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This paper investigates the behavior of a ductile detail of exposed base plates. This detail consists of a base plate
anchored to the concrete foundation through bolts extended to a steel chair configuration. The intention is to
concentrate plastic strains mainly in the extended region of the anchor bolts, forcing the other connection
components to remain elastic. The scientific background of this research consists of a series of sophisticated
nonlinear finite element models subjected to a cyclic load protocol in the presence of an axial compressive force.
The models were validated against an experimental test reported in the literature. Forces within the connection
components, stresses, strain distributions, and deformation modes were examined. A total of sixteen three-
dimensional nonlinear models were created using the ABAQUS simulation platform. The models were sepa-
rated into two groups: the first consists of models with dimensions similar to the specimens tested in recent
experimental programs reported in the past, while the second group simulates connections representative of mid-
rise industrial frames. Building on the insights gained from the simulations of the first group, a methodology is
proposed to design these column base connections. This suggested methodology is validated with the second
group of simulations. Results indicate that the studied configuration detail presents some advantages compared
with the traditional detail presented in Design Guide 1. For instance, plastic strains are developed almost
exclusively in the anchor rods, and no damage is expected at the remaining components. Another essential
characteristic is the exposed stretch length, with which it is possible to achieve a target design rotation without
significant strain concentrations in the anchor rods. This characteristic facilitates post-earthquake inspections
and repairs, and damage is virtually eliminated in the first story.

1. Introduction

Column base connections (CBCs) are among the most critical com-
ponents of Steel Moment Frames (SMFs); their behavior profoundly in-
fluences the overall performance of SMFs [1-4]. Early investigations on
CBCs (e.g., [5-7]) alongside remarkable experimental programs on
large-scale specimens (e.g., [8-12]) have provided insight into their
behavior and failure modes. These tests led to the development of
prominent analytical models to characterize the strength of CBCs (e.g.,
[13]). In the context of the US engineering practice, the Steel Design
Guide 1 (DG1) [14] details the methodology to design exposed base
plates (EBPs), the most common type of CBC. Together with the Seismic
Design Manual [15], DG1 provides the basis for the modern design of
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EBPs. Subsequent studies conducted on this topic focused on re-
finements of the strength method presented in DG1 (e.g., [8-10]) and on
methods to evaluate the base rotation flexibility and its impact on the
overall seismic response of SMFs. For instance, Kanvinde et al. [16]
proposed a practical method to estimate the base rotation flexibility by
aggregating the deformations within the components of the CBC. Zar-
eian and Kanvinde [1] studied the impact of the base rotation flexibility
on the response of SMFs. Modern studies have addressed issues related
to the hysteretic characteristics of CBCs [17-18], and computational
studies based on sophisticated Finite Element (FE) models (e.g., [9,19])
have explored internal forces and stress distributions within the com-
ponents of CBCs.

Other studies have focused on ductile details for anchor bolts
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embedded in concrete. For instance, Trautner et al. [20] carried out
more than 90 tension tests of all-thread and headed anchors to under-
stand the relationships between anchor deformation capacity and
stretch length and to estimate strength characteristics. Parks et al. [21]
tested individual anchor bolts with different stretch lengths (four, six,
and eight times the bar diameter) and with two types of steel chair as-
semblies (one designed for remaining elastic and the other to yield) to
examine their performance under combined shear and tension loads.
Interestingly, the anchor bolts with a stretch length of at least four bar
diameters lead to a more ductile connection than a conventional anchor
bolt. These results motivated Parks et al. [22] to study experimentally
and with finite element simulations the connection of a dry storage cask
to the foundation using stretch length anchor bolts. Results indicate that
this connection poses substantial energy dissipation properties. On the
other hand, experimental programs conducted by Saleem and Gutierrez
[23] and Saleem and Hosoda [24] have focused on non-destructive tests
to evaluate crack detection and the pull-out strength of anchor bolts
embedded in concrete. Saleem and Hosoda [24] proposed a non-
destructive test that used the Schmidt hammer rebound number to es-
timate the load-carrying capacity of embedded anchor bolts. In the
context of steel construction, this test can allow contractors to identify
improperly installed bolts with low pull-out strength.

A recent experimental program conducted by Trautner etal. [11-12]
investigated the performance of EBPs designed to promote anchor bolt
yielding, denoted here EBP-ABYs. The main parameters analyzed in that
study were the type of anchor bolt (i.e., cast-in, adhesive, and undercut
anchors), the setting method (i.e., leveling nut, shim stacks), and the
stretch length. All experimental results presented desirable hysteretic
characteristics, and the rotation capacity of EBP-ABYs was mainly
influenced by the type of anchor bolt and the stretch length. An
important observation from these experiments is that some character-
istics of EBP-ABYs are different from those of the standard connections,
which usually have different yield mechanisms [8]. Specifically, the
experimental evidence shows that EBP-ABYs have zero residual rota-
tions, which contrasts with what is observed in standard connections (e.
g., [8]). This self-centering characteristic of EBP-ABYs is important
because it is consistent with the global self-centering frame behavior.
Besides, strength and stiffness deterioration in EBP-ABYs are observed
only at large deformations (0.10 rad or more), whereas in connections
dominated by base plate yielding deterioration is observed at smaller
rotations, between 0.03 rad and 0.05 rad [8,11].

