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Abstract: This paper describes a numerical study of the behavior of exposed base plates of columns
under the action of axial and bending loads. The aim of this research is to evaluate numerically the
failure mechanisms on stiffened and non-stiffened base plates and propose a new design method.
The effects of base plate thickness, location of anchor rods, location of stiffeners and tensile strength
of anchor rods were considered in the analysis. Sixteen finite elements simulations were performed
considering different combinations of the above mentioned parameters. The results show a fragile
response in the base plates when high resistance anchor rods are used. The anchor rods worked as
fuse elements in base plates with a large thickness or many stiffeners. Additionally, the models with
anchor bars located outside of the column flanges showed lower flexural strength and rotational
stiffness compared to the models with anchor rods located between column flanges. The simulations
showed that the base plate strength was determined by the simultaneous failure mechanisms of two
or more components, different to what is stated in current design guides. Finally, the new method is
suitable to design base plates with stiffened and not stiffened configurations, which unlike traditional
design methods, show a good adjustment with numerical models.
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1. Introduction

The base plates correspond to one of the most frequent column connections of steel structures.
These connections are responsible for transferring loads from the superstructure to the foundations.
However, the performance of these connections was deficient during recent seismic events in the USA
and Japan, where significant damage and failure of these joint elements was reported [1,2].

An exposed column base consists of several components, such as: column sections, base plate,
stiffeners, anchor rods, concrete foundation and shear-lug. Each of these components affects the
connection’s capacity to withstand axial load, shear load and bending moments. Current design
methods, such as those presented in the AISC Steel Design Guide 1 [3], provide design procedures that
allow for sizing of the base plate of exposed columns and their anchor rods. However, these design
methods do not consider combined failure mechanisms, such as those observed in several experimental
studies [4], resulting in non-conservative designs. In other cases, as the current guidelines do not
consider joint configurations with stiffeners, the design often specifies plates with thicknesses that is
not commercially available [5].

Numerical studies using finite elements indicate that the base plates designed using the current
guidelines do not behave as expected, leading to premature crushing of concrete when using base plates
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with thickness higher than 25 mm [6]. A recent experimental study on exposed base plates considering
axial load and bending moment [7] showed an important correlation between the thickness of the base
plate and the performance of the connection. This study concludes that despite complying with the
design guidelines, flexural capacity may not be reliable due to plate interaction with other components
such as the anchors. On the other hand, few studies have addressed the behavior of column bases
with stiffened base plates, which are very common in the practices of detailing and construction of
steel structures, as it allows for reducing the thicknesses of base plates [8,9]. However, there are no
numerically or experimentally validated design procedures that consider the different performance of
stiffened and non-stiffened base plates. The response of connections in terms of stiffness, strength,
rotational capacity and energy dissipation is heavily dependent on the details of connection and,
therefore, on the components considering their location and individual strength [10]. These problems
could be alternatively solved by improving material properties or by the use of novel nanostructured
materials, which have emerged to allow the synergy of high strength and high ductility modifying
failure mechanisms [11]. However, it is usually preferred an engineering and constructive solution,
using currently commonly used materials.

The exposed and embedded base plate connection have been researched by [12–15], obtaining that
rotational fixity of base plate in steel moment resisting frames strongly influences their seismic response.
However, the stiffened base plates were not considered by this investigation.

In this investigation, a numerical study on the behavior of stiffened and non-stiffened base plates
is carried out, considering the contribution of different components to each configuration. The aim
of the research is to evaluate numerically the failure mechanisms in stiffened and non-stiffened base
plates. Additionally, due to currents design methods are focused in non-stiffened base plates a
new design method is proposed. The numerical study was conducted using finite element models
considering material, geometric and contact nonlinear properties. Axial load and bending moment were
simultaneously applied with the goal of identifying the behavior of the base plate and its interaction
with the stiffeners and anchor rods. The welds were designed to remain within the elastic range and to
develop the inelastic behavior of the connected elements, being considered as ideal monolithic contacts
in the numerical models. Similarly, concrete was designed to remain elastic. These conditions are like
those observed on typical connection tests that intend to evaluate the seismic performance of the links,
avoiding a fragile failure of elements with limited inelastic capacity, such as, welding and concrete.
In the final part of the paper, the authors propose a new design method based on yield lines theory,
suitable to design base plates with stiffened and not stiffened configurations.

