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ABSTRACT
Steel bridge piers have found wide application in highway bridge systems around the globe.
Steel tubular bridge piers, compared with concrete ones, are light and ductile. They can be built
under severe constructional restrictions, such as in limited spaces throughout urban areas like
New York and Tokyo, where the effective use of the limited spaces are desired strictly. They are
also applied to locations where heavy superstructures are unfavorable, such as on soft ground,

reclaimed land and bay areas.

In general, steel bridge piers are designed as single columns of the cantilever type, or one to
three-story frames. Steel columns in highway bridge systems are commonly composed of
relatively thin-walled members of closed cross-sections, either box or circular in shape, because
of their high strength and torsional rigidity. Such structures are considerably different from
columns in buildings. The former are characterized by: failure attributed to local buckling in the
thin-walled members; irregular distribution of the story mass and stiffness; strong beams and
weak columns; low rise (1-3 stories); and a need for the evaluation of the residual displacement.
These make them vulnerable to damage caused by local and overall interaction buckling in the
event of a severe earthquake. A sound understanding of the inelastic behavior of thin-walled
steel tubular columns is important in developing a rational seismic design methodology and

ductility evaluation of such structures.

For this purpose, this thesis deals with the stability and ductility evaluation of thin-walled

XV



circular steel bridge piers under cyclic loading. The basic characteristics of the thin-
walled circular steel bridge piers and several methods in improving strength and ductility
capacity of such structures was investigated. A procedure for ultimate strength and
ductility evaluation of thin-walled circular steel bridge piers was developed. The
application of the procedure was demonstrated by comparing the computed strength and
ductility of some bridge piers with test results. The developed procedure is applicable for
both the design of new, and retrofitting of existing, thin-walled circular steel bridge piers.
The effects of some important parameters, such as width-to-thickness ratio, column
slenderness ratio and residual stress, on the stability and ductility of thin-walled circular
steel bridge piers, will be presented and discussed. A reasonably good agreement between
the experiment and the analysis confirms the validity of the finite element modeling
adopted in this study. From this study it is found that with the increase in eccentric
distance, the load-carrying capacity of the eccentrically loaded columns in the eccentric
side is greatly decreased, while in the opposite side it is increased. The results of this
study also indicate that the buckling modes of the eccentrically in-plane loaded columns
are almost the same as those of the centrally loaded columns when the eccentric distance
lies within 30 percent of the column height. It was found that the strength and ductility of
the eccentrically loaded columns can be conveniently obtained from those of the centrally

loaded columns.

XVi



CHAPTER1
INTRODUCTION
1.1 Background

Structural engineers are continuously involves in designing structures such as buildings,
bridges, tunnels, etc. To design and build structures that will withstand in all loading
situations and environmental conditions, such as earthquakes, high wind loads,
landslides, and flooding, needs advanced technology. The most extreme conditions any
structures will need to resist is the seismic activity which is produced by earthquakes.
Structural engineering scholars have made great progresses in predicting the reaction of
structures subjected to earthquakes. Recently, the advancement in structural design
standards and methods increase the stability and ductility in resisting earthquakes.

Thin-walled steel tubular bridge piers, with and without longitudinal and Ilateral
stiffeners, in the form of cantilever columns and planar rigid frames, have been used in
modern highway bridge systems because of their high strength and torsional rigidity. For
example, Figure 1 shows bridge piers of thin-walled circular and rectangular box sections
supporting an elevated highway bridge in Nagoya, Japan (Mamaghani et al., 2011). These
types of structures are susceptible to damage caused by local and overall interaction
buckling when subjected to severe earthquakes because their sections are characterized
by a large width-to-thickness ratio of the flange plate (for box section), and by a large

radius-to-thickness ratio of the circular section.



Figure 1.Thin-Walled Steel tubular Columns Supporting Elevated Highway Bridge in
Nagoya, Japan.
Steel tubular bridge piers, compared with concrete ones, are light and ductile. They can
be built under severe constructional restrictions, such as in limited spaces in urban areas
like New York and Tokyo, where the effective use of the limited spaces are strictly
desired. They also may be applied in locations where heavy superstructures are
unfavorable, such as on soft ground, on reclaimed land, and in bay areas (Mamaghani et

al., 2015a).

In general, because of these restrictions, steel bridge piers are designed as single columns
of the cantilever type as shown in Figure 1, or one- to three-story frames, and they are
commonly composed of relatively thin-walled members of closed cross-sections, either
box or circular in shape because of their high strength and torsional rigidity (Mamaghani,
1996). These make them vulnerable to damage caused by coupled instability, (i.e., the
interaction of local and overall buckling) in the event of a major earthquake (Mamaghani
et al., 1996a). For example, Figure 2 shows a steel bridge pier of hollow box section,
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which was suffered severe local buckling damage near the base of the pier in the 1995
Kobe earthquake. When structural members are composed of thin-walled steel plate
elements, the local buckling of the component plates may influence the strength and

ductility of those members (Mamaghani, 1997, 2006).

Figue 2. Damaged Bridge Pier Due to January 1995 Kobe Earthquake, Japan.

To improve seismic capacity of steel bridge piers of tubular sections, a number of
researchers, among others, Banno et al. (1998), Fukumoto (2004), Gao et al. (2006,
2000a, 2000b, 1998), Hajjar (2000), JRA(1996), Kitada et al. (2000), Mamaghani (2015,
2008,2006a, 2006b, 2006c, 2005, 1996), Mamaghani et al. (2015a - 2015d, 2014a - 2014
d, 2011, 2008, 1997, 1996a, 1996b, 1995), Mamaghani and Packer (2002), Nakanishi et
al. (1999), Nishikawa et al. (1998, 1996), Obata and Goto (2004), Shen et al. (1995),
Uenoya et al. (2003), and Usami et al. (1995, 1996) have experimentally and

theoretically investigated the stability and plastic ductility of steel tubular columns. Based



on the damage sustained by steel bridge piers in the Kobe earthquake and extensive test
results, one of the important challenges of seismic design and retrofit of steel tubular
columns is to increase the ductility of the columns while keeping their ultimate strength
almost unchanged. Therefore a sound understanding of the cyclic inelastic behavior of
thin-walled steel tubular columns is important in developing a rational performance-
based seismic design methodology and ductility evaluation of such structures. Also
seismic retrofits of existing steel tubular columns that do not satisfy the new seismic
design method regulations are needed in order to enhance their strength and ductility.
Since 1995 Kobe earthquake, the Japanese seismic design code adopted a new design
for highway bridges where the damages of columns are controlled, so the deformations
under input earthquake waves are within acceptable values (Goto et al, 2006). For this, it
is necessary to correctly forecast the ultimate behavior of thin-walled steel columns so
that it can sustain during severe earthquakes. It is essential to examine the ultimate
behavior of thin-walled steel columns under cyclic bidirectional lateral loading in the
presence of a constant compressive centric or eccentric axial load (Gao et al., 2000a; Gao
et al., 2000b).

