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Abstract. This paper aims to investigate the demountability of steel column-baseplate connections subjected to
monotonic and cyclic loading. This paper presents the finite element analysis of steel column-baseplate connections
under monotonic and cyclic loading. The finite element model takes into account the effects of material and
geometric nonlinearities. Bauschinger and pinching effects were also included in the developed model, through
which degradation of steel yield strength in cyclic loading can be well simulated. The results obtained from the finite
element model are compared with the existing experimental results. It is demonstrated that the finite element model
accurately predicts the initial stiffness, ultimate bending moment strength of steel column-baseplate connections. The
finite element model is utilised to examine the effects of axial load, baseplate thickness, anchor bolt diameter and
position on the behaviour of steel column-baseplate connections. The effects of various parameters on the
demountability of steel column-baseplate connections are investigated. To achieve a demountable and reusable
structure, various design parameters need to be considered. Initial stiffness and moment capacity of steel column-
baseplate connections are compared with design strengths from Eurocode 3. The comparison between finite element
analysis and Eurocode 3 indicates that predictions of initial stiffhess for semi-rigid connections should be developed
and improved design of the connections needs to be used in engineering practice.

Keywords: steel columns; column-baseplate connections; monotonic and cyclic loading; demountability;
finite element analysis

1. Introduction

In recent years, many newly constructed buildings have been demolished due to their inability
to be dismantled or meet the needs for new owners. As reported by the Green Building Council of
Australia (2009), approximately 40% of landfill waste can be attributed to building and
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construction. The large amount of greenhouse gas emissions have encouraged measures, such as
reducing and reusing constructional materials, to be carried out. The steel column-baseplate
connection is one of the most important structural elements in steel frames, which is normally used
to transfer axial forces, shear forces and moments from the superstructure into the foundation.
Steel column-baseplate connections can generally be utilised with either rigid or pinned constraints.
These connections are categorised into the exposed bolted system and embedded system. Most of
the steel column-baseplate connections utilised in low to medium rise steel structures are based on
the exposed bolted system (Grauvilardell et al. 2005). For the exposed bolted steel column-
baseplate connections, steel columns are welded on top of baseplates, which are then connected to
concrete foundations with a number of anchor bolts.

Experimental, numerical and analytical studies on the behaviour of column-baseplate
connections with the exposed bolted system are conducted. Picard and Beaulieu (1985) tested a
series of column-baseplate connections with various column sections. Test results indicate that
axial compresive forces significantly increase the flexural stiffness of column-baseplate
connections. Nakashima (1992) conducted tests on steel tubular column-baseplate connections
subjected to bending and shear. It was found that the column-baseplate connection with a small
section exhibited significant differences in rigidity and durability. Targowski et al. (1993)
experimentally investigated the behaviour of the baseplates of column-baseplate connections with
various column sections. The deformation of baseplate at different positions was recorded and
yield line of baseplate was identified to modify the analytical model. Jaspart and Vandegans (1998),
Gomez et al. (2010) and Stamatopoulos and Ermopoulos (2011) performed extensive experiments
on the column-baseplate connections. It was found that anchor bolts and baseplates dominate the
behaviour of column-baseplate connection.

From an analytical point of view, Wald et al. (1995, 1996) proposed analytical models with a
component method to predict the initial stiffness and flexural bending moment capacity of column-
baseplate connection. The research findings are included into the Eurocode 3. Jaspart and
Vandegans (1998) proposed a mechanical model for predicting the initial stiffness and bending
moment capacity of the column-baseplate connections. The comparison between experimental and
analytical results indicate that the column-baseplate connection exhibits highly semi-rigid
behaviour, even for the pinned constraints. Stamatopoulos and Ermopoulos (2011) derived an
analytical formula for the prediction of the behaviours of column-baseplate connection according
to the correlation between experimental results and finite element analysis. Compared to
experimental and analytical studies, limited literatures have been found to investigate behaviours
of column-baseplate connections with finite element analysis. Stamatopoulos and Ermopoulos
(2011) and Kanvinde et al. (2013) developed a finite element model with a focus on the prediction
of initial stiffness of the column-baseplate connection. Finite element analysis for accuractely
predicting the cyclic behaviours of a column-baseplate connection is rarely found.