2. Numerical Study

2.1. Specimens under Analysis

Five base plate configurations were defined by varying the location and steel quality of the anchor
rods and the stiffener configuration, as shown in Figure 1. The UBP-1 configuration corresponds to a
base plate model without stiffeners and anchor rods located on the outside and parallel the column
flanges. The UBP-2 configuration also represents a base plate model without stiffeners, but the anchor
rods are located on the outside and inside of column flanges and parallel to the section web.

The SBP-1 configuration represents a base plate model with anchor rods parallel to the flange and
stiffeners between each anchor rod, while the SBP-2 configuration is similar to the previous one but
without the web stiffener. Finally, SBP-3 configuration is like the SBP-1 but eliminating the web and
external stiffeners. All the specimens were constructed using a standard HEB-300 columns section with
ASTM-A36 steel quality [16]. All the stiffeners were 10 mm thick and made of the same material used
for the column section. The specimens were modeled as cantilever elements designed to withstand
axial load and bending moment.

As seen in Figure 1, each configuration has 8 anchor rods (4 on each side) with a nominal diameter
of 22 mm (7/8 inch) and an embedded length of 400 mm. The analysis considered two steel qualities
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for the anchor rods: ASTM-A36 quality [16] and ASTM-A193 quality [17]. The washers and the holes
in the base plate were sized according to the recommendations presented in the AISC Design Guide
1 [3]. The spacing be-tween the anchor bars was selected to comply with what is specified in section
D.8.2 of ACI Code 318-14 [18].

The column was supported by a square concrete foundation (700 mm × 700 mm) with a
characteristic compressive strength of concrete equal to f’c = 25 MPa. The parameters considered in this
analysis are presented in Table 1, where tp, g, ts, dr and Fur represents the base plate thickness, gage,
stiffeners thickness, anchor rods diameter and ultimate tensile strength of anchor rods, respectively.

2.2. Finite Element Models

A numerical study was carried out using the finite element method with ANSYS software [19],
considering the variables involved in the design, such as: thickness of the base plate, location of the
anchor rods, stiffener configuration and ultimate tensile strength of anchor rods. Secondary components
such as grouting material and leveling nuts were not included in the models.

Three dimensional models were made using SOLID 186 type finite elements to represent column,
plates, anchor rods and nuts. These types of finite elements allow for the formulation of materials
with plasticity, hardening, yield, large deflections and large deformations. In order to improve the
computational efficiency and considering the symmetry of the models, only half of the connection was
modeled, taking the mid-plane of the column web as the plane of symmetry (Figure 2).Metals 2020, 10, x FOR PEER REVIEW 4 of 21 
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Table 1. Simulations matrix.

Model tp (mm) g (mm) ts (mm) dr (mm) Fur (mm)

UBP-1-1 19 N/A N/A 22 408
UBP-1-2 25 N/A N/A 22 408
UBP-1-3 38 N/A N/A 22 408
UBP-1-4 19 N/A N/A 22 878
UBP-1-5 25 N/A N/A 22 878
UBP-1-6 38 N/A N/A 22 878
UBP-2-1 25 210 N/A 22 408
UBP-2-2 25 390 N/A 22 408
UBP-2-3 25 210 N/A 22 878
UBP-2-4 25 390 N/A 22 878
SBP-1-1 19 N/A 10 22 408
SBP-1-2 19 N/A 10 22 878
SBP-2-1 19 N/A 10 22 408
SBP-2-2 19 N/A 10 22 878
SBP-3-1 19 N/A 10 22 408
SBP-3-2 19 N/A 10 22 878Metals 2020, 10, x FOR PEER REVIEW 5 of 21 
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Figure 2. Finite element models for each specimen configuration.