This study examines the behavior of thin-walled steel columns subjected to a constant
compressive centric/eccentric axial load and cyclic in-plane/out-of-plane lateral loading
using a nonlinear finite element analysis software program (ABAQUS, 2013). A number
of different specimens are modeled in ABAQUS (2013) and subjected to different
loading programs at different eccentric distance from the center of top columns. The
experimental and analytical results are compared by plotting the hysteretic behaviors of

the columns. The deformation patterns of each model is also examined.



In what follows, the finite element modelling of thin-walled steel columns under
eccentric in-plane and out-of-plane loading will be presented in chapter 2. The stability
evaluation of thin-walled steel tubular bridge piers subjected to cyclic eccentric in plane
lateral loading will be discussed in chapter 3. The stability evaluation of thin-walled steel
tubular bridge piers subjected to cyclic eccentric out-of-plane lateral loading will be
discussed in chapter 4. The application of the method will be demonstrated by comparing
the computed strength and ductility of some bridge piers with test results. The method
will be applicable for both the design of new, and retrofitting of existing, thin-walled
steel tubular bridge piers. The effects of some important parameters, such as width-to-
thickness ratio, column slenderness ratio and residual stress, on the ultimate strength and
ductility of thin-walled steel tubular bridge piers, will be presented and discussed. The

overall conclusions and future research needs will be presented in chapter 5.



CHAPTER 11

FINITE ELEMENT MODELLING OF THIN-WALLED STEEL TUBULAR
COLUMNS UNDER ECCENTRIC IN-PLANE AND OUT-OF-PLANE LOADING

2.1 Introduction

A large number of eccentrically loaded steel column have been constructed in many
countries, especially in Japan, due to several factors, such as ground conditions, shape of
the bridge piers and eccentric load from the superstructure. An additional bending
moment, which is a function of eccentricity, is generated due to the eccentric load which
comes from the superstructure as a term of dead load or live load. The load carrying
capacity of the column decreases in the eccentric side due to this additional bending
moment. Introducing torsional moment makes the structure more complicated. A study
conducted by Nagoya Public Highway Corporation shows the importance of considering
eccentricity in predicting seismic behavior of steel bridge piers. In practice, the
eccentricity could be as large as 0.1 to 0.5 of height of column (Gao et al., 2000a).
Recently an extensive study was carried out to investigate the behavior of concentrically-
loaded hollow steel column but the behavior of eccentrically loaded column has hardly
investigated. In the past three decades several tests were conducted by Nagoya University
to investigate the behavior of cyclic eccentrically-loaded steel tubular bridge piers (Gao
et al., 2000b). Usami (1999) compared the test result with concentrically loaded steel
column to show the differences in behavior. Ge et al. (2000) compared the test result with

analytical modeling and after extensive studies established a correlation between



concentric and eccentrically loaded column. In this chapter, first the characteristics of
thin-walled steel tubular bridge piers will be reviewed and discussed. Then finite element

modelling of the eccentrically loaded bridge piers will be presented.

2.2 Characteristics of Thin-Walled Steel Tubular Bridge Piers

Steel tubular columns in highway bridge systems are commonly composed of relatively
thin-walled members of closed cross-sections, either box or circular shape, because of
their high strength and torsional rigidity. Such structures are considerably different from
columns in buildings. The failure characterization of the former one is attributed to local
buckling in the thin-walled members, irregular distribution of the story mass and
stiffness, strong beams and weak columns, low rise (1-3 stories). Hence there is a need
for the evaluation of the residual displacement._These can make the columns vulnerable
to damage caused by local and overall buckling in the event of a severe earthquake

(Mamaghani, 2006a; Mamaghani, 2006b).

Different parameters for steel columns are considered in analysis and compared to the
experimental results. The most important parameters consider in the practical design and
ductility evaluation of thin-walled steel hollow columns are the radius-to-thickness ratio
for circular sections, R;, and the slenderness ratio parameter, A of the columns
(Mamaghani, 2006a). R; influence the local buckling of the section while A controls the

global stability (Mamaghani, Khavanin, Erdogan, & Falken, 2008a). They are given by

R, = % /3(1 —v?) % (for circular section) ()

,1:&1\/5 (2)
rgm\ E



in which, b = flange width; 7 = plate thickness; o, = yield stress; E = Young’s modulus; v
= Poison’s ratio; n = number of subpanels divided by longitudinal stiffeners in each plate
panel (n =1 for unstiffened sections); » = radius of the circular section; 4 = column

height; r, = radius of gyration of the cross section.

The elastic strength and deformation capacity of the column are expressed by the yield
strength H,y, and the yield deformation (neglecting shear deformations) &,, respectively,

corresponding to zero axial load. They are given by:

M

H, = Ty (3)
Hyh3

53’= 3yEI (4)

Where: M, = yield moment, / = moment of inertia of the cross section. Under the
combined action of buckling under constant axial and monotonically increasing lateral
loads, the yield strength is reduced from H, to a value denoted by H,. The corresponding
yield deformation is denoted by d,. The value H, is the minimum of yield, local buckling,

and instability loads evaluated by the following equations:

P 0.85Hyh

— =1

Py My(l—%) (5)
L (6)
Py M,y

Where: P = the axial load; P, = the yield load; P, = the ultimate load and; Pr = the Euler

load.



2.1 Loading
In case of out-of-plane moment, despite complex loading, out-of-plane bending moment
M, is more dominant than torsional moment, 7 and in-plane moment, M, because of its

high magnitude. M; T, and M, are expressed by the following equations:

M, =P.e
(7
M, =H.h
(8)
T=H.e (€]

Here, P = Vertical load; e = eccentricity; H = transverse load acting in the out-of-plane

direction; and /& = height of the column.

