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Abstract

Base plates are one of the most important types of connections in structures. Due to complicated steel-concrete interaction,
simple assumptions of the stress distributions are usually employed for designing the connection. Simple assumptions of
compressive stress distribution in concrete may accelerate the design procedure, but they may lead to overdesign results.
In this study, six different types of base plates with different configuration were studied numerically using a commercial
Finite Element (FE) software and the numerical model was calibrated with an experimental test. The models were subjected
to a constant axial load and then a monotonic moment loading was applied. To investigate the effects of the axial load,
several axial load level were considered for each configuration. As a result, moment-rotation curves of these base plates,
including their rotational stiffness, in the absence and presence of the axial loads, were compared. Moreover, the stress
distribution in the concrete was studied in the FE models. For all cases, the stress distribution in the concrete was semi-
triangular with the maximum stress between the column flange and the edge of the plate. Based on numerical results, some
concepts of simplified assumptions were proposed to find the stress distribution of the base plates. These assumptions are
more realistic than current assumptions in structural specifications.
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1. Introduction

Base plates, as particular types of connection, is used to connect the columns to the foundations and distribution of
loads. When the column is subjected to a moment, the base plates resists the applied moment by the development of
tensile and compressive forces. The compressive force is transferred to the foundation by concrete and the tensile load
is carried by the anchor bolts. To distribute the loads of column to the concrete of the foundation on a larger area, a steel
plate named base plate can be used.

It is necessary to point that analyzing and determining loads in the structures are related to its boundary conditions,
and base plates as the support of the structures, may affect the calculated forces. On the other hand, to design a base
plate, applied loads should be known. This means primary design and analysis of the structures are related and an
iterative procedure must be employed to achieve an economical and safe design. Therefore, determination of the
resistance and the behavior of the base plates are important based on the following reasons: 1) Determination of the base
plate rotational stiffness represents the support conditions that have a significant effect on the load distribution. 2) The
rigidity of the base plate influences the total displacement and drift of the structure and wrong estimations may cause
exaggerated deformations. 3) Effective length and consequently the critical load of the columns in the first floor is a
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function of the support conditions.

In many circumstances, the traditional assumption of considering base plates as either ‘Rigid’ or ‘Hinged,’ is not
realistic. If a non-rigid connection is assumed rigid in the design process, it may cause more drift in practice. On the
other hand, when the base plate is rigid but assumed hinged, it may transfer the indeterminate loads to the foundation
which it is not designed for.

The simplest base plate includes a plate welded directly to the end of the column and the plate connected to the
foundation by anchor bolts. In the absence of the moment in a base plate, the compressive stress is assumed to be uniform
and the designing procedure is simple. When a base plate is subjected to a moment, the rotational rigidity is important.
To increase the rigidity of the base plates, some attachments can be added but it complicates its behavior even more.
Some of the complexities are the interaction between steel and concrete, load contribution of attachments as well as
estimating the stress distribution under the base plate.

Dimensions of bolts, plates, and attachments have a significant effect on the base plate rigidity [1]. In common
procedure of designing base plates, if the plate is considered completely rigid and the bolts are strong enough, stress
distribution in concrete under the base plate is assumed linear, while most base plates are not completely rigid

