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 interpreta-
tion of variability in response between the various ground motions for the same configura-
tion. As 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 2. These quantities are briefly introduced later; 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,Mmax, and Vmax.
Each of these actions is normalized by the axial force, moment, or shear correspond-
ing to (a) the overstrength seismic load (i.e., 1.2D*þ 0.5Lþ Ω0E) and (b) 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
1.2D*þ 0.5L. The peak shear Vmax is normalized by 2� 1.1RyMp∕Lcolumn, consis-
tent with reverse curvature bending of the column with plastic hinges at both ends.
The peak moment Mmax is normalized by 1.1RyMp. Normalization in this way
enables the assessment of these demands relative to commonly used design forces
and member capacities. The quantities shown in Table 2 correspond only to the best
estimate of base stiffness β, as summarized previously in Table 1.

2. An index α quantifies the margin of safety of the base connections given vector-
valued 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. Figure 5a and 5c
illustrate the determination of α for interior and exterior connections from the
4-story frame; Figure 5b and 5d show similar information for embedded connections
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from the 8- and 12-story frames. Specifically, these figures contain “particle plots”
showing the coevolution of the demands, superimposed on the limit-state line (or
interaction curve) between the axial force and moment for the exposed connection
(Figure 5a) or the shear and moment for the embedded connection (Figure 5b).
These curves are determined from the strength characterization approaches dis-
cussed earlier.
Referring to these figures, α is determined as a scale factor that, 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 2 lists the maximum value of αmax, reflecting the highest
demand-capacity ratio attained over all 40 ground motions.

Figure 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, and
(d) interior column of 8-story SMRF.
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3. A closer examination of the P-M interaction curve in Figure 5a indicates that the
moment capacity increases with respect to axial compression near the horizontal
axis. This may be attributed to the compressive prestress because of 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 that the critical condition (i.e., the
demand point closest to the capacity curve) occurs at a low value of axial compres-
sion, rather than at its peak—as the moment capacity is lower. Following this,
Table 2 also includes the normalized values of Pmin, denoting the minimum
axial force for each configuration over all ground motions. Figure 5b is similar
to Figure 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 2, results are graphically presented in Figure 6a to 6h. Figure 6a and
6b correspond to the interior and exterior columns of the 2-story frame (i.e., the exposed base

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 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; and (g), (h) interior and exterior column of
12-story SMRF.

1396 P. TORRES-RODAS, F. ZAREIAN, AND A. KANVINDE



plate connections). In both of these figures, the demand-capacity ratio αmax(maximum over
all ground motions) is plotted against the normalized values of base stiffness (i.e., β∕2, β, and
2β). The figures show two columns, each corresponding to one of the design configurations
for the 2-story frame shown in Table 1. Recall that for all the exposed base connections, shear
was not a design consideration, as all estimates of shear (including that based on yielding at
both ends of the column) were well below the frictional capacity of the base. Figure 6c and 6d
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. Figure 6e through 6h are similar to Figure 6c and 6d, except they reflect the design
configuration and corresponding results for the 8- and 12-story frames, which feature the
embedded base connections. The next section discusses the results presented in Table 2
and Figure 6a through 6h, along with implications for design of the base connections.

RESULTS AND IMPLICATIONS FOR DESIGN

Two-Story Frame (bases designed only for axial load as exposed base plate connections):

• Referring to Table 1, designs corresponding to both load combinations result in an
identical connection configuration. As a consequence, the response for both is iden-
tical as well.

• For both the interior and exterior columns, the base moments are fairly low—in the
range of 20%–25% of 1.1RyMp. 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

¼ 0.84 (the corresponding ratio for the capacity-based estimate
Pmax∕PQ ¼ 0.72. The axial compression is significantly lower for the interior col-
umns (∼40% of both the overstrength and capacity-based estimates), because of
reduced overturning moment. Interestingly, the peak demand-capacity ratio αmax

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 5a) indicates that αmax occurs not at the
instant of maximum axial compression and moment, but rather when the axial com-
pression 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 delaying uplift of the plate. This explains the somewhat high value
of αmax 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 nonconservative designs.

• Motivated by the previous observation, Table 2 reports the minimum values of axial
force Pmin; also reported are the estimates P�

Ω0
, and P�

Q , which are similar to PΩ0
, and

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 P�

Ω0
, and P�

Q predict significant
tension. For the exterior columns, the minimum forces are zero, whereas both
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P�
Ω0
, and P�

Q , again, predict significant tension. Based on the preceding point, this
suggests that either estimate of column force P�

Ω0
, or P�

Q will result in conservative
design.