Usually eccentricity e, which is obtained from practical investigation, is taken 30%-40%
of column height h. The intention of this study is to make a relation between
concentrically loaded hysteresis diagrams with eccentrically loaded hysteresis diagram as
a lot of study is carried out on concentrically loaded column. Another purpose is to study
the effect of several factor such as, eccentricity e, radius-thickness ratio, R and column
slenderness ratio, A. These parameters are expressed by following equations (Nishino,

1987):

o A 7a  ao< Oy D

Ocr.pipe
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2.3 Finite Element Modeling of the Eccentrically Loaded Steel Tubular Bridge Piers

2.3 .1 Material Modeling

The cyclic behavior of structure depends on the mechanical property of the material
represented by the stress-strain hysteresis loops such as bilinear kinematic hardening and
multi-linear kinematic hardening rule. The effects of mechanical properties of material on
cyclic behavior of steel structures were studied by many researchers. Schneider (1998)
considered structural steel as elastic-perfectly plastic material while Guo (2007)
considered linear kinematic hardening and Han (2007) considered multinear kinematic
hardening. The behavior of structure greatly depend on the material model (constitutive
law) used in the analysis, namely isotropic hardening model and kinematic hardening
model. The effect of constitutive law on cyclic behavior of steel structures were studied
by Mamaghani (1996) and Gao et. al. (1998). The cyclic behavior of structure such as,
hysteresis loops, which represent the energy absorption by the structure, and buckling
shape is considerably different under isotropic hardening and kinematic hardening
material models. The reason is due to the fact that in the isotropic hardening material
model strain hardening takes place in both tension and compression directions due to
cyclic loading. In contrast, the kinematic hardening rule consider the Bauschinger effect,
while the yield surface with a constant radius translates. The yield surface translation

results in strain-hardening of the material in loading direction and softening of the

10



material in opposite (unloading) direction. In this study, the multilinear kinematic
hardening material model is used in the analysis as it predicts material behavior better

than the isotropic hardening material model (Gao et al., 1998; Mamaghani et al. 1997).

2.3 .2 Modeling of Bridge Piers under Eccentric In-Plane Loading

The bridge piers under eccentric in-plane loading is modelled as shown in figure 3. In
this study full scale model was analyzed to obtain reasonably accuracy result. The
vertical load P is applied at the eccentric distance e. The load P is transmitted to the
bridge pier through rigid bars connecting the loading point to several points at the top of

pier, Figure 3.

Figure 3.In-Plane Loadingv of the Analyzed Column.
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2.3.3 Finite Element Discretization of Bridge Piers

The finite element modeling of tubular column is shown in Figure 4. For thin-walled steel
columns, local buckling always occurs near the base of the columns. Therefore, a coarse
mesh discritization is employed for the upper part of the column; while finer mesh
discritization is adopted for the lower part of the column to consider the effect of local
buckling, see Figure 4. The length from the base, which equals the radius of the column,
is divided into 15 segments, while the following length of the column is divided into 30
segments along the column length. In the circumferential direction, both meshing patterns
consist of 20 segments. Adopting these two different meshing patterns reduces the
computation time and required memory space in the analysis.

The above stated mesh divisions are determined by trial and error method. It is found that
such mesh divisions can give an accurate result. The initial deflections of the column are
not considered in the analysis as their effect is insignificant on the cyclic behavior (Banno

et al., 1998).

30 Elements
Mesh

20 Elements

15 Elements Mesh

Mesh

T b — e E T T

——
— . ——

-

(a)
Figure 4. Meshing Details of Bridge Piers, (a) Elevation, (b) Circumferential Direction
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Column was modeled using shell element S4R, a 4 node reduced integration shell
element. Plasticity was assumed distributed along cross section of shell element and
along the length of column. Five Gaussian integration point is used across the cross
section to distribute the plasticity along cross section. Figure 5 shows a schematic

diagram of S4R element.

Figure 5.Shell Element (S4R)

2.3.4 Loading History

The objective of the present study is to evaluate possible maximum deterioration in
strength and ductility of thin-walled tubular steel bridge piers caused by eccentrically
applied in-plane and out-of-plane constant axial load and cyclic lateral loads in-
comparison with the conventional centrically applied constant axial load and cyclic

lateral loads. While keeping the vertical compressive load constant (P/Py = 0.15), the

lateral displacement amplitude is monotonically increased by the integer multiples of the

initial yield displacement given by 6y0 (cyclic lateral displacements of increasing

amplitude +0,9, £20y, ..., £8J,9 at the top of the column). Under the same amplitude, one

13



loading cycle is given to the columns. Most of the cyclic unidirectional loading tests
conducted for thin-walled columns adopt one loading cycle (Mamaghani et al., 2008)
The applied axial force P/Py = 0.15, where P is a dead load acting at the top of the

column and Py = 6,A is a yield compressive strength of the column.

o0y 1, 0/0y 12
i i = 8
5 g 4
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1] o
2 g
o -8 =] -8
12 -12
0 1 2 3 4 5 o 1 2 3 4 5 &
load Step Load Step
(a) Centrally Loaded, e=0.0h (b) Eccentrically Loaded, e=0.5h
Figure 6.Eccentric In-Plane Cyclic Loading
4
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2 2
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(a) Centrally Loaded. e=0.0h (b) Eccentrically Loaded, e=0.4h

Figure 7.Eccentric Out-of-Plane Cyclic Loading
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CHAPTER III

ANALYSIS AND STABILITY EVALUATION OF THIN-WALLED STEEL
TUBULAR BRIDGE PIERS SUBJECTED TO CYCLIC-IN- PLANE ECCENTRIC
LOADING

3.1 Introduction

In recent years thin-walled steel tubular columns have found a wide range of usage as
bridge piers for highway bridge systems in Japan and other countries. These steel bridge
piers are beneficial compared to concrete piers. They are light, ductile, and they can be
built under severe constructional restriction, such as highly populated urban areas like
New York and Tokyo due to their small cross sectional areas. They are also advantageous
in environments that cannot support heavy superstructures, such as areas with soft

ground, reclaimed land and, bay areas (Mamaghani et al., 2010).

Thin-walled steel columns are preferred in Japan as bridge piers for elevated bridges in
urban areas because of the stated advantages and high earthquake resistance. After
lessons learned from the 1995 Kobe earthquake (JSCE Earthquake Engineering
Committee, 2000), the Japanese seismic design code (Japan Road Association, 2002) for
highway bridges adopted a new design concept where the damages of columns are
controlled, so the residual deformations after being subjected to earthquake waves are
within an allowable value. Therefore, when these thin-walled steel columns are subjected
to severe earthquakes it is necessary to accurately predict the ultimate behavior (Goto et

al., 2006).
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Steel bridge piers because of the stated restrictions generally designed as single columns
of the cantilever type, or one to three-story frames, most commonly composed of
relatively thin-walled circular or box shape members of closed cross-sections because of
their high strength and torsional rigidity (Mamaghani et al., 1996). This can make them
susceptible to damage caused by the coupled instability, i.e., the interaction of local and
overall buckling, in the event of a major earthquake (Mamaghani et al, 2008b). For
example, Figure 2 shows a hollow steel bridge pier which suffered severe local buckling
near the base of the pier in the Kobe earthquake. While structural members are composed
of thin-walled steel plate elements, the inelastic seismic behaviors of thin-walled steel
columns are affected by the cyclic metal plasticity as well as the local buckling behavior

of individual plate elements (Gao, et al., 1998).