Figure 1 shows the relation between the support rotational rigidity and the critical load of the columns for different
boundary conditions. In this Figure, E, | and | are the modulus elasticity, moment of inertia and the length of the column
and Kr is the rotational stiffness of the connection. Considering these figures, the critical load of the columns increases
according to the base plate rotational stiffness. Therefore, calculation of the critical axial load is related to the stiffness
of the base plate and as it will be shown in this study, the stiffness of the connection is affected by its axial load.
Accordingly, both the critical load and the corresponding rotational stiffness should be controlled and the design
procedure will be iterative.
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Figure 1. Effect of rotational stiffness on critical load for columns with three different support conditions
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Many researchers have investigated base plates both theoretically and experimentally [2-4] but most of them have
studied simple cases of base plates including one plate at the end of the column and some of them include stiffeners [5].
Melchers [6] tested several nominally ‘pined’ base plate connections. He presented a simple mathematical model for the
prediction of elastic stiffness of the connection. Kontoleon et al. [7] have studied on the numerical model of the structural
response of a steel column base plate under static loading and two-dimensional Finite Element (FE) model was used to
analyze the influence of thickness and the axial load on the base plate performance. Ermopoulos [8] proposed a simple
formula between the moment and the rotational stiffness of the base plates. In addition, all necessary coefficients of this
formula were given for different cases. Base plate parameters such as stiffness, capacity, and ductility were indicated in
moment-—rotation (M-9) characteristics of bolted or bolted/welded connections. In another research, he verified the
mathematic formula with experimental results [9]. Dunai et al. tested end-plate-type steel-to-concrete mixed connections
under combined compressive normal force and cyclic bending. The main focus of the research was on the rotational
stiffness of the mixed connection and its cyclic deterioration [10]. Results of the rotational stiffness and the concepts
can be used in base plates designing procedure. In addition to the aforementioned studies, some studies have been
conducted on base plates and columns with various shapes such as hollow sections [11-13]. Moreover, several
experiments and numerical investigations have been carried out to show the behavior of base plates [14-17]. Beside
conventional connections, embedded column base (ECB) [18] and rocking damage-free column base for mid to high
rise steel frames [19, 20] has been emerged.

Generally, it can be concluded that if the axial load is large and compressive, then the strength of the concrete in the
foundation is the most important factor, but this is not the case for columns with light axial loads compared to applied
moment. In this case, the holding-down anchor bolts and the rigidity of the plate are the main factors. The shear force
can be transferred by the friction between the plate and the concrete or external shear transmission elements. Some
studies over stress distribution on concrete are available in [21, 22].

The focus of the current research is to compare different types of the base plate with various attachment. To achieve
this goal, six types of base plates with different attachments, which are common in practice, were simulated and
compared. The connections, first were subjected to a constant axial load and then a monotonic lateral load was applied.
The simulations were performed for different axial load level to investigate the axial load effect on the behavior of the
connection. For clarifying the difference between the models, deformation, stress distribution in concrete under the base
plate and the moment-rotation curves with different axial loads were investigated.

2. General Configuration and the Geometry of the Studied Base Plates

In this study, six widely-used base plates were considered. These base plates are generally assumed as a rigid or semi-
rigid connections. Column, base plate, and the anchor bolts in all models had the same material and geometry and some
attachments were added to each type. HE-B 200, based on EuroNorm 53-62 [28] or DIN 1025 [28], a wide flange |
section with moderate unit weight was the section of columns. Base plate dimension was 350 x 350 x 15 mm3 and the
diameter of anchor bolts was 22 mm. Base plates were connected to a concrete block by four anchor bolts and columns
were placed in the center of the base plates. Dimensions of concrete blocks were 700 x 700 x 400 mm?3, Bolts spacing
along the column flange was 70 mm. Details and schematic drawings of all models are shown in Table 1. The design of
the reference connection (model 1) met the minimum requirements of AISC [29].

The first type was the simplest type in which the column was directly connected (welded) to the base plate. In the
second model, to increase the rigidity of the connection, three plates were added to the flanges of the column. The
dimensions of the plates were 140 x 60 x 8 mm?3. The third type was almost the same as the second one but a plate was
used on the top of the three stiffening plates and nuts were placed on top of this plate. In the fourth and the fifth models,
channel sections, UNP140, based on EN 53-62 [28], were added to increase the rigidity of the connection. These
channels were 140 mm long. In the fourth model, a plate was placed on top of each channel and in the fifth, three plates
were used as the stiffeners inside the channels. In the fifth model, the two channels with additional stiffeners are welded
to the column flanges to transfer the forces to the hold-down bolts [30]. The sixth model includes two angles and usually
assumed as a hinged connection in practice. In this model, the column is not connected (welded) to the plate.
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Table 1. Details and schematic drawings of the simulated models

