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Abstract

Column base connections are one of the most critical components in Steel Moment Frames
(SMFs) since these connections transfer the loads (i.e., gravity, seismic, wind) from the entire
superstructure into the concrete-foundation, being an interface between them. Typically, ex-
posed base plates are preferred for low-and mid-rise buildings, while embedded base connec-
tions are the norm for tall buildings. This latter base configuration response is controlled by
complex interactions between the column flange and the bottom base plate with the concrete
foundation, where the mechanisms to transfer internal forces are idealized to underpin the cur-
rent strength design methods. These mechanisms include horizontal bearing stresses between
the column flange and the surrounding concrete and vertical bearing stresses of the base plate
and the concrete foundation. Current methods to estimate the strength of these connections are
validated against a limited number of experimental tests complicating their generalization for
the different configurations that have not been tested. Although the results from these methods
show good agreement with test data, the assumptions that underpin these methods have not
been verified through sophisticated nonlinear finite element models. Motivated by this issue,
this paper presents a series of nonlinear finite element models developed to provide insights
into the behavior of embedded base connections for SMFs. These models incorporate the es-
sential aspects that control the connection behavior, including constitutive material modeling
and contacts among the connection components. Possible design implications are discussed,
while the limitations of the current work and future lines of research are outlined.
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1 INTRODUCTION

Column Base Connections are one of the most important components of Steel Moment Frames
(SMFs). Several researchers [1-6] have demonstrated their significant influence on the seismic
performance of SMFs systems. Because of this, these connections have been extensively stud-
ied over the last decade in different programs [7-11]. Typically, base connections can be broadly
classified as exposed base plates (EBPs) and embedded base connections (EmBCs). The former
type is the preferred detail for low to mid-rise buildings, while the latter is the norm for tall
buildings.

EmBCs consist of a column welded to a bottom base plate (Refer to Fig. 1) and embedded into
a concrete foundation. The applied forces, 1.e., Axial Load, Bending Moment, and Shear, are
resisted by a combination of the bearing stresses developed by the contact between the column
flange and the foundation and by the vertical stresses at the bottom base plate. Grilli and
Kanvinde [7] conducted a large-scale experimental program to study the seismic response of
EmBCs. This program's focus was the flexural capacity of these connections and the develop-
ment of a strength method based on the insights gained from the tests. A total of five tests were
evaluated. The difference among them was the embedded length (510 and 760mm), column
size, and axial load level.

Grilli and Kanvinde [7] postulated an internal stress distribution to idealize the mechanism that
resists the applied loads. Figure 1 illustrates this mechanism which consists of horizontal bear-
ing stresses accompanied by joint shear in the panel zone and vertical stresses at the bottom
base plate. However, this idealized mechanism relies on pre-defined stress distribution (rectan-
gular) on the bottom base plate as well as in the column flange against the foundation. It is well-
known that the real stress distribution might differ from the assumed one due to the complex
interactions between the components.

The behavior of EmBCs has been studied in the past from different perspectives. Grilli and
Kanvinde [7] suggested a strength method to estimate their flexural strength. Torres-Rodas [12]
proposed a procedure to estimate their rotational stiffness by aggregating the deformations
within the components. The hysteretic characteristics of these connections were explored by
Torres-Rodas [13] through a hinged model, which was validated experimentally and capture
the force transfer mechanisms observed at [7]. Recently, Inamasu et al., [14] developed Finite
Element (FE) models to explore the behavior of EmBCs further and suggest design recommen-
dations. These models consist of shell elements with two rotational springs. Results indicate
that current methods for the design of EmBCs are nonconservative.

Motivated by the preceding discussion, this paper presents a study with 3D sophisticated FE
models to investigate further the seismic behavior of EmBCs. These models provide insights
into the internal stress distribution and patterns of deformation of these connections. The mod-
els intend to capture phenomena such as the multi-axial constitutive response of the materials
(steel and concrete), large deformations, and the contact between the column flange and the
foundation. The paper starts by describing the models developed herein, and then the main
findings are presented. Finally, the limitations of the study are discussed, and recommendations
for future research are presented.
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Figure 1: EmBC detail and internal force mechanism (from [7,12])

2 EXPERIMENTAL DATA

In this study, for the purposes of model validation, the experimental program conducted by
Grilli and Kanvinde [7] at the University of California Davis was used. Thus, in this section of
the paper, the details of the experimental program are briefly summarized. All tests consist of
a steel column welded to a bottom base plate. The column height was about 3m, and it was
embedded into a concrete foundation. All the specimens were subjected to the cyclic loading
protocol ATC-SAC (Krawinkler et al. 2000 [15]). The parameters that changed among the tests
are the embedded depth, the level of Axial Load (Tensile forces were used in one test), and the
column size. Table 1 shows a summary of the test parameters, while Figure 2 a schematic rep-
resentation of the test setup at UC Davis.