In this chapter, the behavior of thin-walled steel tubular columns under the cyclic
eccentric in-plane loads was examined. This study examined the ultimate strength and
ductility capacity and correlation between centrally and eccentrically loaded steel
columns subjected to cyclic transverse (horizontal) load at the top of columns. All
columns were considered as circular sections. An extensive elastoplastic finite-element
analysis was conducted on the eccentrically loaded columns subjected to cyclic
transverse loading to find a correlation between the eccentrically and centrally loaded

columns.

3.2 Loading Program
Each test model was subjected to a specific central/eccentrical loading pattern at the top

of the column controlled by displacement. Figure 6 illustrates the specific cyclic loading
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program for P13. In the model, a horizontal displacement, &, was applied at the top of
the model with a constant compressive force, P, which is illustrated in Figure 3. Where o,

is the horizontal displacement at the loading point when the model begins to yield. J, is

calculated here by Equation (7)

3
Hyh

Oy = 3EI (7)

Where H, represents the horizontal force corresponding to /4 = the column height, EI =

the bending rigidity. Table 1 lists the loading parameters for each respective models.

12 12

Displacement []
0o b O » ©®

Displacement []
o A O » ©®

-12 -12
0 1 2 3 4 5 o 1 2 3 4 5 6
load Step Load Step
(a) Centrally Loaded, e=0.0h (b) Eccentrically Loaded, e=0.5h

Figure 8. Model P13 Loading Programs
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Table 1: Models Loading Parameters.

Model | a=p/Py | Py [KN] | P [KN] | Hy [KN] | &,[m] | 8o[m]
P1-e0 0.12 7222 867 408 0.0107 | 0.0000
P1-el 0.12 7222 867 408 0.0107 | 0.0034
P1-e2 0.15 7222 867 408 0.0107 | 0.0068
P3-e0 0.15 4784 718 122 0.0389 | 0.0000
P3-el 0.15 4784 718 122 0.0389 | 0.0344
P8-e0 0.15 7287 1093 306 0.0140 | 0.0000
P8-el 0.15 7287 1093 306 0.0140 | 0.0075
P8-e2 0.15 7287 1093 306 0.0140 | 0.0150
P9-e0 0.15 7287 1093 184 0.0389 | 0.0000
P9-el 0.15 7287 1093 184 0.0389 | 0.0347
P12-e0 0.15 10861 1629 451 0.0140 | 0.0000
P12-e2 0.15 10861 1629 451 0.0140 | 0.0076
P13-e0 0.15 7287 1093 460 0.0062 | 0.0000
P13-el 0.15 7287 1093 460 0.0062 | 0.0022
P13-e2 0.15 7287 1093 460 0.0062 | 0.0044
P13-e3 0.15 7287 1093 460 0.0062 | 0.0067
P13-e4 0.15 7287 1093 460 0.0062 | 0.0089
P13-e5 0.15 7287 1093 460 0.0062 | 0.0110
3.3 Numerical Method

Numerical studies on the cyclic behavior of thin-walled steel tubular columns were
carried out using the computer program ABAQUS (2013). Figure 6 shows the analytical
model of an eccentrically loaded column that is simplified to centrally loaded column
conducted that an eccentric load P is now treated as a concentric load, and an additional
bending moment, M, is introduced. The results from the finite element analysis are
compared with the experimental results (Gao et al., 2000b). The experimental data was
used to validate the accuracy of the cyclic elastoplastic large displacement finite element

analysis procedure used in ABAQUS (2013). Table 2 lists the geometrical parameters for
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the thirteen specimens used in this study. Here, R, = radius-thickness ratio of cross
section; A= column slenderness ratio; 4 = column height; D = diameter of pipe section; ¢
= plate thickness; and e=eccentric distance. In this study, the eccentric distance, e, was
assumed to be range from 0 to 0.5k. In the case of e = 0 refers to the centrally loaded
column. The axial force, P, was taken as 0.15P, (P, = squash load) for all the columns

except for the P1 series, where 0.12Py was applied (Gao et al., 2000b).

Table 2: Geometrical Properties of Analyzed Columns

Model | h[m] D [m] t[m] | A[m’] R, A e/h
Pl 3.403 0.891 0.009 | 0.024938 | 0.0115 | 0.26 0.0
Pl-el | 3.403 0.891 0.009 | 0.024938 | 0.0115 | 0.26 0.1
Pl-e2 | 3.403 0.891 0.009 | 0.024938 | 0.0115 | 0.26 0.2
P3 7319 0.891 0.00732 | 0.020322 | 0.0115 | 0.50 0.0
P3-el | 7.319 0.891 0.00732 | 0.020322 | 0.0115 | 0.50 0.1
P8 4391 0.891 0.0112 |0.030957 | 0.075 | 0.30 0.0
P8-el | 4.391 0.891 0.0112 |0.030957 | 0.075 | 0.30 0.1
P8-¢2 | 4.391 0.891 0.0112 |0.030957 | 0.075 | 0.30 0.2

P9-e0 7.319 0.891 0.0112 | 0.030957 | 0.075 0.50 0.0
P9-el 7.319 0.891 0.0112 | 0.030957 | 0.075 0.50 0.1
P12 4.391 0.891 0.0168 | 0.046139 | 0.050 0.30 0.0
P12-e2 | 4.391 0.891 0.0168 | 0.046139 | 0.050 0.30 0.2
P13 2.927 0.891 0.0112 | 0.030957 | 0.075 0.20 0.0
P13-el | 2.927 0.891 0.0112 | 0.030957 | 0.075 0.20 0.1

P13-e2 | 2.927 0.891 0.0112 | 0.030957 | 0.075 0.20 0.2
P13-e3 | 2.927 0.891 0.0112 | 0.030957 | 0.075 0.20 0.3
P13-e4 | 2.927 0.891 0.0112 | 0.030957 | 0.075 0.20 0.4
P13-e5 | 2.927 0.891 0.0112 | 0.030957 | 0.075 0.20 0.5
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(a) Centerally Loaded Column (b) Eccentrically Loaded in-Plane Column

Figure 9. Numerical Analytical Model
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Figure 10. View of Eccentrically Loaded Steel Circular Section Bridge pier Constructed

in Urban Area of Japan.
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3.4 Finite Element Analysis

The computer program ABAQUS 6.13(2013) which is a finite element analysis program,
which was used to study the behavior of the thin-walled steel tubular columns. Each
column was created using SHELL 281 elements. Local buckling generally occurs near
the base of the columns. Therefore, a finer mesh was adopted for the lower part of the
column to consider the effect of local buckling, while a coarser mesh is adopted for the
upper part of the column. The fine mesh was used to a height equal to the diameter, D
from the base of the column. The finite element model of the tubular column and mesh is
shown in Figure 4. For Meshing, lower part of the column, which is equal to the diameter
of the column, was divided into 15 segments, while the rest of the column was divided
into 30 segments along the length. In the circumferential direction, column is divided into
20 segments. The above stated mesh divisions are determined by trial and error method
and it is found that such mesh divisions give an accurate result.