To incorporate the effect of diameter reducing on the anchor rods, each anchor rod on the model
consists of two parts, representing the threaded section and the non-threaded section. The threaded part
was modeled with an equivalent diameter, such that its cross section has the reduced area. The concrete
foundation was modeled with a height equal to the embedded depth of the anchor rods (400 mm) and
with fully fixed support condition in its base. Along the vertical symmetry plane, “frictionless” type
constraints were assigned to simulate the behavior of the entire specimen.
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Between the base plate and the surface of the foundation, a “frictional” type contact surface
was assigned considering a friction coefficient between steel and concrete equal to 0.45, according to
previous experimental studies [20]. Similarly, a “frictional” type contact surface was assigned between
the anchor rod and the concrete with the same coefficient of friction. The nut-washer contact and
anchor rod-washer contact were simulated in a simplified way by assigning “frictionless” type contacts.
This type of contact allows a separation between the connected parts and a tangential movement
without friction. To simulate the welded joint between the column, the base plate and the stiffeners,
a “bonded” type contact was assigned, which prevents any type of relative movement.

Different constitutive laws were used to characterize the behavior of the materials considered in
the model. These curves were adjusted by applying Equations (1) and (2) (actual stress and strain)
to describe the multiaxial behavior of steel from the uniaxial behavior depicted by the results of the
uniaxial tensile test.

εreal = ln(1 + ε) (1)

σreal = σ(1 + ε) (2)

where,

ε = normal strain obtained from uniaxial tensile test.
σ = normal stress obtained from uniaxial tensile test.
εreal = real normal strain.
σreal = real normal stress.

For the ASTM-A36 steel elements (base plate, stiffeners and steel anchors), a multilinear model
with hardening due to strain was used, according to [21]. The material for the high strength steel
anchor rods was modeled as multilinear with hardening due to strain, according to [22]. The uniaxial
compression stress–strain curve of concrete was defined as a multilinear model, according to [23,24].
The curves of the materials used are shown in Figure 3.
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2.3. Loading Protocol

Each specimen was analyzed under the action of a lateral load applied parallel to the column’s
web. Additionally, a constant compression axial load equal to 50 [T] was applied. The lateral load was
applied monotonically following the scheme of a displacement protocol. These displacements were
applied at 2 m above the top of the base plate, corresponding approximately to the inflection point in a
column of moment resistant frame with fully fixed supports.

Under seismic conditions, a base plate can be loaded in a non-proportional manner, such that the
axial load remains constant while flexural deformations vary and are reversed [4]. For this reason,
the axial compression force and lateral displacement were defined in the numerical model as two
separate loading steps: first the axial load is applied and then displacements are imposed until failure
of the connection (Figure 4).
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2.4. Response Parameters

In each of the simulations, the lateral force was recorded according to the displacement protocol
applied at the top of the column, as well as the sliding measured at the bottom of the base plate.
From these results, the moment–rotation response was obtained using the following equations:

M = Flat × Lcol (3)

θbase =

(
∆ −

Flat·Lcol
3

3·Ecol·Icol

)
·

1
Lcol

(4)

where,

Flat = Lateral load.
∆ = Relative displacement between top and base of the column.
Ecol = Column Young’s modulus (2.1 × 105 MPa).
Icol = Moment of inertia of the column section.
Lcol = Load application point height.

From the moment–rotation curves the following results were obtained (Figure 4):
Maximum connection moment, (Mmax), yielding moment of the connection (My), rotation at yielding
(θy), rotation at maximum moment (θ_max) and the elastic rotational stiffness of the connection
(βy = My⁄θy).