Based on the insights obtained from the mentioned experimental program, Grilli and Kanvinde
[7] presented a strength method to characterize the flexural capacity of EmBCs. Key aspects of
this method are detailed here. The applied Moment is resisted by a combination of horizontal
bearing stresses developed by the contact between the column flange and the concrete founda-
tion and vertical bearing stresses at the bottom base plate. Shear forces in the panel zone com-
plement the horizontal bearing stresses. Thus, the Moment is resisted by these two mechanisms,
i.e., horizontal and vertical stresses, with the implication that a fraction of the total applied
Moment is distributed to each mechanism. This idealization entails an indeterminate problem,
which is solved by the introduction of an empirically calibrated equation that considers the
relative stiffness of the embedded column and the surrounding media.

In this manner, the connection strength may be calculated based on the associated limit states
to each force transfer mechanism. For the horizontal bearing stresses, two limit states can take
place 1) concrete bearing failure and 2) joint shear failure. On the other hand, in the vertical
bearing mechanisms, four possible modes of failure are identified 1) base plate yielding, 2)
concrete breakout under the base plate, 3) concrete breakout above the base plate, and 4) bearing
failure of the concrete around the base plate. The connection strength is calculated by combin-

ing the Moment capacity associated with both mechanisms (M ;{;pacity and M;gpamy ). Grilli
and Kanvinde [7] concluded that the capacity estimated with the preceding procedure must be
reduced by 30% for design purposes.
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Figure 2: UC Davis experimental test (from [7,12])

3 FINITE ELEMENT MODELS

A total of four FE models have been developed to study the seismic behavior of EmBCs using
the ABAQUS [16] simulation platform. Figure 3 illustrates a representative model built in this
investigation. The models are composed of 3D Hex-structured elements. The meshes were re-
fined in places where concentrations of stress are anticipated. As described in the previous sec-
tion, the strength of the connection may be explained due to the contacts between the column
flange and the base plate with the concrete foundation. Thus, the contacts are an essential fea-
ture of these models. These contacts are simulated with a finite sliding formulation with Normal
and Tangential interaction properties. The former property was defined as hard contact, while
the latter with a frictional formulation following the penalty method. A friction coefficient of
0.45 is adopted as recommended by Gomez et al. [11]. In contrast, welded elements inside the
connection are assigned the tie constraint (i.e., steel column and base plate, steel column, and
stiffeners) since welds are detailed to resist fracture even at large deformations.

Geometric nonlinearities, including large deformations formulations, are included in the models.
The steel column and base plate are modeled with the Von-Misses surface with isotropic hard-
ening. On the other hand, for concrete modeling, it is common to assume that this material
behaves as an elastoplastic material in compression and brittle in tension. In this investigation,
the concrete damaged constitutive plasticity (CDP) model was employed since it provides a
general capability for modeling concrete and other quasi-brittle materials. Some of the details
of this constitutive model provided by [16] are discussed. The CDP model uses concepts of
isotropic damaged elasticity in combination with isotropic tensile and compressive plasticity to
represent the inelastic behavior of concrete. It assumes that the main two failure mechanisms
are tensile cracking and compressive crushing of the concrete material. Two hardening param-
eters control the evolution of the yield surface, €, Pland €. Plassociated to failure mechanisms
under tension and compression loading, respectively [16]. The material properties are obtained
from the ancillary tests from [7], and true stresses and strains were assumed in the material
formulation.

The FE models were subjected to the SAC load protocol [15] in the Axial Load presence. In
order to avoid the interference of P-delta effects in the connection response, the Axial Load was
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applied strategically at the bottom of the base plate. Thus, the Moment-Rotation response was
recorded from the simulations and compared to validate the models with the associate experi-
mental test. Figure 4 illustrates the results of the simulations and the corresponding validation
against the experimental data. As per this Figure, the essential aspects of the hysteretic response
are capture by the numerical results. Specifically, the simulations are able to capture the pinch-
ing behavior observed in the tests. Cyclic deterioration of the strength and the unloading stift-
ness are identified in these connections and well-represented in the simulations. The parameters
that define the response's backbone curve are the Moment at First Yield, the Initial Rotational
Stiffness, the Peak Moment Strength, and the Rotation Associate to the Peak Strength. A visual
inspection of Figure 4 indicates that the differences between the simulations' parameters to the
experimental tests' corresponding values are neglectable. Consequently, in the authors' opinion,
the FE models are able to capture the key features of the connection response and are appropri-
ate to investigate the behavior of EmBCs.