All input data for geometric and material parameters in ABAQUS (2013) is listed in
Tables 2 and 3. Initial imperfections of thin-walled circular columns such as initial
deflections and residual stresses were not considered in the analysis. The initial
deflections of the plates were not considered in the analysis as their effect is insignificant

on the cyclic behavior (Banno et al., 1998).
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Table 3: Model Material Properties

Model | E[Gpa] | o,[Mpa] | o,[Mpa] | v[m/m] gy Est

P1 206 289.6 576 0.3 0.001406 | 0.019682
Pl-el 206 289.6 576 0.3 0.001406 | 0.019682
P1l-e2 206 289.6 576 0.3 0.001406 | 0.014058
P3 206 235.4 426.1 0.3 0.001143 | 0.011427
P3-el 206 2354 426.1 0.3 0.001143 | 0.011427
P8 206 235.4 426.1 0.3 0.001143 | 0.011427
P8-el 206 2354 426.1 0.3 0.001143 | 0.011427
P8-e2 206 235.4 426.1 0.3 0.001143 | 0.011427
P9 206 235.4 426.1 0.3 0.001143 | 0.011427
P9-el 206 2354 426.1 0.3 0.001143 | 0.011427
P12 206 235.4 426.1 0.3 0.001143 | 0.011427
P12-e2 206 2354 426.1 0.3 0.001143 | 0.011427
P13 206 235.4 426.1 0.3 0.001143 | 0.011427
P13-el 206 2354 426.1 0.3 0.001143 | 0.011427
P13-e2 206 2354 426.1 0.3 0.001143 | 0.011427
P13-e3 206 235.4 426.1 0.3 0.001143 | 0.011427
P13-e4 206 2354 426.1 0.3 0.001143 | 0.011427
P13-e5 206 235.4 426.1 0.3 0.001143 | 0.011427

3.5 Comparison between Computed Hysteresis Curves of Centrally and
Eccentrically Loaded Columns

The objective of the study was to evaluate possible maximum deterioration in strength
and ductility of thin-walled tubular steel columns caused by in-plane cyclic unidirectional
lateral load and constant axial centric compressive load in comparison with the constant
axial eccentric compressive load. Therefore, to determine the transverse load versus
transverse displacement relationship between the centrally and eccentrically loaded
columns, 12 columns, including six centrally loaded columns, were analyzed. The
Figures 12 to 38 compare the analytical hysteresis curves of the centrally and

eccentrically loaded columns. Here, H, is the lateral yield load of the centrally loaded

column and was taken as the smaller of equations (5 and 6) (Gao et al., 2000b):
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Where M, = yield moment of cross section; Pr = Euler’s buckling load of cantilever
column; P, = ultimate strength of centrally loaded column; and 6, = yield displacement
(Gao et al., 2000b).

3.6 Correlation between Centrally and Eccentrically Loaded Columns

Sketches of centrally and eccentrically loaded columns are shown in Figure 11. In this
figure, H, indicates the transverse load of centrally loaded column and H, indicates the
transverse load of eccentrically loaded columns, respectively while o, and 8, denote the
corresponding transverse displacements of two types of columns. According to the elastic

theory, neglecting shear deformation, o, and . can be written as follows:

Hch3
8 =~ (8

Heh3

6 =6, + 3E] (8

Where E = Young’s modulus; / = inertial moment of cross section; and 4 = column
height. Moreover, J is the initial transverse displacement resulting from the eccentric

vertical load, and given by equation (10 and 11) :

Myh?
8o =~ (10)
Form equation 11 to 13
h3
6 —6c— 6o =7=(H,— H,) (11)

3EI

WhereM, = P * e; and e is the eccentric distance (Gao et al., 2000b).
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Figure 11. Sketches of (a) Centrally Loaded Column; (b) Eccentrically Loaded Column

3.7 Numerical Results

Using ABAQUS (2013), finite element analysis results for each models were produced.
Some of the model results obtained by (Gao et al., 2000b) were used to validate the
analysis results. Figures 12, 13, and 15 to 23 show comparison of the analytical hysteresis
curves of the centrally and eccentrically loaded columns. In each plot of Figure 12, 13,
and 15- 23, the dashed lines are the results of the centrally loaded column, whereas the
solid lines are for the results of the eccentrically loaded column. It is noticed from the
figures that the load-carrying capacity in the eccentric side is significantly reduced due to
the presence of the eccentric load. On the other hand, the maximum strength in the other

side is much larger than that of the centrally loaded column.

To determine the most accurate results considering (Gao et al., 2000b) data and the
results were plotted in Figures 31-38. Results obtained were used to validate the finite
element model and were plotted for comparison with experimental values. The finite

element analysis results were used to plot hysteretic curves. Finite element analysis and
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experimental results for normalized lateral load (H/H,) versus normalized lateral
displacement (/6,) were plotted and compared. Comparisons of buckling, model stress
distribution and deformation level near the base of the columns at the &4, - +8 stage for
pl and P8 series was plotted. Also, Stress distribution and deformation level near the base
of the columns at the /6, - +10 load stage for p12 and P13 series was plotted. And also
for p3 series at /o, - 6 displacement. Envelopment curves of the horizontal load-
displacement relations are plotted for each analysis shown in Figures 25-30. Comparison
of Hysteresis Curves plotted for P13 series in Figures 19-24. Also, comparison of
Envelope Curves between analysis and experimental results were plotted for Pland P13

series in Figures 35-38.
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Figure 12. Model Pland P1-e1 Comparison of Normalized Lateral Load vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 13: Model P1 and P1-e2 Comparison of Normalized Lateral Load vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 14. Comparison of Buckling Modes of Columns P1 Series :(a) P1-e0; (b) P1-el;
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Figure 15. Model P3 and P3-el Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 16. Model P8, P8-el Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 17. Model P8 and P8-e2 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 18. Model P12 and P12-e2 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 19. Model P13 and P13-e1 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 20. Model P13 and P13-e2 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 21. Model P13 and P13-e3 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load
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Figure 22. Model P13 and P13-e4 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load
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Figure 23. Model P13and P13-e5 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.