3. Model Results

3.1. Influence of the Base Plate Thickness

As shown in Figure 5a, three failure mechanisms were obtained in which inelastic incursion of
two or more components simultaneously occurs in the tensile and compression zones. The first failure
mechanism consisted of a fracture of the anchor rods in the tensile zone and concrete crushing in the
compression zone. This failure mode is representative of the response observed in simulations UBP-1-3
and UBP-1-6. Moderate yielding was observed in the base plate. A second failure mechanism occurs
due to the formation of a plastic joint line in the compression zone of the base plate, accompanied by
the tensile fracture of the anchor bars. This fault mechanism was observed in the UBP-1-2 simulation.
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The third mode of failure occurs due to the initial formation of a plastic joint line at each end of the base
plate, which are subsequently accompanied by the fracture of the anchor bars. In this case, high levels
of inelastic deformation are observed in the base plate (0.13 mm/mm), which indicates that the base
plate has reached its fracture tension. This behavior is observed in the simulations corresponding to
models UBP-1-1, UBP-1-4 and UBP-1-5 (see Figure 5b).Metals 2020, 10, x FOR PEER REVIEW 8 of 21 
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In Figure 5c, a larger strength and greater elastic stiffness can be observed in the UBP-1-3 model
and a deformability and inelastic behavior like the UBP-1-2 model. This is because in both models the
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inelastic deformations are mainly concentrated in the anchor rods, which have a great deformability.
An increment in the resistant moment was observed by increasing the thickness of the base plate by
13% between the UBP-1-2 and UBP-1-3 models and increase of 9.5% between the UBP-1-1 and UBP-1-2
models. In the case of models whose fault is governed by the fracture of ASTM-A36 anchor rods,
a high rotational capacity was observed (approximately 0.075 rad).

As can be seen in Figure 5d, the initial stiffness and strength of the connection increase with the
thickness of the base plate and ductility reduction. These results show that the column bases with
thinner base plates are characterized by low resistance and initial stiffness, accompanied by a more
ductile behavior, reaching rotations of up to 0.095 rad, in which inelastic deformations are mainly
concentrated in the base plate. These types of connections are the most suitable to an “articulated”
condition when they incur within the inelastic range. When observing the moment–rotation response
of the UBP-1-6 model, a rotation capacity of θmax = 0.026 rad is obtained, being 67% smaller than
the UBP-1-5 model and 107% smaller than the UBP-1-4 model. However, this model has an average
resistance 54% higher than the other two models.

The tension distribution in the concrete due to the pressure applied by the base plate is shown in
Figure 5e. A variation of the area in which the maximum tensions are concentrated was observed,
which was dependent on the thickness of the base plate. In general, it can be seen that in the case of
models with more rigid base plates (38 mm), the maximum tensions are concentrated at the end of the
base plate, unlike the models with more flexible base plates (19 mm) where the stresses are distributed
over a wider area once the flexural yielding of the base plate occurred.

In summary, in the non-stiffened base plates with A36 steel anchor rods, a loss of ductility appears as
the thickness increases and the inelastic incursion is concentrated in anchor rods. Therefore, when A193
steel anchor rods are used, a loss of ductility with increase of strength and stiffened is reached as the
thickness of the base plate increases. These effects must be considered in the global seismic analysis of
steel structure.

3.2. Influence of the Anchor Rods Configuration

The specimens UBP-1-2, UBP-2-1 and UBP-2-2 (25 mm thick base plates, without stiffeners) were
fixed to the base by ASTM A36 anchors rods, and in UBP-1-5 models, the specimens UBP-2-3, UBP-2-4
(25 mm thick base plates, without stiffeners) were fixed with ASTM A193 anchors anchor rods. These
two kinds of configurations were compared in order to assess the effect of the anchor strength on the
yielding pattern and failure mode of the connection.