Field evidence supports the experimental results and observations
presented by Trautner et al. [11] regarding the performance of EBP-
ABYs. For example, CBCs with a well-defined stretch length performed
exceptionally well after the 2010 Maule (Chile) earthquake [25], espe-
cially in steel tanks and industrial facilities where plastic strains in the
frames were minimal. On the other hand, CBCs without a well-defined
stretch length presented anchor bolt fracture and failure of the
connection [25]. In part, this successful experience has motivated re-
searchers to explore alternative criteria to detail base plates [11-12]. In
fact, due to the excellent performance of this configuration (i.e., well-
defined strength length) after earthquake events (e.g., 2010 Maule
(Chile)), ACI 318-11 [26] added such configuration as an anchor design
option (Appendix E). However, studies conducted to understand and
quantify the behavior of CBCs detailed to promote yielding in the stretch
length of the anchor bolts are relatively sparse.

Currently, the seismic design provisions AISC 341-16 [27] indicate
that the required strength of CBCs is the lesser of 1.1R/F,Z, of the
attached column (where RyF, is the expected yield stress and Zy is the
plastic modulus) and the amplified seismic load (i.e.,Q2, = 3). Studies
conducted by Torres-Rodas et al. [28,29] indicate that the suggested
strength capacity leads to an elastic behavior of the CBC and enforces
yielding at the base of the first-story column. However, Lignos and
Krawinkler [30] collected experimental data indicating that ductility in
columns might be compromised due to local phenomena such as local
buckling or lateral-torsional buckling, especially in the presence of axial
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loads. Thus, it appears that alternative design criteria intended to pro-
mote elastic behavior of the column and focus energy dissipation at
another conveniently selected component of the CBC are promising and
worthy of further research.

Motivated by the preceding discussion, this paper investigates the
behavior of a ductile type of EBP and proposes a design methodology.
The specific EPB configuration analyzed in this paper, denoted here
Exposed Base Plate with Extended Anchor Bolts (EBP-EAB), is illustrated
in Fig. 1. The base plate is welded to the bottom of the column and sits on
a grout pad/concrete foundation. A steel chair plate and vertical stiff-
eners are provided to make possible a well-defined stretch length. The
intention is to concentrate most of the nonlinear action (ideally all) in
the anchor bolts (mainly in the extended region) while the other
connection components remain elastic. The EBP-EAB has been, and is,
extensively used in steel industrial buildings (Fig. 1c) in countries of
high seismic activity (e.g., Chile, Peru). It has a suitable energy dissi-
pation capacity [31], and repair times are short [32] after large earth-
quakes (e.g., 1960 Valdivia (Chile) M,, =9.2; 2010 Maule (Chile) M,, =
8.8). Surprisingly, EBP-EABs have not received much attention in the
research arena; in particular, the actual hysteretic characteristics of EBP-
EABs have not been analyzed in detail.

In light of the presented background, the objectives of this paper are:
1) to develop sophisticated FE models to understand the essential
characteristics of the behavior of EBP-EABs; 2) to validate the models
against selected experimental tests reported in the literature; and 3) to
present a methodology to design EBP-EABs. The details of the FE models
are presented along with their respective validation. A subsequent sec-
tion describes the results of the FE simulations and presents a design
methodology for EBP-EABs. Finally, the paper concludes by outlining
the limitations of the current work and by recommending specific future
research endeavors.

2. Finite element models of EBP-EAB connections

As for any other type of column base connection, the response of
EBP-EABs is controlled primarily by the behavior of their components
and by the interactions between such components, e.g., contact/gapping
between the base plate and the grout pad. Thus, these complex in-
teractions are explicitly simulated in the FE models developed in this
study. A total of sixteen three-dimensional (3D) models were created in
the ABAQUS [33] simulation platform. For the objectives of this paper,
these models were divided into two groups. In the first group (denoted as
Group 1), the connection comprises a W200 x 71 (W8x48 imperial
units) column section with base plate dimensions of 356 x 356 mm.
Three levels of axial load were considered (i.e., 0.00, 0.10F,A, and
0.20F,A), along with two different free stretch lengths of the anchors (i.
e., 290 mm and 150 mm) and two types of anchor bolts (i.e., cast-in
smooth-shank, and bonded) are considered (a total of 12 models, see
Table 1). The steel column section, the base plate dimensions, and the
diameter of the anchor rods in Group 1 are equal to those of the CBCs
tested by Gomez et al. [8] and by Trautner et al. [11], which make
possible meaningful comparisons. Moreover, results from the Group 1
models provided the basis for a rational design procedure (presented
later in this paper) intended to promote plastic strains only in the
extended region of the anchor bolts. All models were subjected to the
SAC cyclic load protocol [34] in the presence of an axial compressive
force. Table 1 resumes the key model characteristics of Group 1.