STIFFENERS
COLUMN

FOUNDATION

EBC LAYOUT BASEPLATE FEA ANALYSIS

RESULTS

Figure 3: a) EmBC layaout, b) representative 3D FE model, c) example of the distribution of Stresses of a simu-
lation, d) example of a hysteretic response
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Base Plate
Test #  Column Size P dembeded ty N B Z
[kN] [mm] _ [mm] [mm] [mm] [mm]
1 W14x370 445 [C] 510 50 760 760 2850
2 WI18x311 445 [C] 510 50 865 710 2850
3 W14x370 0 760 50 760 760 3100
4 W14x370 445 [C] 760 50 760 760 3100

Table 1: Test Matrix Geometry and applied Axial Loads

4 DISCUSSION OF THE RESULTS

This section discusses the key findings from the FE simulations. Referring to Figure 4, all sim-
ulations show a well-defined linear-elastic branch up to the point where nonlinear behavior
starts, which corresponds to rotations close to 0.005rad. This observation is consistent with the
experimental evidence reported by [7] that indicates that after 0.005rads, small cracks on the
tension column flange start to open, entailing a gradual nonlinear response. These small cracks
are accompanied by diagonal cracks, which start to grow near the steel column corners. Figure
5 shows a schematic representation of the crack propagation obtained from the simulation of
test 1 once the deformation progresses.

As deformation progresses in all simulations, an appreciable loss of stiffness is observed be-
cause the concrete reaches its peak strength. At this point, the gap formed in the foundation in
the tension flange side grows, which is consistent with the experimental tests [7]. This gap
entails the pinching behavior observed in all the tests since it causes a relatively unconstrained
rotation of the steel column as it moves back to the vertical position and goes in the reverse
direction (following the cyclic loading protocol). A closer inspection of Figure 4 reveals that
tests with higher embedment depths (760mm) present a more gradual stiffness decrease. This
phenomenon may be attributed to the fact that higher embedment lengths imply a great fraction
of the total Moment carried by the horizontal bearing stresses. Thus, when this latter mechanism
starts to deteriorate, the force transfer to the vertical stresses seems to be more gradual.

Finally, in this section, the distribution of the horizontal bearing stresses is discussed. Figure 6
shows the stress distribution along the steel column flange of test 1 in two stages of the response,
i.e., at the Moment associated with the First Yield and Peak Strength. As per Figure 6, for the
first condition (i.e., My), the "real" stress distribution is closer to a triangular shape. This ob-
servation is not surprising since at this level of deformation, the connection starts to incursion
in the nonlinear regime, and a triangular shape is consistent with an elastic behavior. In contrast,
once the connection has reached its peak, it is observed in the simulations a more uniform stress
distribution along a certain length of the flange. This finding is consistent with the rectangular
stress block assumed by Grilli and Kanvinde [7] in their strength method. Although these find-
ings may be used in the future to refine the strength, this topic deserves further scrutiny.
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Figure 4: Hysteretic response of all FE simulations vs. Experimental data from [7]
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Figure 5: plastic strain distribution on the concrete at a) first yield, b) peak strength
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Figure 6: stress distribution on the concrete foundation due to column flange contact at rotations associated with
a) first yield, b) peak strength

S SUMMARY, LIMITATIONS, AND RECOMMENDATIONS

This paper presents a numerical study conducted on a critical component of SMFs such as
EmBCs. A total of four FE models were developed in the ABAQUS platform [16] to explore
the seismic behavior of these connections. Specifically, in this study, the internal force distri-
bution and the patterns of deformation were identified from the simulations with the intention
to gain insights aimed to improve the current design methods (e.g., [7]). All the models were
validated against the experimental program conducted by Grilli and Kanvinde [7]. The good-
ness of the fit (i.e., the difference between the experimental and the numerical results) was
considered an indicator of the reliability of the models.

The simulations indicate that at rotation levels close to the "first" yield of the connection, the
stresses are not uniform along the column flange; instead, a triangular shape can be assumed.
In contrast, at higher rotations, the stresses tend to become relatively uniform. Thus, when the
connection reaches its peak strength, it seems that the rectangular block assumption is appro-
priate. However, this issue deserves a further look.

The paper has several limitations that should be addressed in a new study in order to generalize
the conclusions. For example, the number of simulations (four in total) is limited. Moreover,
the experimental program by [7] is the only testbed used. It is recommended to build more FE
models from other experimental programs available to assess different configurations' behavior
(e.g., column size, embedment length, the influence of shear studs). Besides, this study does
not address issues related to the seismic demands on the EmBCs, or a reliability analysis to
assess if the strength resistance factors adopted are adequate or not. These topics have been
addressed for exposed-based plates by [17,18,19] and should be conducted for EmBCs.
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