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A quite general base connection modeling capable of accurately representing material and geometrical
nonlinear behavior of the base plate and arbitrary nonlinear contact with concrete foundation has been
demonstrated and its implementation in a finite element nonlinear seismic analysis is presented. A time
domain finite element methodology for nonlinear dynamic analysis problem that accounts for base
connection lift-off and the inelastic behavior of anchor bolts through an incremental-iterative procedure is
developed. A representative problem of cable-stayed bridges tower subjected to strong ground motion is
analyzed. The maximum bearing stress on the concrete foundation as well as the tension force per anchor
bolt that necessary to design the anchorage system is computed.
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1. INTRODUCTION

The base connection between columns and
foundation is one of the most important elements in
steel frame structures and has a great influence on
the entire structural behavior as it is recognized
from analytical and experimental investigations
The nonlinearities that arise due to the particular
behavior of the connections components make the
problem of the analysis of these structures very
difficult. Many observers have reported damage at
column bases during past earthquakes' ~'®. The
Hyogoken Nanbu earthquake of January 1995 in
Japan caused serious damage in a large number of
steel structures. One of the reasons that have been
registered is the failure of the column bases,
resulting in such damage, which proved once again
that special attention must be paid to the proper
modeling and the right construction in such a way
that failure should be avoided in these connections.
The most common arrangement of the base
connections is that a base plate welded at the bottom
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end of the column with anchor bolts embedded in
the concrete, keeping the base-plate in contact with
the foundation. Most of the modern codes™ '” give
little information to the users about the real behavior
of column bases, and practicing engineers usually
treat this connection that represent the support
conditions of the framed structures either as pinned
or fixed, although it has been proved that these
connections are semirigid and the real condition lies
between these two extreme cases. The degree of
semi-rigidity depends on the properties and the
configuration of various elements that form the
connection. Seismic design practice for this class of
connections has not been well developed mainly
because of the rather limited number of analytical
and experimental studies. Most of the experimental
studies have been performed on reduced scale
specimens representing basic types of connections
simulating a column welded to an exposed base
plate, which in turn is connected to a concrete
foundation through anchor bolts. The performance
of the base connection depends on the cyclic



performance of the anchors and the surrounding
concrete foundation. Much research work is needed
in order to better understand the seismic behavior
and to formulate improved design procedures. The
steel frames behavior could only be accomplished
through nonlinear dynamic analyses of complete
frame systems with actual support condition.

The behavior of steel framed structures depends
on the performance of their connections. The design
of base connections should capable of spreading the
load so as to maintain the bearing pressures under
the allowable values and connecting the base plate
and column to the concrete foundation. But strong
earthquake lateral forces can induce base
overturning moments that exceed the available
overturning resistance due to gravity loads causing
base connection anchor bolts lift-off. The objective
of this study is to develop an accurate and
convenient model to predict the performance of
cable-stayed bridge steel tower base connections
under dynamic loadings; to address the problem of
base plate lift-off and to formulate improved design
procedures. A finite element methodology based on
theoretical approach and computer simulations for
nonlinear dynamic analysis problem including base
connection modeling is presented. The base
connection model takes into account: connection
lift-off; the inelastic behavior of anchor bolts,
material/geometrical nonlinear behavior of the base
plate and nonlinear contact with concrete foundation
through an incremental iterative procedure. The
base connection is idealized by a spring system that
considers connection various parameters of base
plate, anchor bolts and material properties. A
representative problem of cable-stayed bridge tower
subjected to strong ground motion recoded at JR
Takatori  Station during Hyogoken Nanbu
earthquake 1995 is analyzed. In addition, the
maximum bearing stress on the concrete foundation
as well as the seismic demand of the anchor bolt
under strong earthquake that is the most important
for design of the anchorage system is computed.

2. FINITE ELMENT MODEL

(1) Tower structure modeling

The steel tower of a cable-stayed bridge located in
Hokkaido is considered in this study. Figure 1
shows a general view of the cable-stayed bridge
elevation. The steel tower is taken out of the bridge
and modeled as three-dimensional frame structure.
A fiber flexural element is developed for
characterization of the tower structure, in which the
element incorporates both geometric and material
nonlinearities. The stress-strain relationship of the

beam element is modeled as bilinear type with
kinematic strain hardening rule. The yield stress and
the modulus of elasticity are equal to 355 MPa
(SM490Y) and 200GPa, respectively; the strain
hardening in the plastic region is 0.01.
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Figure 2. Steel tower of cable-stayed bridge