The second group of models (denoted as Group 2) are designed based
on the procedure presented later in this paper. These models are
intended to provide more insight into the hysteretic characteristics of
designed EBP-EABs and their potential incorporation into the energy
dissipation mechanism of SMFs. Table 2 summarizes the relevant model
characteristics of this group. In contrast with the Group 1 models, Group
2 models represent CBCs appropriate for mid-rise buildings, which is
consistent with the engineering practice in industrial facilities. Thus, the
validity of the design procedure presented later in Section 4 is examined
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Fig. 1. Exposed Base Plate with Extended Anchor Bolts (EBP-EAB): a) side view, b) 3D view, c) Typical example in Chile.

Table 1

Details of Group 1 models.
Model B(mm) N(mm) Lg,(mm) Bolt Type Bolt P,(kN)

Diameter (in)'

POEX290BA 356 356 290 Bonded 1.00 0
P10EX290BA 356 356 290 Bonded 1.00 320
P20EX290BA 356 356 290 Bonded 1.00 640
POEX290HA 356 356 290 Smooth Shank 1.00 0
P10EX290HA 356 356 290 Smooth Shank 1.00 320
P20EX290HA 356 356 290 Smooth Shank 1.00 640
POEX150BA 356 356 150 Bonded 1.00 0
P10EX150BA 356 356 150 Bonded 1.00 320
P20EX150BA 356 356 150 Bonded 1.00 640
POEX150HA 356 356 150 Smooth Shank 1.00 0
P10EX150HA 356 356 150 Smooth Shank 1.00 320
P20EX150HA 356 356 150 Smooth Shank 1.00 640
! Four anchor rods in all cases.

Table 2

Details of Group 2 models.
Model B(mm) N(mm) Lg,(mm) Bolt Type Bolt Diameter P,(kN)

(in)

P5EX11HA 900 450 400 Bonded 1.50° 334
P10EX13HA 850 400 370 Bonded 1.25° 668
P15EX14HA 850 400 360 Bonded 1.00° 1002
P20EX14HA 850 400 360 Bonded 1.00° 1336

2 Six anchor rods.
3 Eight anchor rods.

through FE simulations. The only parameter varied in the Group 2
models is the axial load level (i.e., 0.05F,A; 0.10F,A; 0.15F,A; and
0.20F,A) since this variable plays a significant role in the behavior of the
exposed base connections [8]. It is important to highlight that Group 2
models were sized considering a bending moment equal to 0.30M,
(Plastic Moment) of the attached column. In doing so, the intention is to
avoid any failure mode associated with the column, forcing it to remain
elastic essentially.

3. Details of the FE models
3.1. Description of the models

Fig. 2 shows a representative FE model of an EBP-EAB. All models
were developed in the ABAQUS simulations platform [33]. These
models were constructed using Hex-structured elements, and meshes
were refined in places where stress concentrations were anticipated. The
models include the nonlinear (geometric) effects of large deformations.
The interfaces between the base plate and the grout pad, the washers
and the top side of the steel chair, the anchor bolts and the base plate,

the anchor bolts and the grout pad, and the anchor bolts and the con-
crete foundation were all simulated as a surface-to-surface contact with
a finite sliding formulation. Normal and tangential contact interaction
properties were assigned. The normal contact was defined as a hard
contact, which allows separation after contact. The direct (Standard)
method was selected as the constraint enforcement method. Friction
formulations were adopted depending on the interacting components.
Namely, for the base plate to grout pad contact, an isotropic friction
formulation following the penalty method was defined with a coefficient
of friction equal to 0.45 [8]. For the contact between metal elements, i.
e., washer to the top side of the steel chair, anchor bolts to steel chair
holes, and anchor bolts to base plate holes, the coefficient of friction was
set equal to 0.80 [35]. In EBP-EABs with smooth anchor bolts, a fric-
tionless formulation was assigned since experimental evidence indicates
that this type of anchor bolt debonds along the embedded length
[8,111). In EBP-EABs with bonded anchor bolts, on the other hand,
experimental evidence [11] supports a model where anchor bolts are
tied to the concrete foundation. Other finite element modeling strategies
(including simplified techniques) to simulate the displacements of an-
chor bolts embedded on concrete have been reported in the literature (e.
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Fig. 2. Representative Finite Element model of EBP-EABs: a) 3-D view; b) Elevation view.

g., [22]). However, the assumptions made in this study (which are
supported by experimental evidence) are deemed appropriate for the
purposes of this investigation.

Contacts between the remaining components (i.e., steel chair to
column flange, base plate to column bottom, stiffeners to column flange,
stiffeners to the base plate, stiffeners to the steel chair, and base plate to
shear key) were assumed monolithic since these components are welded
and resist fracture. Finally, since no separation between the grout pad
and the concrete foundation has been observed in experimental tests, tie
constraints were also assigned to this interface.