Model 1

HE-B200

PL350:35015

Anchor Bolt
D=22

Model 2

i S HE-B200
PL140 60 8
Nut

&h |l ¢ _ PL350:350:15

Anchor Bolt
D=22

Model 3

o A HE-B200
Nut

PL140 60 8

PL140 60 8

PL350 35015

Anchor Bolt
D=22

Model 4

s HE-B200

Nut
& B PL140 60 8
MR UNP140
i L-140

, PL350:350:15

Anchor Bolt
D=22

Model 5

e HE-B200

Nut

: it UNP140

L=140

PL120 60 8

r - = PL350:35015
' ’ '_ Anchor Bolt

i | D=2

Model 6

-
[}
i

R HE-B200

L60 6
L=140

Nut
Fh He - PL350:350-15

Anchor Bolt
D=22

3. Numerical Modeling
3.1. Material Properties

The material of the columns, base plates, and attached plates were assumed to be St37 with a yielding stress of f, =
240 N/mm?. The yield stress of the anchor bolts was f,, = 400 N/mm?. Concrete Damage Plasticity (CDP) in Abaqus
was employed to simulate the concrete material and the nominal compressive strength of the concrete was assumed as
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f! = 24 N/mm?. More details about CDP and nonlinear modeling in Abaqus are available in literatures [32-38]. Elastic
and plastic properties of concrete and steel in tension and compression were included in the models. Stress-strain curves
of the simulated models are shown in Figures 2-4.
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Figure 2. Stress-Strain curve of the material of the columns and plates
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Figure 3. Stress-Stain curve of the concrete material
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Figure 4. Stress-Strain curve of the material of anchor bolts
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3.2. Finite Element Models

Due to the symmetry of the connections, half of them were simulated in the FE model. The bottom of the concrete
blocks and the anchor bolts were completely fixed. The interaction between the concrete and anchor bolts was modeled
by ‘friction’ based on studies by others [39]. Eight-node elements (C3D8R) were used to mesh the concrete, anchor
bolts, nuts and column section. Mesh arrangement of the model is very important to achieve accurate stress distribution
while maintaining reasonable analysis time. The mesh size in crucial regions of the model such as near bolts and column
corners was selected small enough, enabling the model to accurately simulate large deflections and stress concentrations.
At the same time, to reduce the analysis time, a larger mesh size was used in middle of the base plate and further end of
the concrete footing. All models were subjected to a constant axial load and direct moment was applied to the column.
To measure the rotations of the connections, the section 200 mm above the concrete block was considered (see Figure
5). In FE models, welds were not simulated and elements of the parts, which are normally welded in practice, were tied
together. Some researches modeled welds and investigated the effect of welding on the behavior of the connection [26,
27].

Figure 5. Measurement of rotation (0) of the connection in the FE models based on the approach adopted by R. Melchers [6]

3.3. Validation of FE Models

To validate the FE modeling details, an experimental test results conducted by Melcher [6] was employed. Specimen
(L8) that was tested in 1992 by Melchers was modeled in FE software. He tested 10 specimens without axial force and
used 200 UB 25 section as the column. A simple test setup with a reinforced concrete block, representing the foundation,
was used for the experiments. The base plates connected to the concrete block with four (or two) anchorage bolts and
the concrete blocks clamped to the laboratory strong floor. The base plates were welded to a 100-mm long column with
6-mm fillet welds all around. The lateral load was applied using a hydraulic ram and the applied load was measured
using a calibrated load cell. The rotation of the column was measured at 200 mm above the base plate [1, 6]. The
simulated specimen (L8) in the current study, was connected to the concrete block by four anchor bolts. The diameter
of anchor bolts was 12 mm and dimension of the base plate was 300 x 200 x 10 mm3,
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Figure 6. Comparison between the experimental [6] and numerical (FEA) results
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This model was simulated according to the existing information of the material properties and loading conditions. To
compare the results of the experimental results and the FE model, moment-rotation (M-0) curves are shown in Figure 6.
The FE results indicate that there is a good agreement between experimental and numerical results. The existing
correlation between these curves is an indication of the correct modeling of the system, including the material properties

and the interactions between materials.