The above literature review demonstrates that studies on demountability of steel column-
baseplate connections have not been conducted. The concept of demountable connections was first
presented by Uy (2014) who suggested that the steel column and connections could deform
elastically without undergoing large plastic deformation, which results in the reuse of steel
columns after their useful service life. This paper presents finite element models using ABAQUS
(2012) for predicting the behaviours of steel column-baseplate connections under monotonic and
cyclic loading. Experimental results from literature were used to verify the finite element model.
Extensive finite element analysis is conducted thereafter to provide an in-depth understanding into
the concepts of demountable steel column-baseplate connections.
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Fig. 2 Typical loading protocol for steel structures in cyclic loads (ATC-24)

2. Finite element model of column-baseplate connection
2.1 Basic concept

Full-scale tests can be used to obtain the most reliable behaviour of steel column-baseplate
connections, nevertheless, they are time consuming and expensive to examine the effects of every
parameter of the behaviour of steel column-baseplate connections. To propose a procedure for the
design of steel column-baseplate connection, limited experimental data is insufficient. The finite
element analysis package ABAQUS (2012) is employed for the nonlinear analysis of steel
column-baseplate connections.

2.2 Mesh, boundary condition and loading

In this study, all parts of the test specimens, which include steel columns, baseplates, anchor
bolts, grout and concrete foundations were modelled with three-dimensional solid elements. A
typical finite element model of a column-baseplate connection is depicted in Fig. 1(a). In addition,
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8-node linear brick elements with reduced integration (C3D8R) were utilised to simulate steel
columns, baseplates, grout and concrete foundations to reduce the computational time. A 20-node
quadratic brick element with reduced integration (C3D20R) was employed for simulating anchor
bolts due to their ability to capture the stress concentration more effectively and accurately, which
was suggested by Mirza and Uy (2011).

In the finite element model, appropriate mesh size ensures the accuracy and efficient analysis
time of the finite element model. In this paper, a mesh sensitivity study was conducted to provide a
rational mesh size for each modelling part (Fig. 1(b)). Based on the sensitivity analysis, the mesh
size of the column section was determined to be L/30, in which L represents the column height. It
was found that the stress concentration around bolts is significant, therefore a finer mesh size for
the baseplate and grout was taken as B,/20 and B,/20, where B, and B, is the width of the baseplate
and grout, respectively. The concrete foundation has limited effect on the test results; therefore,
mesh size was determined as B./15, with B, represting the width of the concrete foundation.

Bottom ends of the steel column-baseplate connections were constrained with fix-ended
boundary conditions. All nodes on the top surface of steel column were tied with a centrally
located reference point. The axial loads and horizontal deformation was applied to the top
reference point. In particular, ATC-24 (1992) cyclic loading history with 40 cycles was applied in
the horizontal direction of top reference point, which was specifically developed for components
of steel structures. This loading protocol shown in Fig. 2 was one of the formal protocols
developed for seismic performance evaluation for steel structures.

2.3 Interactions between components

Surface-to-surface contact with a Hard Contact model in the normal direction with no
penetration was considered for all contact surfaces. A Coulomb friction model in the tangential
direction was assumed with a friction coefficient. The appropriate value of friction coefficient
depends on the material of contacted components and treatment of surfaces (Eurocode 3 2005). In
this analysis, friction coefficients between steel-to-steel components and steel-to-concrete
components were assigned as 0.3 and 0.6, respectively.

The surfaces, which come into contact (Fig. 3) and are assigned as surface-to-surface contact,
are the inner surface of the washer to the top surface of the baseplate (Contact A), the anchor

Steel column c D

Baseplate ‘ ontact

Anchor bolt ——— Contact A

Grout HHI Contact B
B . Contact C

Congrete ] i

foundation Conlact E

Contact F

Fig. 3 Interactions of the FE model
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shank to the bolt hole (Contact B), the outer surface of the levelling nut and the washer to the grout
(Contact C), the bottom surface of baseplate to grout or concrete foundation (Contact D), the bolt
shank to surrounding concrete foundation (Contact E), as well as the outer surface of nut and
washer to surrounding concrete foundation (Contact F). Moreover, “Tie” constraints were utilised
to simulate interactions between the steel column-to-baseplate and grout-to-concrete foundation.

2.4 Material properties

2.4.1 Concrete for monolithic behaviour

In this analysis, a damage plasticity model defined in ABAQUS was used to simulate concrete
behaviour in compression and tension. Concrete material parameters required to be defined include
elastic modulus (£.), Poisson's ratio (v.), flow potential eccentricity (e), viscosity parameter,
dilation angle (), shape factor for yield surface (K.), the ratio of initial equibiaxial compressive
yield stress to initial uniaxial compressive yield stress (fxo/f.). As suggested by ACI (2008),
Poisson’s ratio is adopted as 0.2 and the elastic modulus of concrete is determined from E, =
33207.27+6900, where /. is in MPa. Flow potential eccentricity (e) is taken as 0.1 and viscosity
parameter is determined to be 0.001. For dilation angle (y), 40° is normally used, f,0/f%. equals to
1.5(£.) " and K. = 5.5/[5+2(£)"*"] (Aslani et al. 2015).