The steel components of the EBP-EABs (i.e., column, base plate,
anchor bolts, stiffeners, and steel chair) were modeled with the Von
Mises material with isotropic strain hardening (including cyclic hard-
ening). ASTM F-1554 Gr36 material was used for the anchor bolts, while
the rest of the steel components were modeled using ASTM A992. The
models were calibrated with the ancillary data reported in Gomez et al.
[8]. True stresses and strains were assumed in the material formulation.
The strain data reported in the ancillary tests conducted by Gomez et al.
[8] was transformed into true strains using Eq. (1). True stress and
plastic strains were obtained using Egs. (2) and (3), respectively. In these
equations, ¢ and ¢ are the experimental strains and stresses reported by
Gomez et al. [8] from ancillary tests conducted on the mentioned ma-
terials, and E is the Young modulus. Concrete and grout were simulated
with the concrete damage plasticity model [33]. Nuts and washers were
idealized as linear-elastic elements since experimental evidence in-
dicates that these pieces remain elastic during the tests.

Erue = In(e+1) (€D)]
True stresses were computed by:
Cire = 6(e+1) 2)

Plastic strains were obtained from:

Oirue (3)

true — Etrue — E

The SAC lateral load protocol [34] was applied to all models. First,
the axial load was applied and held constant, and then the lateral load
protocol was applied at the top of the column. The axial load (including

the self-weight of the connection) was applied strategically at the bot-
tom of the column to avoid P—A effects (see Fig. 3). The quantities
recorded from the simulations are the lateral force at the bottom of the
foundation, the lateral displacement at the top of the column, forces in
anchor bolts, and bearing stresses at the interface between the base plate
and the grout pad. With this information, moment-rotation (M —6)
curves of each connection were generated.

3.2. Model calibration

Validating computational models of CBCs using experimental data is
an acceptable practice in the research arena (e.g., [9,36]). Trautner and
Hutchinson [36] validated FE simulations of 30 experimental tests and
found that the FE models effectively predict the response of CBCs. One of
the tests from the experimental investigation conducted by Trautner
et al. [11] (namely, specimen S2S4) was selected to validate the FE
modeling approach adopted in this paper. This specific specimen (S2S4)
was chosen because it includes a steel chair with extended anchor bolts,
i.e., this specimen is similar (and comparable) to the EBP-EABs studied
herein.

Specimen S2S4 tested by Trautner et al. [11] was then modeled using
the approach presented in Section 3.1, and results were compared with
the experimental results. The metric used to validate the FE model is the
degree of agreement between the hysteretic curves (i.e., experimental
vs. numerical). This validation criterion has been adopted in the past by
other researchers (e.g., [9,17,18,36] since the hysteretic curves do
include the key aspects that characterize the response of CBCs (i.e., yield
and maximum strength, initial rotational stiffness, rotation capacity,
and deterioration characteristics).

Fig. 4 illustrates the hysteretic response of the FE model of specimen
S2S4. When compared with the experimental results reported in
Trautner et al. [11], it is clear that the main characteristics of the
response are indeed captured by the FE model (see Table 3). Specifically,
the flag shape of the hysteresis loops, the absence of residual forces at
zero rotations (which potentially suggests self-centering characteristics),
and salient features such as the moment at first yield My, the initial
rotational stiffness K, the peak strength Mp.q, the rotation associated
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Fig. 4. Validation of the modeling procedure using specimen S2S4 tested by Trautner et al. [11]: a) undeformed shape; b) deformed shape; c) FE results; d)

experimental results (reproduced from Trautner et al. [11]).

with Mpq, and the strength deterioration are all well captured. Fig. 4c
indicates that specimen S2S4 exhibits a linear-elastic behavior up to a
point associated with the first yield (red dot in Fig. 4c). Then, a

nonlinear strain-hardening branch is observed. Strength deterioration is
observed after the peak strength is reached. The values obtained from
the FE model are very close to those obtained from the test. Moreover, it
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Table 3
Model validation: specimen S2S4 tested by Trautner et al. [11].

Experimental Test (Trautner et al. [11])

M, 0, k Mpear Opear
(kN m) (rad) (kN m/rad) (kN m) (rad)
48.00 0.005 9600.00 83.60 0.06
FE model

M, 0, k Mpeak Opeak
(kN m) (rad) (kN m/rad) (kN m) (rad)
53.80 0.005 10760.00 81.88 0.06

is worth comparing the results from Fig. 4 with the study conducted by
Park et al. [22] on the connection assembly with stretch length bolts for
storage casks (similar to the EBP-EAB detail). As per this study, the
connection response shows similar characteristics as those reported by
Trautner et al. [11] and complements the model validation. Thus, in the
authors’ opinion, this validation provides enough confidence in the FE
models developed in this study; consequently, these models are deemed
reliable for this investigation.