4. Results and Discussion
4.1. Failure Modes of the Studied Models

Exaggerated deformations of the models at their last stages (35 x 10 rad. rotation) are shown in Figures 7-12. In the
first model, excessive bending of the base plate cause large deformation in the connection. In this model, the critical
zone was located just next to the flange of the column. In the second model, the large deformation of the holding-down
bolts was the cause of overall failure. In this model which had the most rigidity, the column reached its capacity and had
large deformations in the flanges but the angel of the column and base plate remained orthogonal. In the third model,
the plate that was placed on top of the stiffeners, deformed in small moments and the connection was unable to transfer
larger moments. It seems that this connection, with the current design, cannot be considered as a rigid one. Failure of
the fourth model was started with large deformation of the channel web. In the fifth model, the flange of the channel
was the most vulnerable element.

Generally, it seems that in the connections with the nuts placed above a plate (Models 3, 4 and 5), the plate that the
nuts seat on, had a significant effect on the stiffness and a flexible plate made the anchor bolts useless. The advantage
of these connections is related to the designing of the welds. In these cases, welds are either under pressure or sheer. In
the sixth model which is assumed as hinge connection in practice, and is one of the most common connections in the
structures, angels were the weakest part. In all models, tension part of connections was more vulnerable than the

compressive parts.
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Figure 12. Deformation of model 6. a) Tensile flange, b) Compressive flange

4.2. Stress Distribution inside Concrete Foundation
Stress distributions in the concrete under 50 KN.m moment with different axial loads are shown in Figures 13-18. In
these figures, P, is the pure axial load capacity of the column section (P, = Aoumn X fy) and P represents the axial
load. The maximum stress zone was different in the models. In the first model, the maximum stress occurred just below
the flange of the column in compression. In the second model, with the largest inelastic stiffness, and in the fifth model,

the maximum stress was located between the bottom of the flange of the column in the compression and the end of the
base plate. In the third and the fourth models, the maximum stress occurred at the end of the base plate. The stress

distribution at the height of the block in models 1 and 2 then 3 and 4 were similar.

Figure 13. Stress distribution of model 1 inside concrete with different axial loads

P 1509,
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Figure 14. Stress distribution of model 2 inside concrete with different axial loads
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Figure 17. Stress distribution of model 5 inside concrete with different axial loads
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Figure 18. Stress distribution of model 6 inside concrete with different axial loads

4.3. Moment-Rotation (M — 8) Curves

The initial stiffness of the connections is calculated using the slope of their M — 8 curves at & = 0. In Figure 19, the
curves of M — 6 for the simulated models in the absence of axial force are compared. Model 2 had the largest stiffness.
In model 3, the large deformation of top plate was the cause of initial stiffness reduction. However, the ultimate capacity
of model 5 was greater than those of others except model 2, while its stiffness (K,) was less than those of models 1 and
4. In Figures 20-25 the curves of M — @ for all the models with various axial forces have been plotted. Increasing the
axial loads reduces the tension in the anchor bolts and this causes the base plate to be pressed against the concrete block
and have a lower rotation. In model 2, in the case of the existence of axial force, the capacity of the connection was
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equal to the plastic moment of the column section. In models 3 and 4 even with a minor amount of axial force (P/Py =
5%), rotational stiffness was increased considerably. In models 4 and 5 when (P/Py = 10%), as the moment was
increased, the compressive part was considerably deformed; therefore, their stiffness was less than when (P/Py = 5%)).