As can be seen in Figure 6a, the location of the anchor bars significantly affected the distribution
of base plate’s deformations, being more evident in the tensile zone of the models with high strength
anchor bars. Additionally, a lower plastic deformation was observed in the base plates where anchor
bars are located parallel and closer to the column web (UBP-2-1 and UBP-2-3). This condition suggests
the base plates have a larger bending strength when fixed following this anchor setting.

In the configurations with ASTM A36 steel anchor rods, a similarity was observed in the resistant
moment of the column bases with anchors parallel to the column web (UBP-2-1 and UBP-2-2), as shown
in Figure 6b. The difference between the resistant moment of these two connections was 1.2%. In both
cases the fault was governed mainly by the fracture of the anchor rods, and not by the flexural yielding
of the base plate in the traction zone. On the other hand, there was also a lower strength in the column
base with anchor bars parallel to the flanges (UBP-1-2), due to the difference between the lever arms,
reaching rotations larger than 0.07 rad.

In the configurations with ASTM A193 anchor bars, a concentration of the plastic deformations
in the base plate or the anchor bars is evidenced depending on their configuration. As can be seen
in Figure 6b,c, the UBP-2-3 model had a significantly higher strength, giving a moment 35% larger
than the UBP-2-4 model. This demonstrates that the flexural strength of the base plate in the tensile
zone was influenced by the distance of the anchor rods to the web of the column, which in turn has an
influence on the resistant moment of the connection.
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In Figure 6b,c, a lower elastic rotational stiffness and a lager ductility can be seen in those column
bases whose anchor bars were located away from the column web and outside of the column flanges
(UBP-2-2 and UBP-2-4). This indicates that the location of the anchor groups did not significantly
influence the stiffness, but it is important to determine flexural deformation of the base plate in the
traction zone.

In summary, a minor ductility was obtained in the non-stiffened base plates with A36 steel anchor
rods, as the anchor rods configuration was similar to end-plate configuration. However, an inclined
failure mechanism was obtained with anchor rods near from weak axis column restricting the flexural
capacity of base plate. Therefore, when A193 steel anchor rods were used a loss of ductility with
increase of strength and stiffness was reached, as the anchor rods were located according to end-plate
configuration. These effects must be considered in the global seismic analysis of steel structure.

3.3. Influence of the Stiffener Configuration

The effect of the stiffener configuration on the behavior of the exposed stiffened column bases
was characterized from three base plate configurations, SBP-1, SBP-2 and SBP-3. Each of these
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configurations was studied with standard steel anchor rods and high strength anchor rods in order to
provide a better understanding of the effect this parameter had on the yield pattern and the mode of
failure of the column bases with stiffened base plates.

Figure 7a shows that the greater the amount and location of the stiffeners, the more significant the
changes in the failure mechanism experienced by the connection. These changes were more relevant in
the tensile zone of the models with high strength anchor bars, in which yield was mainly concentrated
in the base plate, reaching high levels of plastic deformation (0.10 mm/mm).
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As for the yield pattern presented on the base plate of SBP-1-2 model, a concentration of the
plastic deformations was observed in the corner, while other areas remained elastic. This is explained
by the less favorable stiffening conditions of the corners that had two continuous edges and two free
edges, while the central panels had three continuous edges and only one free edge. In the tensile zone
of the base plate of models SBP-2-2 and SBP-3-2, a more uniform distribution of yield was observed.
Additionally, in all of the models, flexural yield was reached in the compression zone of the base plate
and axial yield (tension or compression) on the stiffener (see Figure 7b).

The moment–rotation curves presented in Figure 7c,d show small differences in the resistant
moment of the group of column bases with stiffeners. On average, the resistant moment of these three
connections differed only by 4.5%. This difference, although not very significant, could mainly be
attributed to the resistance provided by the stiffeners in the compression zone, where the amount varies
for each model. On the other hand, these specimens show a good rotation capacity, reaching rotations
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close to 0.07 rad. This relatively high ductility was provided by the deformation capacity of the anchor
rods, which in this case were made of ordinary steel (ASTM A36).