3.3. Group 1 models: Analysis of results

3.3.1. General observations

Fig. 5 shows the moment vs. rotation relationship of the EBP-EAB
models of Group 1. Results indicate that the EBP-EAB configuration
has desirable hysteretic characteristics with a high deformation capacity
(~0.10 rad). Furthermore, the flag shape characteristic of the hysteresis
loops is observed in all cases, as well as the re-centering effect. As
indicated before, the re-centering property is desirable since it is
consistent with the global self-centering building behavior. Thus, it can
be inferred from these numerical simulations that energy dissipation in
EBP-EABs is stable. The hysteretic behavior of EBP-EABs might be
conveniently divided into the following stages. The first stage is a well-
defined linear elastic phase where rotations are small, and no damage is
observed.

In contrast, the “standard” EBP presented in Design Guide 1, and
tested by Gomez et al. [8], exhibits nonlinear behavior even at small
deformations (Fig. 6). The first stage ends when the tensile anchor bolts
yield, which is illustrated in Fig. 7. Immediately afterward, a sudden
change in the slope of the curve is observed, characterized by strain-
hardening and base rotations increase due to the uplifting of the base
plate from the grout pad. In this stage, plastic strains in the tensile an-
chor bolts spread out through the exposed stretch length in smooth-
shank and bonded rods. No plastic strains are observed in the other
components of the EBP-EAB (i.e., base plate, steel chair, stiffeners, and
steel column). The second stage ends at load reversal; hence the third
stage is the unloading phase. It is observed that the unloading slope is
similar to the initial slope. During this stage, the tensile anchor bolts
relax while the base plate returns to its original position. This stage ends
when the nut/washer arrangement loses contact with the top side of the
steel chair. In the presence of axial loads, this loss of contact causes an
intermediate plateau, as observed in Fig. 5. This intermediate plateau
continues until the gap between the base plate and the grout pad is
closed. It must be noted that these cyclic response characteristics may
have important implications on the response to random time-varying
loads such as seismic loads, but such implications are beyond the
scope of this research and are left for further studies.

As per Fig. 5, no deterioration is observed up to rotations as high as
~ 0.07 rad. Two modes of cyclic deterioration are identified at larger
rotations: 1) unloading stiffness deterioration and 2) re-loading stiffness
deterioration. These deterioration phenomena could be attributed to the
plastic strains in the anchor bolts accrued during the cyclic loading,
while grout deterioration might also contribute.

Engineering Structures 260 (2022) 114235

3.3.2. Effect of the axial force

In the presence of axial compressive force, a clear intermediate
plateau is observed in the moment-rotation curves. In contrast, in the
models without axial load, this plateau essentially coincides with the
horizontal axis (see Fig. 5). This phenomenon is most likely due to the
axial compressive force delaying the loss of contact between the base
plate and the grout pad. The same effect has been observed in the
standard DG1 EBPs tested by Gomez et al. [8] and the EBP-ABYs tested
by Trautner et al. [11]. Apart from its influence on the hysteretic shape,
increasing axial forces lead to increases in three response quantities: the
initial rotational stiffness, the Moment at First Yield, and the Peak
Moment. Results shown in Fig. 5 also indicate that the axial load does
not affect the rotation capacity of the EBP-EAB connection.

3.3.3. Effect of the type of anchor bolt

Results also indicate that the type of anchor bolt (i.e., bonded vs.
smooth shanks) slightly affects the initial rotational stiffness and the
peak strength of the connection. This effect is illustrated in Fig. 8 and is
more prominent in EBP-EABs with smaller exposed lengths. The incre-
ment of initial rotational stiffness can be attributed to the reduction of
the effective stretch length caused by the adhesive bond. This smaller
length entails that the plastic strains are concentrated mainly in the free
length of the anchor bolts. As illustrated in Fig. 9, when the anchor bolts
are bonded, no plastic strains penetrate the concrete foundation. On the
other hand, in the smooth shank bolts, plastic strains penetrate along the
foundation depth. In the latter case, however, maximum strains are still
located at the free length. Thus, the deformation capacity of EBP-EABs
seems to be practically insensitive to whether the anchor bolts are
bonded or smooth shank, as long as the anchor bolts have the same
elongation capacity.

3.3.4. Effect of the stretch length

A comparison between the first (i.e., stretch length = 290 mm) and
second (i.e., stretch length = 150 mm) sets of plots in Fig. 5 indicate that
the overall behavior of EBP-EABs is relatively insensitive to the stretch
lengths considered in this paper (i.e., 290 mm and 150 mm). The only
exceptions are the models in which the axial load is equal to 0.20FyA.
This observation is consistent with the experimental finding presented in
Parks et al. [22] in single anchor experiments under combined tension
and shear. The hysteresis curves of models P20EX290 are qualitatively
identical to those of models P10EX290. The hysteresis curves of models
P20EX150, on the other hand, are different from those of models
P10EX150 in that the flag shape exhibits a more narrow intermediate
plateau. This is most likely because, in these models, plastic de-
formations develop not only at the anchor bolts but also at the column
web, which in turn seems to be a consequence of oversized anchor bolts.