Equivalent stress-strain relationships of concrete in compression and tension are also desired.
The compressive equivalent stress-strain curve illustrated in Fig. 4 was used to simulate the
compressive behaviour of concrete, which was proposed by Carreira and Chu (1985), where the
stress in compression is assumed to be linear up to a value of 0.4f’.. Beyond this point, the stress is
represented as a function of strain

_ file)s)
Coy-l+(g/8)

where y = |f1/32.4] + 1.55 and &, = 0.002.

Tensile behaviour of concrete is assumed to be linear until the tensile strength is reached, which
is taken as 0.56(f1)"°. Beyond this failure stress, the tensile response is represented by fracture
energy (Gp). Fracture energy can be calculated through the following equation

&)

max

\0.7
G, =(0.046942, —0.5d,,, + 26){{—6} @)

where d.x represents the maximum coarse aggregate size in mm and it is taken as 20 mm.

2.4.2 Structural steel for monolithic behaviour

The stress-strain characteristics of steel column, baseplate and anchor bolt are essentially
similar. Their behaviour is initially elastic after which yielding and strain hardening develop. The
bilinear approach is found to be accurate to represent the stress-strain relationship. In addition,
bilinear approach can better represent the hardening behaviour of the high-strength steel compared
with trilinear approach. In this analysis, bilinear approach is utilised due to the use of high-strength
anchor bolts and the behaviour of anchor bolt dominate the behaviour of the steel column-
baseplate connections.
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Fig. 5 Stress-strain relationship for structural steel in monolithic loading

2.4.3 Structural steel for cyclic behaviour

Under cyclic condition, properties of steel material are proved to be different from the
monotonic condition by many researchers such as Bari and Hassan (2000), Jia and Kuwamura
(2014) and Silvestre et al. (2015). Due to the Bauschinger effect, reversed yield stress was
decreased and the hardening behaviour is strongly affected by the previous strain history. For the
purpose of accurately predicting the behaviour of structural steel under cyclic loading, combined
nonlinear kinematic and isotropic hardening model was utilised. In particular, Chaboche (1994)
proposed a three-component nonlinear kinematic hardening rule based on Armstrong and
Frederick (1966) one component approach. In this analysis, the complex three-component
nonlinear kinematic rule and combined with isotropic hardening model was developed for
structural steel. Bauschinger effect, pinching effect and ratcheting response can be well predicted.

According to Bari and Hassan (2000) and Jia and Kuwamura (2014), a series of parameters for
various structural steel are determined. The accuracy of these parameter are ensured by comparing
finite element analysis results with the independent experimental results. In Table 1, oy is the yield
stress at zero plastic strain. Q represents the maximum change in the size of yield surface and b is
the rate at which yield stress change with plastic strain. C; to C; are the kinematic hardening
modulus and y; to y; represent the rate at which hardening modulus decrease with plastic strain.

Fig. 6 illustrates a general example of the stress-strain relationship for high-strength anchor bolt
in cyclic loading, which was used in this analysis. Observed in Fig. 6, the hardening behaviour of
structural steel is affected by the previous strain accumulation. The damage accumulation ensures
the decreasing of yield stresses in the reversed cycles.
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Fig. 6 Stress-strain relationship for structural steel in cyclic loading

2.5 Verification of finite element models

2.5.1 Monotonic loading

Most commonly used steel columns in column-baseplate connections include steel I-sections
and hollow tubular sections (RHS, CHS). In this analysis, four specimens with various design
details from Nakashima (1992), Targowski et al. (1993), Gomez ef al. (2010) and Stamatopoulos
and Ermopoulos (2011), were selected to evaluate the reliability of the developed finite element
model. The geometry and material details are given in Fig. 7 and Table 2.

As shown in Fig. 8(a), experiment was stopped after yield bending moment was achieved and
the deviation in initial stiffness was due to the unclear of axial loading history. Fig. 8(b) indicates
that the finite element model can accurately predict the initial stiffness and bending moment
capacity of the column-baseplate connection. For the transient part, initial stiffness from finite
element analysis is slightly higher than the experimental result. This is because anchor bolt threads
were not included in the developed finite element model, which consequently increases the
strength of anchor bolts. In addition, there is a slight difference in the plastic part of the curves
after yielding, which is due to the use of idealised behaviour of steel in stress-strain relationship.
Fig. 8(c) indicates the finite element prediction agrees reasonably well with the experimental
results. The slight difference in terms of initial stiffness may be attributed by the unclear position
of the selected point, where rotation calculation was conducted. Due to the lack of moment-
rotation curve from the experiment, moment-vertical displacement curve of a selected point was
chosen for the comparison in Fig. 8(d). As observed, the predicted vertical displacement from the
finite element model at the initial stage is smaller than the experimental results. This deviation was
induced by the unclear of the real yield strength of anchor bolt.