H/Hy

10

3
-5
3/dy

Figure 24. Model P13 toP13-e5 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 25. Model P1 Series Envelopment Curves of Horizontal Load Vs. Displacement
Relation.
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Figure 26. Model P3 Series Envelopment Curves of Horizontal Load Vs. Displacement
Relation.
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Figure 27. Model P8 Series Envelopment Curves of Horizontal Load Vs. Displacement
Relation.
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Figure 28. Model P9 Series Envelopment Curves of Horizontal Load Vs. Displacement
Relation.
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Figure 29. Model P12 Series Envelopment Curves of Horizontal Load Vs. Displacement
Relation.
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Figure 30. Model P13 Series Envelopment Curves of Horizontal Load Vs. Displacement
Relation.
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Figure 31. Comparison of Hysteresis Curves of Steel Circular Columns between FEA

Analysis and Experimental P1-el
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Figure 32. Comparison of Hysteresis Curves of Steel Circular Columns between FEA

Analysis and Experimental P1-e2
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Figure 34. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and

Experimental P13-e4
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Figure 35. Comparison of Envelope Curves between Analysis and Experimental P1-el
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Figure 36. Comparison of Envelope Curves between FEA Analysis and Experimental,

Pl-e2
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Figure 37. Comparison of Envelope Curves between FEA Analysis and Experimental

P13-e2
1
0.5
0
-0.5
>
L 1
- r 1 {0 ¥ 1 A |  eee=- Test
15 FEA
-2
-2.5
6 9 12

-9 3
d/dy
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3.8 Conclusion

The study deals with the stability evaluation of thin-walled steel tubular columns exposed
to cyclic elastoplastic in plane eccentric lateral loading. Thin-walled steel tubular
columns used as bridge piers have found a variety of usage in highway bridge systems in
constructional restricted urban areas, such as Japan and New York. Compared with
concrete, steel tubular bridge piers are light and ductile, it can be applied in locations that
heavy superstructures are unfavorable, such as bay areas, soft ground, and reclaimed
land. Finite element analysis computer program, ABAQUS (2013) was used to run
analysis the models that are exposed to centrally and eccentrically loads. The
experimental results are obtained from (Gao et al., 2000b) and were used to validate the

finite element analysis results.

Based on finite element analysis the followings are concluded:

e The load-carrying capacity of the eccentrically loaded columns in the eccentric
side is significantly decreased with the increase in eccentric distance, whereas in
the opposite side it is increased.

e  When the eccentric distance e lies 0- 0.4k for pipe columns, the buckling modes
of the eccentrically loaded columns are almost the same as those of the centrally

loaded columns.
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CHAPTER 1V

ANALYSIS AND STABILITY EVALUATION OF THIN-WALLED STEEL
TUBULAR BRIDGE PIERS SUBJECTED TO CYCLIC-OUT- PLANE
ECCENTRIC LOADING

4.1 Introduction

For generations, the main concern for the society of structural engineers is the effects of
an earthquake on structure. Constantly structural engineers are designing structures with
consideration of severe earthquakes. In Japan where earthquakes are very common,
elevated highway bridge often use thin-wall steel columns composed of stiffened plate
elements as piers. Thin-walled steel columns are advantageous because of their small
cross-sectional areas and high earthquake resistance. It is crucial to predict their ultimate
hysteretic behaviors accurately to make sure that the safety of the structures under major

earthquakes (Japanese Road Association, 1996).

In chapter 3, the strength and ductility correlation between the centrally and eccentrically
loaded columns, subjected to cyclic in-plane transverse (horizontal) loading, has been
discussed. It was discovered that the ultimate strength on the eccentric side has been
significantly reduced with the increase of eccentric distance, and the strength and
ductility of the eccentrically loaded columns can be conveniently obtained from those of
the centrally loaded columns (Gao et al., 2000b). In this chapter, an eccentrically loaded
steel circular section column was exposed to cyclic out-of-plane transverse loading, in

addition to a constant eccentric load, at the tip was considered. Bending moments in two
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directions and increasing twisting moment with respect to axial direction were applied to
the column. It becomes complex to find the column’s relationship with the centrally
loaded columns. The structural stiffness with respect to the out-of-plane direction has
been greatly enriched by the bridge decks. The eccentrically loaded bridge piers are
probably damaged by the combination of the bending and twisting moments during a
severe earthquake event (Gao et al., 2000b). The out-of-plane bending moment, M/,
mainly controls the hysteretic behavior of the column since the in-plane bending moment,
M,, and the twisting moment, 7, are relatively small compared to the value of M;. The
expressions of M;, M,, and T are as follows:

M ,= P*e;

M; = H*h; (9)

T = H*e

Where P = vertical load; e = eccentric distance; H = transverse load in the out-of-plane
direction; and 4 = column height. The eccentric distance, e, is taken to range from 0.1h to

0.4h based on the result of a practical investigation on the eccentric distance.

The inelastic seismic behaviors of thin-walled steel columns are affected by the cyclic
metal plasticity as well as the local buckling behavior of individual plate elements and
eccentric load. Various numerical techniques have been developed to improve the
accuracy of the geometrical nonlinear analysis, which takes into account the local
buckling of plated structures. Over the years, many reliable numerical methods have been
available in commercial general purpose finite element analysis programs (Goto et al.,

1998). This study focused on using the finite element analysis program, ABAQUS
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(2013), to accurately model and predict the behavior of steel bridge piers subjected to
cyclic loading. To demonstrate the validity of the analysis, I analyzed the numerical
method presented by Ge et al. (2000). Total of 21 columns were analyzed to obtain the
hysteretic behavior of the centrally and eccentrically loaded columns for comparison. It
was found that the ultimate strength and ductility formulas of the centrally loaded
columns can be used for the eccentrically loaded columns subjected to cyclic out-of-plane

loading by introducing a modification coefficient for the initial structural stiffness.

4.2 Numerical Analytical Method

4.2.1 Analytical Model

All columns were modelled considering twisting moment. Buckling deformation of the
out-of-plane will controlled by bending moment because of its larger influence compare
to in-plane and twisting moments. Numerical studies on the cyclic behavior of thin-
walled steel tubular columns were conducted using the computer program ABAQUS
(2013). A total of twenty one hollow circular columns were analyzed. Table 4 lists the

specific geometrical parameters of each models.