A closer inspection of the strains in the anchor bolt reveals additional
interesting findings. Strains in the anchor bolts monitored at column
rotations equal to 0.04 rad and 0.10 rad are summarized in Table 4. It
can be noted that at 0.04 rad (AISC341-16 target rotation for beam-
column connections of SMFs), the anchor bolts in tension reach strains
that are smaller than 0.10. This observation suggests that the anchor
rods still have a suitable elongation capacity at 0.04 rad. However,
important differences can be appreciated among the different stretch
lengths and types of anchor bolt (i.e., headed vs. bonded anchor). For
instance, at column rotations equal to 0.04 rad, the strains in the anchor
bolts range between 0.019 and 0.081 in the models with a stretch length
of 150 mm, whereas they range between 0.012 and 0.039 in the models
with a stretch length of 290 mm. At column rotations equal to 0.10 rad,
on the other hand, strains in the anchor bolts range between 0.050 and
0.380 and 0.070-0.142, respectively. Thus, the type of anchor bolt
(smooth shank vs. bonded bolt) significantly influences the strains in the
anchor bolts. Results shown in Table 4 indicate that strains in bonded
anchor bolts are 3 to 5 times greater than those in headed anchor bolts.
These findings directly impact the practical aspects of proportioning
anchor rods for the design of EBP-EABs. When the stretch length Ly =
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Fig. 5. Cyclic response of Group 1 FE models.
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Fig. 5. (continued).
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Fig. 6. Experimental hysteretic curve of a typical Design Guide 1 CBC (Gomez
et al. [8]).

150mm, the aspect ratio (defined as Ly/dp,;) is equal to 5.7; in contrast,
an L; = 290mm results in an aspect ratio equal to 11.50. The latter is
conforming to the design guidelines outlined in the commentaries to
Chapter 17 of ACI 318-19 [37], where it is suggested that an Ly /dpe: = 8
results in good performance based on field observations after
earthquakes.

4. Suggested design procedure

Building on the insights gained from the FE simulations, a practical
procedure for designing EBP-EABs aimed at concentrating plastic strains
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Fig. 7. Visual representation of the first anchor yielding in EABP-EAB models.
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Fig. 8. Comparison between Bonded and Headed cyclic response in EABP-EAB models (Group 1, W8x48 Column).

in the free length of the anchor bolts is proposed. The design procedure
leverages key aspects from DG1 (i.e., bearing stress block) and in-
corporates insights obtained in the previous section. The procedure is

illustrated in Fig. 10 and summarized in the following steps:

1) The internal forces are characterized by the method presented in

DG1. This method assumes that a combination of bearing stresses
and anchor bolt forces resist the demand actions (M, P). Thus, the
anchor bolt forces and the length of the bearing stress block are
determined by solving the equilibrium equations (i.e., Egs. (3) and
(4) in DG1).

2) The forces in the anchors calculated in the previous step define the

total required steel area of bolts.

3) A target rotation (e.g., 0.02 rad, 0.04 rad) and a maximum design

anchor bolt strain are set to define the free stretch length and the
anchor bolt diameter. For design purposes, a maximum anchor bolt

4

—

strain of 0.10 is considered in this study, avoiding or limiting an
eventual anchor rupture. Additionally, it is convenient to assume a
rigid base plate rotation to compute the axial strains in the anchor
bolts. Designs tested in this study (i.e., Group 2 models) were ob-
tained considering a target rotation equal 0.04 rad. The exposed
length was assumed to span from the bottom of the base plate up to
the anchor nuts, as indicated in ACI318-19 [37]. Then, the stretch
lengths were set equal to the greater of a) the length needed to
achieve the target rotation and b) eight times the anchor rod diam-
eter (as recommended in ACI 318-19 [37]). The stretch length pro-
posed herein seeks to avoid brittle behavior (i.e., anchor bolts
fracture) after rotations greater than 0.04 rad.

Once the anchor bolts are selected, the remaining components are
calculated based on capacity design principles. The anchor rod ca-
pacity is computed according to Eq. (4).
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Fig. 9. Visual representation of plastic strains in anchor bolts in EABP-EAB models: a) bonded bolts; b) cast-in smooth-shank.

Table 4
Strains in anchor bolts (Group 1 models).

Model e(at 4 % rad) e(at 10 % rad)
POEX290BA 0.0395 0.1420
P10EX290BA 0.0379 0.1110
P20EX290BA 0.0211 0.1020
POEX290HA 0.0120 0.0699
P10EX290HA 0.0185 0.0758
P20EX290HA 0.0174 0.0710
POEX150BA 0.0958 0.3760
P10EX150BA 0.0810 0.2320
P20EX150BA 0.0362 0.1610
POEX150HA 0.0211 0.0732
P10EX150HA 0.0190 0.0880
P20EX150HA 0.0196 0.0500

T = R,F\A, > 0.75F A, 4

5) The steel chair (or secondary plate) and the base plate are designed
based on yield line theory with appropriate boundary conditions.
This procedure is illustrated in Fig. 11. Thus, the thickness of these
components is computed using Egs. (5)—-(10). In these equations, fiax
is calculated using Eq. (5) considering amplified forces or concrete
strength (the latter is considered in this study), a and b are the free
edge width and the dimension perpendicular to the free edge width,
ey, and e are the base plate and steel chair thicknesses, respectively,
dpole is the diameter of the hole of either the base plate or the steel
chair, and ky, and kg are the yield line factors for the base plate and
steel chair, respectively.