Table 1 Parameters for combined hardening model for various structural steel

Yield stress  Isotropic parameters Kinematic parameters
Element > 3
oo (N/mm®”) O (N/mm?) b C 71 G ) G V3
750 210 35 55000 1100 15000 285 400 150
Anchor bolt
320 150 4.5 76000 16500 6300 1250 400 385
Baseplate 280 140 3.5 65000 3500 26000 650 400 350

Steel column 350 150 6.5 57500 2250 4500 1100 100 70
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Fig. 7 Typical steel column-baseplate connections

Overall, results obtained from the finite element model agree well with the experimental data,
and the deviation in the post-yielding region does not affect the accuracy of the finite element
model because demountable connections only need to be simulated in the elastic region.

Table 2 Geometric and material property details

Axial Baseplate Baseplate Bolt Bolt Strength Strength
Specimen  load dimension yield stress  (dpxLp) yield stress  of grout  of concrete
P(&N) (BxDyxt,) (mm)  f,(MPa) (mm)  f,(MPa)  f,(MPa) f.(MPa)
SP1 198 240%140%16 416 12x340 460 - 29.2
Test 1 0 356x356%25.4 278 19%650 784 51 27
11-25-09 0 460x460%32 370 35x750 380 50 32
0193.7 0 400x300%10 370 24x630 320 - 50
Test 2 0 356x356%25.4 280 19%650 550 54.2 27.7
Test 4 411.5 356x356%38.1 250 19%650 335 63.7 29.3
Test 5 411.5 356x356%25.4 280 19%650 550 64.8 29.7
Test 7 678.4 356x356%25.4 280 19%650 550 65.3 30.3
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2.5.2 Cyclic loading

Four sets of experimental results obtained from Gomez et al. (2010) were used to evaluate the
accuracy of the developed finite element model in cyclic loading. The geometry of the steel
column-baseplate connection is illustrated in Fig. 7(b) and varied parameter was given in Table 2.
It can be seen from Table 2 that Tests 4 to 7 were subjected to different axial loads before
horizontal cyclic deformation was applied. Moreover, Test 4 utilised a thicker baseplate of 38.1
mm but a smaller yield stress of 250 MPa.

Fig. 9 presents the comparison between experimental and finite element analysis results. As
shown in the figure, finite element model predicts initial stiffness and ultimate bending moment
capacity very well. Pinching effect can be observed in Figs. 9(c) and (d).

3. Parametric study

This section presents and discusses the results of parametric analysis on the monotonic and
cyclic behaviour of steel column-baseplate connections using the developed finite element models.
Compared with moment-rotation curves, moment-column drift curves do not need the selection of
certain point along the column height. In addtion, behaviours of steel column-baseplate
connections such as initial stiffness and ultimate bending moment capacity can be obtained from
moment-column drift curves. Therefore, following parametric study for the behaviours of column-
baseplate connection was conducted on the basis of moment-column drift curves obtained from the
developed finite element model. Moreover, for the ease of observation and comparison, envelope
curves obtained from combining peak points of each cycle of moment-drift curves were presented
for cyclic behaviours of column-baseplate connections.

In this analysis, parametric study of the main variables in a steel column-baseplate connection
was carried out to examine the potential effects of a series of parameters. The authors herein take
into account four different variables which include different axial loads, baseplate thicknesses, as
well as anchor bolt positions and diameters. A course of analysis was conducted with one
parameter varied each time according to Table 3 and the geometric details are illustrated in Fig.10.
It shoud be noted that in the following parametric study, the baseplate dimension is same with Test
1 in Table 2, which has a width and depth of 356 mm, respectively.

3.1 Effects of axial load

To study the effect of axial load, the finite element analysis with 0% to 40% of ultimate
compresive capacity of the column (P,) was conducted. Fig. 11(a) shows the comparison of the
moment-column drift curves obtained from the finite element analysis. As observed in Fig. 11(a),
the increase in axial load can increase both the initial stiffness and ultimate moment capacity of the
steel column-baseplate connection. For specimens with 10% and 20% of P, applied on top of the
column, the ultimate moment capacities were increased to 165 and 213 kN.m, respectively, which
are 45% and 86% higher compared to the one with 0% P, subjected to column (114 kN.m).

Fig. 11(b) shows the moment-column drift curves with differences in axial load. Similar to the
monotonic loading, the increase in axial load increases the initial stiffness and ultimate bending
moment capacity.