In the column bases with high strength anchor bars (ASTM A193) a different behavior was
observed. Inelastic deformations were concentrated in the base plate or the anchor rods depending on
the amount and configuration of the stiffeners. The moment–rotation curves of Figure 7 show that
connections SBP-1-2 and SBP-2-2 models had similar moment resistance (only a 1.7% of difference),
although they had different amounts of stiffeners. The same figure also shows that SBP-2-2 model
reached a maximum rotation of 87% greater than that achieved by the SBP-1-2 model, showing that the
amount and configuration of stiffeners affected the strength and ductility of exposed column bases.
On the other hand, when comparing the response of the SBP-2-2 and SBP-3-2 models, a moderate
increase in the resistant moment and the rotational stiffness (18% in both cases) was observed, while the
rotational capacity (θmax) did not vary significantly (6% difference). As mentioned in before cases
with variable thickness and anchor rods location, a minor ductility was obtained in stiffened base
plates when A36 steel anchor rods were used. Therefore, an increase in number of stiffeners conducted
to greater levels to flexural resistance and a loss of ductility. These effects must be considered in the
global seismic analysis of steel structure.

4. Design Methods

4.1. Current Methods for the Assessment of the Bending Strength of Non-Stiffened Base Plates

Currently, the flexural strength of base plates was evaluated by 3 methods: two of them,
described in [3], are based on the characterization of concrete stresses on the base plate; while the third,
described in [25], corresponds to a component method.

The first method presented in [3] is known as the triangular stress block (TSB) method. This method
assumes a triangular distribution of the stresses in the concrete, being the bending strength obtained
from the quantification of 3 resistance limit states: (i) tensile rupture of the anchor bars, (ii) flexural
yielding of the base plate at the compression interface and (iii) flexural yielding of the base plate at the
tension interface.

The second method presented in [3] is known as the rectangular stress block (RSB) method, and it
assumes a rectangular distribution of the stresses in concrete, which is the bending strength obtained
from the quantification of the same resistance limit considered for the TSB method. In both methods
and for all the considered cases, the bending strength is controlled by the flexural yielding of the base
plate at the compression interface.

These methods are not applicable to non-stiffened base plates with two rows of bolts per flange
(such as type UBP-2) and neither to stiffened base plate configurations, because the methods do
not consider the stiffeners contribution to the strength of connections. The finite element model
(FEM) results presented in Figures 8 and 9 show a bending capacity of the connection larger than the
estimation calculated by applying the TSB and RSB methods, being significantly more conservative
design methods in the case of base plates without stiffeners with one row of anchors.

The third method, the component method (CM) [25], quantifies the bending strength of the
connection from the strength capacity of each element that forms the connection. In all the cases
considered by this method, the bending strength is controlled by the flexural yielding of the base plate
at the tension interface, except for the cases UBP-2-3 and UBP-2-4, where strength is controlled by the
flexural yielding of the base plate at the compression interface.

Similar to the TSB and RSB methods, the CM method is not applicable to both non-stiffened base
plates with two rows of bolts per flange (such as type UBP-2) and stiffened base plate configurations,
because the methods do not consider the stiffeners’ contribution to the strength of connections. Figure 10
shows a bending capacity of the connection larger than the estimation calculated by applying the CM
method, being more in the case of connection UBP-2-3 and UBP-2-4.
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4.2. Proposed Methods for the Assessment of the Bending Strength of Stiffened and Non-Stiffened Connections

The behavior observed in finite element simulations suggests that the maximum strength of the
connection was controlled by different limit states associated to different collapse mechanisms. In this
sense, the current design methods did not allow for accurately reproducing the flexural strength,
often resulting conservative designs and excluding stiffener base plates configurations that are frequent
and necessary in professional practice.
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The novel method proposed here considered the following limit states: (i) flexural yielding of the
base plate, both in the tension zone and in the compression zone (LS1); (ii) flexural yielding of the base
plate and ultimate failure of the anchor bars in the tension interface, combined with flexural yielding of
the base plate at the compression interface (LS2); (iii) ultimate failure of the anchor bars at the tension
interface and flexural yielding of the base plate at the compression interface (LS3); (iv) ultimate failure
of the anchor bars in the tension interface and bearing of concrete in the compression interface (LS4)
and (v) flexural yielding of the base plate and ultimate failure of the anchor bars in the tension interface,
combined with concrete bearing in the compression interface (LS5).