Base plate:
Py = fuwab ©)
eip
OP, =@k ©
w2264
Steel chair:
P, =T ®

10

&2
oP, = @nykw. 9

_ 6 2dyere\ | 2 diote
ETAET JETARe

6) Finally, the steel chair stiffeners are designed to hold a compressive
force greater than a) anchor bolt capacity (Eq. (4)) and b) the
maximum reaction at the interface between the base plate and the
grout pad.

10$)

Dimensions a and b, and therefore the corresponding width and
length (N and B) of the base plate, are defined based on erection toler-
ances. In this study, a minimum of four times the anchor bolt diameter is
considered as the anchor to edge distance. Table 5 shows a comparison
between values of key parameters obtained from the FE simulations and
the proposed design procedure. These values were obtained from the
Group 2 models, which were designed per the proposed procedure. As
mentioned before, these models are representative of CBCs in mid-rise
industrial buildings. It is important to point out that the EBP-EAB
design procedure presented herein does not establish a fixed value of
the stretch length, as indicated in different codes (e.g., [37,38]). Rather,
the defined target rotation guides the estimation of stretch length.
Although the stretch length could be considered a design parameter, the
rotation is directly related to the expected performance. Further, setting
the rotation value is consistent with the philosophy of pre-qualified
beam-column connections as stated by AISC 358-16 [39]. Thus, the
rotation capacity of CBCs should be estimated considering either the
stretch length of the anchor or the anchors’ embedded deformable
portion. The latter is not commonly indicated in design codes (e.g.,
[37,38]).

Additionally, the authors expect this procedure to remain valid if
post-installed anchor bolts are used in the EBP-EAB detail as long as their
ductility characteristics are comparable with those analyzed in this
paper. Previous experimental research on the topic [12] indicates that
all thread post-installed bonded anchors pose significant ductility. Thus,
from the author’s point of view, post-installed anchor bolts can be used
as a construction alternative to increase the efficiency of the construc-
tion process by reducing alignment problems in situ. Moreover, this so-
lution can be useful for retrofit purposes after a large earthquake event.
However, from this perspective, various solutions for retrofit purposes
can be thought of, and each of them can affect the connection
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Fig. 10. Flow chart for the proposed EABP-EAB design procedure.
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Table 5

Estimation of design parameter in Group 2 EBP-EAB connections.
Model ABAQUS ANALYTICAL ERROR

M, (kN m) M, (kN m) k(kN m/rad) M, (kN m) M, (kN m) k(kN m/rad) s; &y &

PSEX11HA 93.70 111.78 18372.55 78.00 113.80 17172.00 1.20 0.98 1.07
P10EX13HA 95.00 117.16 32758.00 78.00 113.80 25307.00 1.22 1.03 1.29
P15EX14HA 140.50 161.61 23416.00 135.57 167.80 21579.00 1.04 0.96 1.09
P20EX14HA 137.47 166.18 38391.00 135.57 167.80 28131.00 1.01 0.99 1.36

performance differently. For instance, the use of infill materials in the
anchor bolts embedded in the post-installed anchor assemblies may
affect their deformation response and, consequently, the connection
performance. Because of it, further research is required on the connec-
tion performance utilizing different anchor bolts assemblies.

5. Group 2 models: Analysis of results

Fig. 12 shows the moment vs. rotation relationship of the EBP-EAB
models of Group 2 (i.e., designed using the proposed design proced-
ure). It can be observed that the performance of EBP-EABs designed per
the procedure presented in Section 4 is similar to that of the Group 1
models. Further, results also indicate that the plasticity is concentrated
at the free stretch length of the anchor bolts, and no plastic strains
develop in the column, validating the proposed design procedure. These
models achieve rotations of up to 0.10 rad without appreciable loss of
strength. In addition, the flag shape of the hysteretic loops and the re-
centering effect are observed in all the simulations. Similar to what
was done in the Group 1 models, different axial load levels were
considered for component performance assessment. As illustrated in
Fig. 12, the axial load level affects the core parameters of the backbone
curve. Thus, larger axial loads entail larger rotational stiffness and larger
strength, similar to what was observed in the hysteresis curves of the
Group 1 models.
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Results presented in this paper suggest that the EBP-EAB detail for a
base connection could be advantageous over the common DG1 design.
For instance, the concentration of plastic strains in the anchor bolts
rather than in the lower region of the column is a suitable alternative
solution to protect the column against undesired shortening phenomena
during inelastic incursions. Furthermore, results suggest that an opti-
mum proportioning of EBP-EAB can balance the potential flexibility of
the connection and its energy dissipation capacity. This criterion might
entail EBP-EABs to become proper fuses that can add energy dissipation
to the building without spreading the damage to other components such
as the first story columns.