Failure modes for column-baseplate connection in monotonic and cyclic loading are similar.
Fig. 12(a) presents the failure modes of column-baseplate connection with zero axial load, in
which the ultimate strength of anchor bolt is higher than that of the connection with 20% P,. Fig.
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Fig. 10 Ilustration of geometric details varied in parametric studies

Table 3 Details of parametric studies

Parameters Values
Axial load on top of column P (kN) 0%P, 10% P, 20% P,
Baseplate thickness #, (mm) 19.1 25.4 38.1
Anchor bolt position /;/], 0.19 0.45 0.70
Anchor bolt diameter ¢, (mm) 19 24 28

12(b) indicates that when a column is subjected to a higer axial load (20% P,), more significant
deformation of baseplate can be observed and less ultimate strength in anchor bolt is produced.

3.2 Effects of baseplate thickness

Fig. 13(a) depicts the comparison of the moment-column drift curves with different baseplate
thickness. It can be observed that the ultimate moment capacity and initial stiffness would increase
with an increase in baseplate thickness, which is within expectation as the yield of baseplate was
delayed by using a thicker baseplate. In particular, the moment capacity was increased by 9.6%
and 12.5% when increasing baseplate thickness from 16.9 to 25.4 and 38.1 mm, respectively. It is
also found from finite element analysis that the behaviour of specimens with baseplate thickness
beyond 38.1 mm is not changed. The initial stiffness and ultimate moment capacity were less
affected due to yielding was not observed in baseplate and the behaviours of column-baseplate
connections largely depend on the anchor bolt.

Fig. 13(b) compares the envelope curves with various baseplate thickness for column-baseplate
connection in cyclic loading. It can be seen that there is slightly increase in the initial stiffness and
ultimate bending moment capacity when increasing baseplate thickness, which is due to the
yielding of baseplate was delayed by the use of thicker plate. However, it can also be observed that
once a certain value of baseplate thickness was reached, the initial stiffness and ultimate bending
moment capacity was less affected by the increase of baseplate thickness, which is similar to the
behaviour of column-baseplate connection in monotoic loading.

Fig. 14 presents the failure modes for specimens with baseplate thickness of 16.9 and 38.1 mm.
It can be seen in Fig. 14(a) that baseplate with small thickness deformed significantly and lower
stress was produced on anchor bolts. For connection with a baseplate of 38.1 mm thick, less
deformation was observed in the baseplate and higher stress was observed in tensile anchor bolts,
which is shown in Fig. 14(b).
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3.3 Effects of anchor bolt position

Three different anchor bolt positions were used in the parametric studies which included /,/fy =
0.19, 0.45 and 0.70. The moment-column drift curves in Fig. 15(a) for different cases showed that
there is no significant change in the initial stiffness. Nevertheless, further anchor bolt away from
column flange results in a higher ultimate moment capacity. Fig. 15(a) also showed that
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connection with /1//, = 0.70 would induce the yield of baseplate before the yield of the anchor bolt,

which performed a curved transition part after yield.

For the effects of bolt position on the cyclic behaviour of column-baseplate connection.
Conclusions from finite element analysis are similar to monotonic loading, initial stiffness were
not significantly affected by the bolt position. However, arrange anchor bolts in the mid-span



766 Dongxu Li, Brian Uy, Farhad Aslani and Vipul Patel

between column flange and baseplate edge can achieve the largest yield bending moment capacity.

Fig. 16 presents the failure modes for specimens with [,/ = 0.45 and 0.70 in finite element
analysis. It can be observed in Fig. 16(a) that anchor bolts in tension sides had more stress and
baseplate was less deformed. For specimen with anchor bolts close to baseplate short-span edge
(Ii/ly = 0.70), anchor bolts were subjected to less stress and baseplate deformed significantly,
which is illustrated in Fig. 16(b).

3.4 Effects of anchor bolt diameter

In order to examine the effects of anchor bolt diameter on the moment-column drift curves,
three different anchor bolt diameters were used in the parametric studies. The anchor bolt
diameters varied from 19 to 28 mm. Fig. 17(a) shows a comparison of the moment-column drift
curves with a difference in anchor bolt diameter. As shown in Fig. 17(a), the ultimate moment
capacity was increased significantly by 46% and 71% when increasing the anchor bolt diameter
from 19 to 24 and 28 mm, respectively. Moreover, the increase in anchor bolt diameter also
increases the initial stiffness of steel column-baseplate connection.

Fig. 17(b) shows the envelope curves with differences in anchor bolt diameter. It can be found
that an increase in anchor bolt diameter causes an increase in ultimate bending moment capacity
and initial stiffness. As shown in Fig. 17(b), the ultimate moment capacity was increased
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Fig. 17 Effects of anchor bolt diameter on moment-column drift curves
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Fig. 18 Failure modes of column-baseplate connections with various anchor bolt diameter
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significantly by 52% and 88% when increasing the anchor bolt diameter from 19 to 24 and 28 mm,
respectively.