In this novel method, the flexural strength was obtained from the application of the yielding lines
theory, by applying a balance between the work of the external forces and the work of the internal
forces that occurs for the different collapse mechanisms. Tables 2–6 show the collapse mechanisms that
control the flexural strength of the base plates UBP-1, UBP-2, SBP-1, SBP-2 and SBP-3, respectively.
These tables show the parameterized flexural strength for each failure mechanism.

The flexural strength calculated from non-stiffened base plates by applying the proposed method
are compared with the results of FE model results are presented in Figure 11. An acceptable level of
coincidence was observed with differences smaller than 5% for non-stiffened base plates, obtaining a
better prediction than the one obtained by applying TSB, RSB and EC3. In the case of stiffened base
plates, the flexural strength obtained by applying the proposed method achieved an acceptable match
with the results of FE simulations, with differences smaller than 5%, as shown in Figure 12. This kind
of stiffened base plate configuration is not considered by traditional methods.
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Table 2. Limit states that control the design of base plate type UBP-1.

LS1
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5. Conclusions

In this study, the response of 16 configurations of stiffened and non-stiffened base plates was
evaluated using FE models. The behavior of a column’s exposed base plates considering the influence
of the base plate thickness, location of anchor rods and stiffener configuration, subjected to axial load
and moment was evaluated, and a new design method was proposed. The conclusions are shown
as follows:

From the results of the numerical simulations, thick base plates presented greater strength and
elastic stiffness compared to thin base plates with a less ductile behavior. In these cases, the failure
mechanism was controlled by a fracture of anchor rods in the tension zone and concrete bearing in the
compression zone. The ductility loss was more significant in cases when the connection resistance
was conditioned by the tensile fracture of high strength anchor bars. In those cases, in which regular
strength steel anchor bars were used, the influence of base plate thickness on the rotation capacity was
not significant, because inelastic deformations were mainly concentrated on anchor rods, which had a
larger deformation capacity compared to high strength anchor bars.

The base plate configurations with anchor rods located between the column flanges required a
smaller thickness. However, when high strength anchor rods were used, this configuration showed
a less ductile behavior. Base plate configurations with anchor rods parallel to the column web and
outside of the column flanges reported the lowest flexural strength and elastic rotational stiffness.
This typology required thicker base plates and larger anchor rods diameter. However, this configuration
was more ductile, especially in cases where high strength anchor rods were used.

A significant increase in flexural strength and rotational stiffness was obtained when stiffeners were
included in base plate configuration, but there was also a considerable decrease in ductility. This was
more significant when the failure was conditioned by fracture of high strength anchor rods. In the case
of stiffened base plate connections with regular strength anchor rods, no significant change in strength
and stiffness was observed when the stiffeners quantity was varied. The results obtained from the
models with high strength anchor rods revealed that an excessive number of stiffeners was associated
with a loss of ductility, without a significant contribution to the resistance and rotational stiffness.

The proposed method allowed an acceptable adjustment with FE models unlike the traditional
design methods with differences smaller than 5%. Additionally, an identification of failure mechanisms
for stiffened and non-stiffened base plates was obtained. Unlike analytical methods, the FE models
verified that the maximum resistance of a base plate was conditioned by the simultaneous occurrence of
the different failure mechanisms and not by the individual failure of any of its components. In addition,
contrasting with the traditional methods, the new design method can estimate the flexural strength of
stiffened and non-stiffened base plates, conducting to lighting solutions for base plates.
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