• Figure 6a and 6b show that for both the interior and exterior columns, the demand-
capacity ratio αmax increases strongly with base stiffness. Consequently, the appro-
priate 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 2) indicate that the overstrength underestimates the peak shear
(Vmax∕VΩ0

¼ 1.35), whereas the shear calculated from capacity consideration sig-
nificantly overestimates it (Vmax∕VMp

¼ 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 approxi-
mately equal to 1.1RyMp, 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 1.1RyMp) result in safe design
(i.e., αmax ≤ 1). For the exterior columns, the two combinations that utilize
[PQ, MΩ0

], and [PΩ0
, MΩ0

] result in safe design, whereas those that use
the Mbase

design ¼ 1.1RyMp do not, presumably because for all exterior col-
umns, MΩ0

> 1.1RyMp.
• Motivated by the previous points, Table 2 also includes Pmin values along with

counterpart estimates P�
Ω0

and P�
Q . The interior columns do not go into tension

in any of the cases, and the estimates P�
Ω0

are quite accurate, whereas the estimates
P�
Q predict significant tension in the column; this is conservative. The exterior col-

umns too do not go into tension in any of the design cases. However, in each case
the P�

Ω0
and P�

Q predict tension, which is conservative.
• Unlike the 2-story frame, the αmax for all design cases of the 4-story base connec-

tions is quite insensitive to the base stiffness. This is because (as discussed pre-
viously) for all design combinations, the column base is fully yielded and
plastified subjecting the base connection to 1.1RyMp. Variations in stiffness change
building deformations, but not the peak force and the αmax. In the 2-story frames, the
column base moments are well below yield, and hence sensitive to base stiffness.

• The indicated overstrength underestimates the peak shear (Vmax∕VΩ0
¼ 1.24�1.34),

whereas the shear calculated from capacity considerations (Vmax∕VMp
¼

0.81�0.92) is significantly more accurate.

Based on the previous observations, the following considerations are important for the
design exposed base plate connections in low- to mid-rise moment frames:
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1. Because of the beneficial effect of axial compression in exposed base plates, design-
ing for peak moments and peak compression may not be conservative. The appro-
priate load combination includes the peak moment and the minimum anticipated
axial load. The results indicate that use of either P�

Ω0
and P�

Q will result in conser-
vative design, perhaps overly so.

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 con-
nection for some level of moment; using Mbase

design ¼ 1.1RyMp is likely highly con-
servative. 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 Mmax

are very close to 1.1RyMp (Mmax∕1.1RyMp in the range of 0.97 to 0.99), and sig-
nificantly greater than MΩ0

, implying that the former estimate is accurate, possibly
because the column bases undergo significant yielding. Additionally, for the interior
columns, the only load combinations that result in safe design are those that include
Mbase

design ¼ 1.1RyMp. For each of these cases, the peak demand-capacity ratio αmax is
very close to the corresponding Mmax∕1.1RyMp. 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 5b
shows this schematically; the weak interaction observed in this figure is represen-
tative of all connections examined in this study. Of the two combinations that use
Mbase

design ¼ 1.1RyMp, the combination that uses Vbase
design ¼ VMp

is possibly more sui-

table for design, as it results in relatively accurate estimates of shear force across all
interior column connections in these two frames (Vmax∕VMp

in the range of 0.94 to

1.02, versus Vmax∕VΩ0
in the range of 1.40 to 1.55). However, because of 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., those corresponding toMbase

design ¼ MΩ0
), the peak demand-capacity ratio αmax is

very close to the ratioMmax∕MΩ0
, providing further evidence that failure is moment-

controlled.
• For the exterior column bases (all configurations), the peak moment demandsMmax

are better represented by MΩ0
(Mmax∕MΩ0

in the range of 0.86 to 0.91) than by
1.1RyMp(Mmax∕1.1RyMp is in the range of 0.64 to 0.65). As the peak moments
are well below 1.1RyMp, the configurations that use Mbase

design ¼ 1.1RyMp as a design
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basis result in conservative designs (αmax in the range of 0.61–0.68). On the
other hand, the configurations that use Mbase

design ¼ MΩ0
result in αmax 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 VMp
) is parti-

cularly accurate in characterizing peak shear demands (Vmax∕VΩ0
is in the range of

1.19–1.63, whereas Vmax∕VMp
is in the range of 0.61–0.85). As for the interior col-

umn bases, the effect of shear on design is likely to be modest. Nevertheless, using
Vbase
design ¼ VMp

is possibly the conservative choice.
• In all cases for the 8- and 12-story frames, the effect of base stiffness on αmax 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, accu-
rate characterization of moment is critical.

2. For the frames considered in this study, it appears that moment demands are well
characterized by 1.1RyMp for interior column bases and by MΩ0

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.

3. Although the effect of shear estimation on design is likely to be modest, using
Vbase
design ¼ VMp

appears to be a reasonable and conservative approach.

SUMMARY AND CONCLUSIONS

Column base connections are critical components in steel moment frames subject to seis-
mic 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 cri-
teria for these connections are informed by conservatism and intuitive expectation of struc-
tural 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 non-
linear 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 to this condition may be conservatively
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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 connec-
tions are susceptible to flexural yielding and failure, which may compromise con-
nection integrity. Moreover, the demands on these connections are highly sensitive
to base stiffness; it is prudent to estimate design loads through linear elastic simula-
tions 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 because of 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 dis-
tributed 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
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 because of overloads) that may occur at higher intensities of
shaking.
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