140 I ==Model 1
120 | -m-Model 2
1 =>Model 3
| -@-Model 4
~100 - A-Model 5 ././I?‘_.g.
£ 1 =%Model 6
£ 80 -
% i
g 60 -
o -
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OE-" LI I NN N B N N HN N B B N N N N N B NN B N N B N R B R |
0 5 10 15 20 %5 30 35
Rotation (radian x 10 )

Figure 19. Moment-Rotation curves of the studied models without axial force (N=0)
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Figure 20. Moment-Rotation curves of model 1 with different axial force
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Figure 21. Moment-Rotation curves of model 2 with different axial force
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Figure 22. Moment-Rotation curves of model 3 with different axial force
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Figure 23. Moment-Rotation curves of model 4 with different axial force
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Figure 24. Moment-Rotation curves of model 5 with different axial force
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Figure 25. Moment-Rotation curves of model 6 with different axial force

The rotational stiffness of the models presented in Figure 26. The second model while P/Py = 15% had the largest
rotational stiffness with a noticeable difference. Even though model 6 was considered as a hinge connection, its rotational
stiffness in P/Py = 15% was more than the rotational stiffness of the stiffest model (Model 2) in the absence of axial
force. Rotational stiffness of models 1, 3, 4 and 5 at P/Py = 15% are close to each other, however, if the welds were
modeled it could possibly change the results.

According to Figure 26, it is possible to figure out that the axial force had a noticeable effect on rotational stiffness.
For example, in model 2 rotational stiffness in (P/Py = 15%) in the case of the absence of axial force was almost
doubled. As it was mentioned in the introduction, the critical axial load is a function of the rotational stiffness of the
supports. According to AISC, when K, I/EI is less than 2 the connection should be considered as a hinge. To estimate
the effect of the axial load on rotational stiffness and its counter effect on the critical axial force, Figure 27 has been
illustrated for a column with a normal length. Regarding the Figure 27 and 1, the critical load can be calculated for each
case.
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Figure 26. Initial stiffness of various models subjected to different levels of axial load
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Figure 27. Ratios of initial stiffness of modeled base plates to those of their columns

4.4, Stress Distribution

To achieve the accurate stress distribution under a simple base plate, a base plate was designed for a column with a
HE200-B section, axial force of 400 kN and moment of 80 kN.m, based on AISC. The dimension of the plate calculated
as 350 x 350 x 40 mm?3. Then the column and the base plate were simulated in FE model. The material properties of this
model were the same as introduced in numerical section. Figure 28 shows a comparison of stress distribution in the
concrete between the FE model and some of the common methods for base plates designing.

As it is obvious, on the contrary to the theory of the proposed methods, the highest stress in this base plate was
underneath the compressive flange. Of course, it is clear that one of the major differences among the common methods
and FE model isrelated to the way in which stress is distributed on the width of the base plate. In the mentioned methods,
stress distribution on the width of the base plate is considered constant while this does not apply to reality nor FE model.
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Figure 28. Distribution of contact stresses under base plates obtained based on different methods

5. Conclusion

The study carried out in this research is based on the numerical studies. However, an experimental work is required
to complement the results reported here. Within the context of the results obtained in this work, the following
conclusions can be drawn.

e The effect of axial force on rotational stiffness in all the models was considerable. For instance, the rotational
stiffness of the models with a high level of axial load (P/Py=15%), was more than twice of those without axial
load (P/Py=0%).

e In circumstances where the anchor bolts were connected to the system through an added top plate (models 3 and
4), such plates were most vulnerable elements in the system. Besides, such configuration had an adverse effect on
the rigidity as well as the moment capacity of the connection. Apparently, increasing the thickness of such plates
may increase the rigidity and the capacity of the connection.

o With moderate sized added top plates in model 3, the designed connection cannot be considered as rigid one.
Amongst all studied base plates, model 2 had the highest, and model 3 had the lowest rigidity.

e Employing models 4 and 5 results in better stress distribution in the concrete.

o For semi-rigid base plate, the highest stress was underneath the compressive flange.
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