Failure modes are largely the same for column-baseplate connection in monotonic and cyclic
loading. Fig. 18 illustrates the failure modes for specimens with an anchor bolt diameter of 19 and
28 mm. The use of smaller bolt diameter results in a higher stress in anchor bolts; meanwhile less
deformation was formed in the baseplate. On the contrary, specimen with 28 mm bolt diameter
leads to the less stress in anchor bolts and more significant deformation in baseplate.

4. Plastic damage in steel column-baseplate connections

Uy et al. (2016) and Li er al. (2016) indicated that elasticity of a steel component is
characterised by its ability to sustain elastic deformation without undergoing significant plastic
deformation. The demountability of steel column-baseplate connection depends on the elasticity of
steel column and baseplate. The demountability of steel column-baseplate connections cannot be
achieved with large plastic deformation occurred in the column or baseplate.

Large plastic deformation in a column and baseplate for steel column-baseplate connections is
illustrated in Fig. 19 and PEEQ represents a equivalent plastic strain. The moment-column drift
curve for column-baseplate connection under monotonic and cyclic loading is presented in Fig. 20
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Fig. 19 Large plastic deformation of column and baseplate in steel column-baseplate connection
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Fig. 20 Demountability of steel column-baseplate connection
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Fig. 21 Effects of axial load on demountability of steel column-baseplate connection

It can be observed from Fig. 20(a) that when the PEEQ is predicted to be less than 0.0015, the
column and baseplate can be demounted up to a bending moment of 92.4 kN.m. In Fig. 20(b), the
loading and unloading paths of the column-baseplate connection in the first 24 cycles coincide,
which indicates that the column-baseplate connection behaves elastically when horizontal cyclic
deformation is small. In the 25™ cycle, large plastic deformation was observed in the baseplate,
which results in the demountability of baseplate hard be achieved.

In this section, the finite element analysis of a steel column-baseplate connection was
conducted for predicting the amount of plastic deformation in the steel column and baseplate. Test
1 with geometric and material details given in Table 2 and Fig. 7(b) was utilised. It is found that
the effects of various parameters on the demountability of a steel column-baseplate connection
under monotonic and cyclic loading were largely the same.

4.1 Effects of axial load

Fig. 21 exhibits the effects of axial load on the demountability of the column-baseplate
connection. P, and M, represent the ultimate axial compression and ultimate bending moment
capacity of the steel column, and M, is the moment where large plastic deformation in the column
and baseplate occurred. Therefore, M, is the maximum bending moment, at which steel column
and baseplate are demountable and reusable. It can be seen that increasing axial load on top of the
column to 20% P, can increase the demountability of the column-baseplate connection.

4.2 Effects of baseplate thickness

Four different baseplate thicknesses were used in the parametric study, which include 7, = 16.9,
254, 38.1 and 50.8 mm. It can be seen from the Fig. 22 that applied moment ratio M,./M,
increased by 245% and 26.4% when increasing baseplate thickness from 16.9 and 25.4 to 38.1 mm,
respectively. However, the maximum bending moment M, did not change when increasing
baseplate thickness from 38.1 to 50.8 mm, which is due to the occurrence of anchor bolt yielding
prior to the baseplate yielding.

4.3 Effects of anchor bolt position

Three different anchor bolt positions were used in this analysis which include /,/l, = 0.19, 0.45
and 0.70. It is shown in Fig. 23 that further anchor bolt from the column flange from 32 to 73 mm
would increase the maximum bending moment M, by 8.8%. However, further anchor bolt from
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Fig. 22 Effects of baseplate thickness on demountability of steel column-baseplate connection
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Fig. 23 Effects of anchor bolt position on demountability of steel column-baseplate connection

the column flange from 73 mm to 113 mm decreased the maximum bending moment M, by 26%
to 78.5 kN.m. On the basis of finite element analysis results, in order to delay the yield of
baseplate and fully make use of baseplate strength, anchor bolts are ideally positioned in the mid-
span between column flange and baseplate short-span edge.

4.4 Effects of anchor bolt diameter

Anchor bolt diameter ranges from 19 to 28 mm were used in this study to examine the effects
of bolt diameter on the demountability of column-baseplate connection. It is illustrated in Fig. 24
that varying bolt diameter along did not influence the demountability of the column-baseplate
connection significantly, which is due to the yield of baseplate occurred prior to the yield of the
anchor bolt. Therefore, the demountability keeps constant, although the ultimate moment capacity
of the connection might increase due to the contribution from anchor bolts.

5. Comparison of initial stiffness and flexural resistance with Eurocode 3
5.1 Concept of Eurocode 3

Eurocode 3 proposed a simplified approach to predict the initial stiffness and bending moment
capacity for steel column-baseplate connection, as shown in Fig. 25. In the proposed method,
column flange in compression is treated as a T-stub; while the contribution of the partly column
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Fig. 24 Effects of anchor bolt diameter on demountability of steel column-baseplate connection

web in compression is neglected. In addition, anchor bolts are the main elements, which provide
tension capacity. As stated in Eurocode 3, flexural resistance Mz, of the connection can be
expressed as Eq. (3).