Moreover, the extended length of anchor bolts makes post-
earthquake inspections easier since damage (or, rather, the inelastic
elongations) can be easily observed. Further, repairs are easier, partic-
ularly when the level of damage is small. For instance, the nuts can be re-
tighten if the inelastic deformations are smaller than a pre-defined limit
(defined by the designer). Alternatively, the anchor bolts can be
removed without modifying the first story column (replaceable anchor
rods could be considered at the design stage). The analytical cyclic
response of the EBP-EABs designed as proposed in this study indicate
that the idea of avoiding damage in the first story columns can be ach-
ieved in practice.
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Fig. 12. Cyclic response of Group 2 FE models.
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6. Summary, limitations, and conclusions

This paper presents a study on the cyclic response of a particular type
of column base connection (CBC), namely the exposed base plate with
extended anchor bolts (EBP-EAB). EBP-EABs have been used in indus-
trial buildings for a long time in countries of high seismic activity (e.g.,
Chile and Pert) and performed well under strong earthquakes (e.g., the
2010 Chile earthquake). However, although the EBP-EAB is described as
a suitable base plate configuration in modern codes (e.g., [37]), relevant
information on its seismic behavior is, to the best of the authors’
knowledge, absent in the literature. As a result, practitioner engineers
use ad hoc design methods based on research on similar CBCs. Thus, the
need to determine the actual behavior of the EBP-EAB and develop a
proper design methodology based on a scientific background is real and
timely.

A series of nonlinear FE simulations constitute the scientific basis of
this investigation. Sixteen FE models were developed to study the
behavior of EBP-EABs and were divided into two groups. The first group
consists of models whose dimensions are consistent with CBCs tested in
past research [8,11]. Results from the first group of models provide
insight into the effect of different variables (i.e., stretch length, axial
load level applied, type of anchor bolt) on the cyclic response. It was
found that EBP-EABs have excellent dissipation and deformation ca-
pacities and do not exhibit important stiffness or strength degradation.
Although the global response is relatively insensitive to the stretch
length, the level of strains in the anchor bolts does depend heavily on the
stretch length. A similar observation applies to the type of anchor bolt.
In general, bonded bolts seem to provide higher rotational stiffness, but
at the expense of higher strains in the bolts.

Based on the insights obtained from the first group of models, a
design procedure for EBP-EABs is proposed. The proposed design pro-
cedure intends to concentrate all the plastic strains in the extended re-
gion of the anchor bolts, forcing the other components to remain elastic.
In doing so, damage in the first story column is avoided, and post-
earthquake repairs, if needed, are neither expensive nor time-
consuming. To validate this design procedure, the second group of
models was developed. They were designed per the proposed method
and are representative of EBP-EABs in real mid-rise industrial buildings.
Results obtained from these models indicate that the proposed design
methodology leads to EBP-EABs having desirable cyclic behavior and
suitable hysteretic properties. Thus, it is concluded that well-designed
EBP-EABs have two important characteristics. The first one is related
to the failure mechanism: plastic strains develop exclusively in the an-
chor rods, and no damage is expected at the remaining components. The
second characteristic is the exposed stretch length, with which it is
possible to achieve a target design rotation without significant strain
concentrations in the anchor rods. The second characteristic facilitates
post-earthquake inspections and repairs, and damage is virtually elim-
inated in the first story.

Based on the results from the FE simulations conducted in this paper,
it is expected (in the authors’ opinion) that EBP-EABs can potentially
improve the seismic performance of SMFs. EBP-EABs can be modeled
with a rotational spring using an appropriate phenomenological model
similar to models developed by Torres-Rodas et al. [17] for exposed base
plates. Furthermore, studies conducted in the past ([2,3,19]) indicate
that the seismic demands on CBCs can be safely reduced if their hys-
teretic characteristics are accounted for when assessing the overall SMF
behavior. Naturally, though, CBCs designed for lesser forces are more
flexible. Hence, if the energy dissipation of the EBP-EABs is explicitly
taken into account at the design stage, it will be necessary to find a
proper balance between the seismic design forces and the flexibility of
the EBP-EABs. This topic deserves further research and is beyond the
scope of this paper.

The findings presented in this study rely on numerical simulation
results that depend on the calibration of a single test. Other experi-
mental programs with objectives similar to those of this investigation

Engineering Structures 260 (2022) 114235

[21,22,40] confirm the findings presented herein about the benefits of
plastic strain concentration in the stretch length of the anchor bolts, and
further support the authors’ analyses. Therefore, it is advised to realize
the conclusions presented with a clear understanding of the assump-
tions. Furthermore, the authors encourage researchers to conduct large-
scale experimental programs on EBP-EABs. Nevertheless, in the authors’
opinion, the design method proposed herein provides practitioner en-
gineers with a scientifically validated approach (to the extent possible)
to design ductile base connections with extended anchor bolts.
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