Table 1 Cross section dimensions of tower parts

Tower Outer dimension (cm)  Stiffener dimension (cm)
parts 4 B 4 4 a bty tr
I 350 240 22 32 25 22 3.6 3.0
I 350 240 22 32 22 20 32 2.8
111 350 240 22 28 20 20 2.8 2.2

v 350 270 22 26 31 22 35 24

Table 2 Cross sectional properties of tower

Cross Moment of Inertia Torsion
. Area 4
sectional () (m”") constant
properties I, I, (m*)
1 0.4856 0.4842 0.7952 0.6391
11 0.4560 0.4617 0.7567 0.6391
111 0.4016 0.4050 0.6856 0.5976
v 0.4621 0.5680 0.7703 0.6903




Inelasticity of the flexure element is accounted
for by the division of the cross section into a number
of fiber zones with uniaxial plasticity defining the
normal stress-strain relationship for each zone, the
element stress resultants are determined by
integration of the fiber zone stresses over the cross
section of the element. By tracking the center of the
yield region, the evolution of the yield surface is
monitored, and a stress update algorithm is
implemented to allow accurate integration of the
stress-strain constitutive law for strain increments,
including full load reversals. To ensure path
dependence of the solution, the implementation of
the plasticity model for the implicit Newton
Raphson equilibrium iterations employs a stress
integration whereby the element stresses are updated
from the last fully converged equilibrium state. The
transformation between element local and global
coordinates is accomplished through a vector
translation of element forces and displacements
based on the direction cosines of the current updated
element coordinate system.

This tower has nine cables in each side; the dead
load of the stiffening girder is considered to be
equivalent to the wvertical component of the
pretension force of the cables and acted vertically at
the joint of cables. The inertia forces acting on the
steel tower from the stiffening girders is neglected.
For the numerical analysis, the geometry and the
structural properties of the steel tower is shown in
Figure 2. This tower has rectangular hollow steel
section with internal stiffeners, which has different
dimensions along tower height and its horizontal
beam; the geometrical properties of the tower are
summarized in Tables 1 and 2. A spectral damping
schemes of Rayleigh’s damping is used to form
damping matrix as a linear combination of mass and
stiffness matrices, which effectively captures the
tower  structures damping and is  also
computationally efficient. The damping ratio
corresponding to the frequencies of the fundamental
in-plane and out-plane modes of tower free
vibration is set to 2%.

(2) Base connection components modeling

In recent decades, long span bridges such as
cable-stayed bridges have gained much popularity.
For these bridges, steel towers are preferred because
of their efficient utilization of structural materials,
improved speed of construction, earthquake
resistance, and so on. Steel towers are usually fixed
by multiple bolts to large anchor frame embedded in
a concrete pier/footing, Figures 3 and 4 show
sketch and details of tower base connection design
drawings and the frame anchorage system, which
provides a reliable and durable anchorage system.

{ Middle
1 (2)
!
I\ I Extremé i/ s Extreme
inner (1) outer (3)

Figure 3. Sketch of the steel tower base connection
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Figure 5. Tower base connection mechanical model
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Figure 6. Base connection components constitutive models

The column base connection consists of 24
anchor bolts arranged outside the tower leg flanges.
To have sufficient weld to transmit the flange force
into the base plate, additional weld is used through
welding vertical plates to the flange and lengthening
the anchor bolts. The complex nature of bolted base
connections requires that advanced analysis



techniques be used for seismic design. Finite
element models of the connection components and
their interaction have been developed. The
sub-models enable a full nonlinear elasto-plastic
analysis of the connection to be performed. A
component spring model for base connections is
proposed. This model incorporates deformations
from tension bolt elongation, bending of base plate
and concrete bearing underneath base plates. The
individual components of the connection are model
by a nonlinear spring. Then each of these springs is
added to the system and its stiffness is assembled
into the final overall stiffness of the connection.
Figure 5 shows mechanical model of the base
connection. In this model, the constitutive
components of the base connection are represented
by means of springs system that includes
extensional springs to simulate the anchor bolts
tension deformation, extensional springs to simulate
the concrete in compression under the base plate.
Each of these springs is characterized by its own
deformability curve as an individual component, as
shown in Figure 6. The stiffness and resistance
properties of the springs are calculated on the basis
of the geometrical characteristics and the
mechanical properties of the nonlinear constitutive
material as given in Table 3. The stiffness of the

concrete is determined by using an elastic half space.

The anchor bolt pretension force and concrete
compression pre-stress state as a result of
self-equilibrium are considered. The nonlinear
behavior of bolts is accounted for by an iterative
numerical procedure. The steel bolt plays little or no
part in the compressive behavior of concrete'®, thus
the bolts in compression are replaced by concrete in
the finite element analysis. The base plate is
assumed rigid (EI = o) within tower leg dimensions,
while the plate projections rigidity (E/) beyond the
tower leg is computed. The anchor bolts are deigned
to yield prior to anchorage rupture.