M pq = F raZi+ F. a2, 3)

in which F,g,; is the resistance in tension from the anchor bolts, F.z; is the resistance in
compression of the simplified T-stub. As illustrated in Fig. 25, Z, and Z. are the distances from the
column centre line. In addition, resistance in tension and compression can be expressed as

A

Fira = ”¢@ )
mb

F;,Rd = f jdbeﬁ”Lqﬂ" ®)

where n is the number of bolts in tension side, ¢ is the safety reduction factor for steel element,
taken as 0.9 and y,, is the safety factor for bolt (1.25). Moreover, f,, and 4, are the ultimate stress
and cross-section area of the bolt. Foundation bearing strength is represented by f,;, which
accounts for the quality of bedding grout and confinement effects of unloaded concrete; by and Legs
are the effective width and length of the T- stub, respectively.

fia =/3J-f£,/% (6)
c0

where 7 is the number of bolts in tension side, ¢ is the safety reduction factor for steel element,
taken as 0.9 and y,,; is the safety factor for bolt (1.25). Moreover, f,, and A4, are the ultimate stress
and cross-section area of the bolt. Foundation bearing strength is represented by f,;, which
accounts for the quality of bedding grout and confinement effects of unloaded concrete; b5 and Ly
are the effective width and length of the T- stub, respectively.

Ly = min{27zm, mm+W,mm+2e,,4m+1.25¢e,,2m+0.625¢, + W /2,2m+0.625¢, + eb,bp /2} (7)

 Fryt+Fp

o = m )
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Fig. 25 Simplified approach for column-baseplate connection from Eurocode 3
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with f, and ¢, representing the yield stress and thickness of baseplate.

In terms of the bending stiffness calculation, Eurocode 3 also recommended a simplified
approach, which comprised stiffness of the compression and tension part. In particular, for the
tension part, anchor bolt stiffness and baseplate stiffness were involved, which rely on the
existence of prying effect. Prying effect exists when Eq. (10) is satisfied.

8.8m°A,

3
LEff tp

(10)

p =

where L, is the anchor bolt elongation length, which equals to sum of 8 times the nominal bolt
diameter, the grout layer, the plate thickness, the washer and half of the height of nut. Calculation
of anchor bolt and baseplate stiffness can be followed in Eqgs. (11) and (12) for scenarios with and
without prying effect, respectively.

1.64 0.85L,;t,°
ky=—""-, k,=—-2" 11
"o, P m? (1

2.04 0.425L,,t,’
ky==—"=, k,= S 12

-1
k, = i+L (13)
k, k,

For stiffness of concrete in compression, Eq. (14) can be used
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° 1.275E,

in which E, and E; are the Young’s Modulus of concrete and baseplate, respectively. And bending
stiffness can be obtained from Eq. (15).

s —_¢F E z?
J»ini ete; i_'_i (15)
k, k.
M kz —kz
e= Rd , e = c“c t<t (16)
Fy, k. +k

5.2 Comparison of results and discussion

According to the approaches recommended by the Eurocode 3, initial stiffness and bending
resistance of a series of column-baseplate connections are calculated and given in Table 4. The
corresponding experimental and finite element analysis results are compared with Eurocode 3.

Specimens 8F and 12F were conducted by Picard and Beauliu (1985), pure bending were
applied on top of the column. Compared with the experiment and finite element methods,
Eurocode 3 overestimates the initial stiffness of specimens 8F and 12F slightly by approximately
8%. For the bending resistance, finite element model produced a 5% higher value compared to
experiment, which may be partly due to the ignorance of bolt threads in the developed finite
element model. However, bending moment capacity from both the finite element analysis and
experiment is smaller than the Eurocode 3.

Stamatopoulos and Ermopoulos (2011) tested specimen SP1 under a combination of flexural
bending and axial load. As observed in Table 4, the initial stiffness from experiment is higher than
that from finite element analysis, which is mainly due to the unclear of axial loading history.
Compared with the predicted values from Eurocode 3, both finite element analysis and
experimental results are conservative. However, in terms of the bending resistance, finite element
model and experiment agree well with the Eurocode 3.

Tests 1, 5 and 7 were carried out by Gomez et al. (2010), where Test 1 was under pure bending
and Tests 5 and 7 were subjected to different levels of axial loads. For these tests, anchor bolts
were positioned close to baseplate corners, which is a different design compared with other
specimens presented in Table 4. The initial stiffness of this column-baseplate connection, which
has large spacing between anchor bolts in tension side, was significantly overestimated by the
Eurocode 3. Compared to initial stiffness, prediction of flexural bending resistance based on
Eurocode 3 is more accurate.