Numerical studies on the cyclic behavior of thin-walled steel tubular columns are carried
out using the computer program ABAQUS (2013). Figure 39 shows the analytical model
of an eccentrically and centrally loaded columns conducted. An eccentric load P is now
treated as a combination of a concentric load, P and a bending moment, My. In addition to
bending moment, M; a twisting moment, 7" was also introduced due to transverse out-of-
plane load, H. The results from the finite element analysis were compared with the

proposed results obtained by (Gao et al., 2000b). The experimented data was used to

42



validate the accuracy of the cyclic elastoplastic large displacement finite element analysis
procedure used in ABAQUS (2013). Table 4 lists the geometrical parameters for the
twenty one specimens used in this study. Here, R, = radius-thickness ratio of cross
section; A= column slenderness ratio; 4 = column height; D = diameter of pipe section; ¢
= plate thickness; and e=eccentric distance. In this study, the eccentric distance, e, is
assumed to be range from 0 fo 0.4h. In the case of e = 0 refers to the centrally loaded
column. The axial force, P, is taken as 0.15P,, (P, = squash load) for all the columns (Gao

et al., 2000b).

Table 4: Geometrical Properties of Analyzed Columns

Model | him] | DIm] | t[m] | A[m’] | R A e/h
P5-e0 4,391 0.891 0.008412 | 0.02332 | 0.1000 0.30 0.0
P5-el 4,391 0.891 0.008412 | 0.02332 | 0.1000 0.30 0.1
P5-e2 4,391 0.891 0.008412 | 0.02332 | 0.1000 0.30 0.2
P8-e0 4.391 0.891 0.011217 | 0.03100 | 0.0750 0.30 0.0
P8-el 4,391 0.891 0.011217 | 0.03100 | 0.0750 0.30 0.1
P8-e2 4,391 0.891 0.011217 | 0.03100 | 0.0750 0.30 0.2
P9-e0 7.319 0.891 0.011217 | 0.03100 | 0.0750 0.50 0.0
P9-el 7.319 0.891 0.011217 | 0.03100 | 0.0750 0.50 0.1
P12-e0 4.391 0.891 0.016825 | 0.04621 | 0.0050 0.30 0.0
P12-el 4.391 0.891 0.016825 | 0.04621 | 0.0050 0.30 0.1
P12-e2 4,391 0.891 0.016825 | 0.04621 | 0.0050 0.30 0.2
P13-e0 2.927 0.891 0.011217 | 0.03100 | 0.0750 0.20 0.0
P13-e2 2.927 0.891 0.011217 | 0.03100 | 0.0750 0.20 0.1
P13-e2 2.927 0.891 0.011217 | 0.03100 | 0.0750 0.20 0.2
P13-e3 2.927 0.891 0.011217 | 0.03100 | 0.0750 0.20 0.3
P13-e4 2.927 0.891 0.011217 | 0.03100 | 0.0750 0.20 0.4
P14-e0 2.927 0.891 0.008412 | 0.02332 | 0.1000 0.20 0.0
P14-el 2.927 0.891 0.008412 | 0.02332 | 0.1000 0.20 0.1
P14-e2 2.927 0.891 0.008412 | 0.02332 | 0.1000 0.20 0.2
P15-e0 2.927 0.891 0.016825 | 0.04621 | 0.0500 0.20 0.0
P15-el 2.927 0.891 0.016825 | 0.04621 | 0.0500 0.20 0.1
P15-e2 2.927 0.891 0.016825 | 0.04621 | 0.0500 0.20 0.2
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Finer Mesh

(a) Centerally Loaded Column (b) Eccentrically Out-of-Plane Loaded Column

Figure 39. Numerical Analytical Model.
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Figure 40: Model Stress-Strain Curve.

4.2.2 Finite Element Analysis

Several numerical methods have been developed to improve the accuracy of geometrical
nonlinear analysis that takes into account the local buckling. The finite element analysis

program which was used to assess the hysteretic ultimate behavior of the thin-walled
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steel piers was ABAQUS (2013). The analysis results are compared with the proposed
results to validate the finite element analysis. The input geometrical and material
properties are listed in Tables 4 and 5. Each model was created using SHELL 281
elements having the specified properties that is used in the experimental model. For thin-
walled steel columns, local buckling usually occurs near the base of the columns.
Therefore, a coarse mesh discretization was implemented for the upper part of the
column; while a finer mesh discretization was implemented for the lower part of the
column to consider the effect of local buckling. The fine mesh discretization was used to
a height equal to the radius, r, of the model from the base of the column. The finite
element modeling of the tubular columns and mesh discretization is shown in Figure 34
(a). The plasticity spread is considered both through the thickness and in the plane of the
elements. The shell element employed is a four-node doubly curved shell element (S4R)
in which there is only one sample point, but five layers were assumed across the
thickness. These element types can account for the effect of transverse shear deformation.
Initial geometrical imperfections and residual stresses were neglected in this analysis

(Shen et al., 1995).

It also should be noted that the steel pier models are moderately thin. The bending
moment force is more dominant to the cyclic behavior of the piers than the vertical
compressive force. Therefore, the effects of the initial imperfections on the present pier
models are less significant than those on the extremely thin columns under purely
compressive loads. Finally, the large amplitudes of alternating loads will also reduce the

effect of initial imperfections (Goto et al., 1998).
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Table 5: Material properties of Analyzed Columns

Model | E [Gpa] | 6,[Mpa] | o, [Mpa] | v [m/m] gy Est Est/Ey €y

P5-e0 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P5-el 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P5-e2 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P8-e0 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P8-el 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P8-e2 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P9-e0 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P9-el 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P12-e0 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P12-el 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P12-e2 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P13-el 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P13-e2 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P13-e3 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P13-e4 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P14-e0 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P14-el 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P14-e2 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P15-e0 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P15-el 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534
P15-e2 206 235 426 0.3 | 0.001141 | 0.011408 | 10 | 0.020534

4.3 Loading Program

All models were subjected to a specific central/eccentrical out-of-pane loading pattern at
the top of the column controlled by displacement. Figure 41 shows the specific cyclic
loading program for P13. In the model, the specified alternating horizontal load under
displacement control was squash, load applied to the top of the model with a constant
compressive force, P, illustrated in Figure 1, where o, is the horizontal displacement of

the loading point when the model begins to yield. d, is calculated here by the Equation:
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Hyh3
Y 3E

(13)

Where H, represents the horizontal force corresponding to, & = the column height, ET =

the bending rigidity. Table 4 lists the loading parameters for each respective models.

Displacement []
NG A O BN OON

load Step

Displacement []

o
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o/\/\/\/
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Load Step

(a) Centrally Loaded, e=0.0h

(b) Eccentrically Loaded, e=0.4h

Figure 41: Model P13 Loading Programs.

Table 6: Models Loading Parameters.