Table 3 base connection components properties

Description Properties value
E, 205.80 GPa
Stiffness 4 201.2 MN/m
Anchor bolt Yield force / stress 1.93 MN/ 440 MPa
Pre-tension force 0.81 MN
Shear stress 251.4 MPa
Steel / Diameter S45C / M80
E, 24.50 GPa
Concrete Stiffness . 19.852 GPa/m
foundation  Bearing stress 20.58 MPa
Friction coefficient 0.5
Base plate  Steel SM490Y

3. NUMERICAL RESULTS AND DISCUSION

(1) Tower global response
A finite element analysis of steel tower taking into
account a more realistic model for the support

conditions (Case II) including physical base
connection stiffness is demonstrated and a
comparison to simplified support condition

modelling of fixed base (Case I) of fully rigid base
connection assumption is presented. The resulting
dynamic characteristics of the physical base model
are significantly different from those of tower
structure with a fixed base due to base connection
components nonlinearity. The tower top acceleration
and displacement responses are characterized by
three intervals time history, along the first third, the
studied cases have similar response with slight high
acceleration spike and low displacement demand,
along the second third, the tower seismic response is
highly damped free vibration response with longer
natural vibration, while the last third after 20
seconds has free vibration with slight low amplitude
and residual plastic displacement drift decreases as
illustrated in Figures 7 and 8.
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Figure 7. Tower top acceleration response time history
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Figure 8. Tower top displacement response time history
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Figure 9. Tower base shear force reaction time history
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Figure 10. Tower base moment ratio time history

Also, at the early time of time history response
before the formation of hysteretic damping through
the inelastic deformation of base connection
components, the displacement peak response
significantly decreases due to connection flexibility
compared to fully rigid of fixed base model, while
the acceleration response slightly changes with
overridden acceleration spike. Once the base
connection components attain yielding, the
hysteretic damping through connection components
inelastic deformations growth start to affect the
seismic response, which can be clarified from
rapidly decaying after peak excursions of case II
response compared to that of case I.

The semi-rigidity of base connections influences
the moments and forces distribution as well as drift
of tower frame structure. Since the tower top
displacement drift decrease 14% that of fixed base
model, the tower shear and flexural demands slight
decrease 3.7% and 7.6%, respectively, as shown in
Figures 9 and 10. The moment time histories at
tower base show the nature of the response to strong
ground motion. The large pulse in the ground
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Figure 11. Moment & curvature relationship

motion produces a two or three cycles of large force
response, with the amplitude of moment or force
decaying rapidly after the peak excursions. The
shear force response of fixed base model is
characterized by high response spike override the
long period response pulse. It can be understood
from the moment curvature relationship at tower
base and horizontal beam end, Figure 11, that the
fixed base model analysis displays a wide spread of
inelastic deformation through tower elements and
large ductility demands, which could lead to over
conservative design. The base connections
flexibility contribution to the curvature demand
reduction could reach about 42%.

(2) Base connection behavior

The base plate is tightened onto the concrete
foundation by anchor bolts. Turning the nut on the
threads will stretch the bolt to create a clamping
force (preload or initial tension). The initial tension
force will impart a compressive stress on the
concrete foundation. At the initial state, the lower
surface of the base plate is in contact with the
concrete foundation. During seismic excitation, the
base connection components begin to deform. As a
result of the base plate deformation, some regions of
the plate lift-off and lose contact with the foundation
that cause nonlinear contact with concrete
foundation and the load distribution change in the
system. The elongated tensile anchor bolts deform
greatly after their yield under tension force resulting
in material and geometrical nonlinear behavior. The
material nonlinearity is considered by the stress
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Figure 13. Extreme base plate lift-off and contact deformations

strain relationship of the fibers in a section. The
geometric nonlinearity caused by the axial force is
considered by the use of geometric stiffness matrix
as well as the nonlinearity by the interaction
between the axial force and the bending moment is
considered.

The concrete foundation contact stress variation
depends on base plate, concrete bearing and anchor
bolts tensile stiffnesses. The base plate welded to
the end of the column, the bolts and concrete
foundation are deformable structural elements
transmitting acting forces by the mutual and varying
contact. The pre-stress due to connection self-
equilibrium, dead weight and extreme contact stress
distribution is presented in Figure 12.