The last four specimens in Table 4 were conducted by Latour ef al. (2014). Various column
sections, baseplate thickness and axial loadings were tested. Furthermore, specimens with column
section HEB240 utilised three anchor bolts in both compression and tension side. As observed in
Table 4, the initial stiffness and flexural bending resistance from both finite element analysis and
experiment are close to the predicted values from Eurocode 3. This is due to the use of more bolts
in column-baseplate connection, which consequently render this design closer to rigid connection
and match the assumption used in Eurocode 3.
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Table 4 Comparison of initial stiffness and moment capacity with Eurocode 3

Specimen Skc3 Srem SExp SS L ﬁ ks Meem M, Exp A]ZECS AA;IECS
J-FEM J+Exp FEM FEM

8F 12428 11323 11560 1.10 1.08 474 41.0 39.0 1.16 1.22

12F 10632 9987 10232 1.06 1.04 454 392 370 1.16 1.23
SP1-0 4601 2316 3200 1.98 144 154 148 13.6 1.04 1.13
SP1-99 5583 2598 4160 2.14 1.35 224 20.1 18.6 1.11 1.20
Test 1 16512 5907 5860 2.80 2.82 111.6 98.2 101.6 1.13 1.10
Test 5 20749 12707 11877 1.63 1.75 150.1 140.0 148.9 1.07 1.01
Test 7 25058 16438 15998 1.52 1.57 176.0 1623 172.0 1.08 1.02
HEA160-15-34 5411 5374 5600 1.01 097 321 351 542 091 0.59

HEA160-15-233 7348 6408 6120 1.15 120 465 428 830 1.08 0.56
HEB240-15-585 19985 19911 20010 1.00 0.99 1274 106.8 116 1.19 1.10
HEB240-25-585 23247 24495 24506 095 095 147.7 1259 129.0 1.17 1.14
Mean 148  1.38 1.10  1.03
Standard deviation (SD) 0.60 0.54 0.08 0.23

Concluded from the Table 4, Eurocode 3 generally over-predicts initial stiffness and bending
moment capacity of the column-baseplate connection. This over-prediction in terms of initial
stiffness is even significantly in the cases where less anchor bolts (semi-rigid connection) and large
spacing between anchor bolts are used. Furthermore, the inaccuracy of the predicted initial
stiffness from Eurocode 3 might also be attributed to the existence of complex interactions
between different components (e.g., anchor bolts and concrete foundation, grout and concrete
foundation).

6. Conclusions

Steel column-baseplate connections with exposed bolted systems are normally utilised in low to
medium rise steel structures to transfer axial forces, shear forces and bending moments to the
concrete foundations. In this paper, the proposed finite element model can accurately predict the
behaviour of steel column-baseplate connections in terms of initial stiffness and bending moment
strength similar to the experimental results.

Comparisons of finite element models and experimental results from the literature showed that
the moment-column drift curves in monotonic loading were similar to those in cyclic loading.
Furthermore, the failure modes, initial stiffness and ultimate bending moment capacities obtained
from the finite element model agree well with the experiments. The validated finite element model
was further extended to conduct a parametric study on the steel column-baseplate connection
under monotonic and cyclic loading. The effects of four parameters were investigated through
finite element analysis by varying one parameter each time.

According to the finite element analysis results from parametric and demountability study, the
authors concluded that an increase in axial load generally increases the initial stiffness, ultimate
bending moment capacity and demountability of column-baseplate connection. The baseplate
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deformation is more significant and ultimate strength in anchor bolt is less under higher axial load,
thus the strength of baseplate and anchor bolt can be fully used. Baseplate thickness and anchor
bolt diameter played an important role in improving behaviours of column-baseplate connection.
Normally, increasing baseplate thickness or anchor bolt diameter increase the initial stiffness,
ultimate bending moment capacity and demountability of the steel column-baseplate connection.
Nevertheless, this trend decreased when increasing baseplate thickness or anchor bolt diameter
alone to a certain value. Furthermore, it is found that arrange anchor bolts in a position, where the
distances to column flange and baseplate short-span edge are similar can make the most use of the
strength of baseplate. Thereby, the initial stiffness, ultimate bending moment capacity and
demountability of the column-baseplate connection can be increased.

Based on the finite element analysis results, it is found that Eurocode 3 over-predicts the initial
stiffness and bending moment capacity of steel column-baseplate connections. This over-
prediction depends on the design details of steel column-baseplate connection, especially the
arrangement of anchor bolts. It can be concluded that more anchor bolts in tension side and small
distance between anchor bolts render the steel column-baseplate connection close to rigid
constraint, which leads to a closer predition to the Eurocode 3.
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