It is obvious that the contact stress could exceed
the concrete allowable bearing stress at extreme
inner and outer of base connection base plate. The
extreme stress distribution is significantly low
where the base plate is assumed rigid within tower
leg dimension, while the extreme stress has rapid
and high rate growth through the plate projections
beyond the tower leg where the base rigidity
flexibility is considered. Since the yielding of the
outer bolts may be allowed before crushing of the
concrete occurs, the base lift-off is significantly
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Figure 14. Base plate deformation time history

large compared to concrete contact deformation as
could clarified from the base plate lift-off and
contact deformation in Figure 13. As the base plate
begins to bend and to have rotation about an axis
perpendicular to the plane of bending, the bolts on
one side are in tension and some regions of plate
lift-off and lose contact with the foundation while
on the other side the base plate is in compression
contact with concrete. The base plate deformation
time history at plate extremes and middle,
Figure 14, show that the rocking vibration is
dominated the base plate deformation, the maximum
lift-off occurs at extreme outer and reaches about
3.0 cm, a corresponding maximum contact
deformation at the extreme inner reaches 0.32 cm.
Since the anchor bolt is bonded to the anchor
frame embedded inside concrete foundation, it will
provide rotational resistance at the base connection.
Tensile force in the anchor bolt and bearing
(compressive) force form a couple with very small
lever arm. Thus, for a small load within the span a
very large tensile force will develop in the anchor
bolt. This force easily exceeds the yield force of the
anchor bolts causing foundation concrete contact
stress to exceed allowable bearing stress as
illustrated in Figures 15 ~ 18. The distribution of
the tension loads among the anchor bolts depends on
its location and base plate stiffness. The outer
extreme anchor bolts experience large inelastic
hysteretic deformation and large ductility demand
required, while the inner anchor bolts endure
smaller tension forces as a results smaller ductility
and force demands as could be seen from Figure 15.
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Figure 15. Anchor bolt load deflection relationship
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Figure 16. Anchor bolt load time history

The time history of anchor bolt tension force
clarifies that the outer bolts experience tension yield
four times, after the peaks excursion display long
vibration highly damped response followed by free
vibration, as shown in Figure 16. Once the anchor
bolt tension force exceeds the yield force, the
inelastic deformation growth could lead to energy
dissipation through connection details. Also it can
be seen how the applied external excitation is used
to reflect the removal of bolt pre-tension force and
quickly vanishes through the first few cycles within
the first five seconds of the time history response.
The dead weights have slight effects on bolt
pre-tension force release.

The compatible deformation relationship between
concrete and bolts could be obtained, as a result the
anchor bolts experience severe tension yield at
extreme outer, the foundation concrete experiences
high contact compression stresses at extreme inner
as shown in Figure 17. The foundation concrete
underneath the middle rigid base plate is
characterizes by low contact stress within the
allowable bearing stress. It is obvious that the
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Figure 17. Concrete contact stress & deformation relationship
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Figure 18. Concrete foundation contact stress time historv

bending of tower will cause most of the tensile bolts
to elongate in such a way, the yield stress of bolts
and bearing stress of concrete limits are broken. As
a result of the nonlinear behavior of foundation
concrete, the distribution of compressive contact
stresses under the base plate violates the uniformly
distributed approximation. The foundation concrete
initial pre-stress as a self-equilibrium of base
connection vanishes through the first cycle as shown
in Figure 18. As the design tension yield force of
anchor bolts system getting higher, the base plate
and anchor bolts lift-off deformations decrease, and
the foundation contact stress and concrete
deformations significantly getting higher, which
could violate the concrete bearing stress.

4. CONCLUSIONS

In this study, a mathematical modeling of tower
base connection has been demonstrated and its
implementation in a finite element nonlinear seismic
analysis is presented. Numerical investigation,



aiming at accurate description and evaluation of the
base connection real behavior and its effects on the
tower global response has been conducted. The
model contains all the essential features including
base plate elasto-plastic behavior, concrete
foundation contact and material nonlinearity and
anchor bolt constitutive tension deformation without
contribution in compression that characterize the
base connection. The interface between the base
plate and concrete foundation is modeled using
contact elements. The bolts are represented with a
group of elements reflecting the characteristics of
real bolt behavior in an efficient manner.

The semi-rigidity of base connections influences
the moments and forces distribution as well as drift
of tower frame structure. The fixed base model
analysis displays a wide spread of inelastic
deformation through tower structural elements and
large ductility demands, which could lead to over
conservative design. The distribution of the tension
loads among the anchor bolts depends on its
location and base plate stiffness, the outer extreme
anchor bolts experience large inelastic hysteretic
deformations and large ductility demands. The bolt
pre-tension force quickly vanishes through the first
few cycles within the first five seconds of the time
history response. The dead weights have slight
effects on bolt pre-tension force release. The base
lift-off is significantly large compared to concrete
contact deformation; the distribution of compressive
contact stresses under the base plate violates the
uniformly distributed approximation. As the design
tension yield force of anchor bolts system getting
higher, the base plate and anchor bolts lift-off
deformations decrease, and the foundation contact
stress and concrete deformations significantly
getting higher, which could violate the concrete
bearing stress.
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