Model | o =P/Py | Py [KN] | P[KN] | Hy [KN] | &y[m] p

P5-e0 0.15 5481 822 232 0.0140 | 1.000
P5-el 0.15 5481 822 232 0.0140 | 1.039
P5-e2 0.15 5481 822 232 0.0140 | 1.156
P8-e0 0.15 7286 1093 306 0.0140 | 0.000
P8-el 0.15 7286 1093 306 0.0140 | 1.039
P8-e2 0.15 7286 1093 306 0.0140 | 1.156
P9-e0 0.15 7286 1093 184 0.0389 | 0.000
P9-el 0.15 7286 1093 184 0.0389 | 1.039
P12-e0| 0.15 10859 | 1629 451 0.0140 | 0.000
P12-e1| 0.15 10859 | 1629 451 0.0140 | 1.039
P12-e2 | 0.15 10859 | 1629 451 0.0140 | 1.156
P13-e0| 0.15 7286 1093 460 0.0062 | 0.000
P13-e2| 0.15 7286 1093 460 0.0062 | 1.039
P13-e2| 0.15 7286 1093 460 0.0062 | 1.156
P13-e3| 0.15 7286 1093 460 0.0062 | 1.351
P13-e4| 0.15 7286 1093 460 0.0062 | 1.624
P14-e0 | 0.15 5481 822 348 0.0062 | 0.000
P14-e1| 0.15 5481 822 348 0.0062 | 1.039
P14-e2| 0.15 5481 822 348 0.0062 | 1.156
P15-e0 | 0.15 10859 | 1629 676 0.0062 | 0.000
P15-e1| 0.15 10859 | 1629 676 0.0062 | 1.039
P15-e2 | 0.15 10859 | 1629 676 0.0062 | 1.156
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4.4 Results

A series of numerical analyses were conducted to investigate the effect of the main
parameters on the hysteretic behavior of the eccentrically loaded columns. The
geometrical parameters of the analyzed columns are given in Table 4. The axial load, P,
was kept constant as 0.15Py and applied at a point with a distance e from the centroid of
the column section. The same size section was also centrically loaded by 0.15P,. Here, P,
stands for squash load. In this presentation, JIS SS400 mild steel (equivalent to ASTM
A36) was employed. Here, eccentric distance, e was taken from 0.1%4 to 0.4k with the
material properties as listed yield stress oy = 235 MPa; ultimate tensile stress cu = 426
MPa; initial strain hardening modulus Ej; = E/40; Young’s modulus E = 206 GPa; strain
at the onset of strain hardening, €, = 10¢,; yield strain, €, = 0.114%; and Poisson’s ratio n
= 0.3. To compare the analytical results with those of the centrally loaded columns, the
stepwise increased displacement, +138y, +23y, . . . ,was applied till it failed to the free
end of the cantilever model. Here, dy is the yield displacement of the corresponding
centrally loaded column without including the effect of the transverse shear deformation
(Gao et al., 2000b).

The finite element analysis results were produced for each model using ABAQUS
(2013). The results were then compared to proposed data presented by (Gao et al., 2000)
to validate the analysis. For comparison finite element analysis and proposed results of
normalized lateral load (H/H,) versus normalized lateral displacement (&/5,) hysteretic
curves in the out-of-plane direction were plotted for P5-el, P5-e2, P13-e2, and P13-e4

models. For comparison, the result of a corresponding centrally loaded column is also
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plotted for all models. Also, the deformation pattern and stress distribution was
compared for P13 series models.

From the hysteresis diagrams, it is noted that the initial structural stiffness of the
eccentrically loaded column decreases with the increase in eccentric distance mainly
because of the twisting moment. A modification coefficient was derived to match the
initial structural stiffness of the eccentrically loaded column with that of the centrally
loaded column. According to the elastic theory, the transverse displacement, o,, and the
transverse load, H,, of the eccentrically loaded columns in the out-of-plane direction can

be expressed as:

__ Heh® | T.hxe

Oe T Gl (14)

Where G =E / [2(1 + )] =shear modulus, Ip = polar moment of inertia

Heh3 . .
—— = bending deformation;
3EI GIp

T.hxe

= twisting deformation

In the case of thin-walled pipe section column it can be written as follows

5e=’f—§[1+3(1+v)(%)2]=% (15)
Where B = [1 +3(1+v) (%)2] (10)

Centrally loaded column, the transverse displacement, o, is as follows:

__ Hch®

Oc 3EI (17)
Transverse load correlation between centrally and eccentrically loaded columns can be

obtained when dc and de.

He == (18)
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If given displacement o, point P; will be transferred to point P, after H, multiplied by f3.
Then, the initial structural stiffness of the eccentrically loaded columns was modified to
match that of the centrally loaded columns. Figures 75-81 illustrates comparisons of
computed envelope curves by using BH/H, for all models.

Comparison between experimental and analyzed models envelope curves were also
plotted in Figures 82-90. From the analysis, the following observations can be made:
When the eccentric distance increase the maximum strength and ductility capacity of the
eccentrically loaded columns decrease. But, deteriorations in both strength and ductility
are relatively small in the case of e =0.1A. A large difference in strength and ductility was
observed in the cases of e = 0.2/ and e = 0.3A. It should also be noted that the initial
structural stiffness of the eccentrically loaded column decreases with the increase in
eccentric distance, mostly largely due to the influence of the twisting moment.

Figure 42 compares the buckling modes of the column P13 series. Figure 42 (a) shows
the buckling of centrally loaded model. Figure 42 (b-e) shows buckling for eccentrically
loaded models having eccentricity e=0.1h to 0.4h. The figure shows that the buckling
deformation from the in-plane direction. It indicates that the out-of-plane bending
moment dominates the hysteretic behavior of the columns. While eccentricity increase by
10% loading amplitude (&/dy) decrease by 1. Shell elements near the base of the column
on the eccentric side deform inward due to the presence of the cyclic twisting moment.
For the thin walled pipe member subjected to a pure torque, a diamond buckling mode
can be observed. Hence, for such cantilever columns, the inward deformation on the

eccentric side can be attributed to the effect of the cyclic twisting moment (Timoshenko,

1961).
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Figure 42. Comparison of Buckling Modes of Column P13 Series
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Figure 43. Model P5-e0 and P5-el Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 44. Model P5-e0 and P5-e2 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 45. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and

Experimental P5-e0
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Figure 47. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and
Experimental P5-el
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Figure 48. Model P8-e0 and P8-e1 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 49. Model P8-e0 and P8-e2 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 50. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and

Experimental P8-e0
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Figure 51. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and

Experimental P8-el
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Figure 52. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and
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Figure 53. Model P9-e0 and P9-e1 Comparison of Normalized Lateral Load Vs. Lateral
Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 54. Model P12-e0 and P12-e1 Comparison of Normalized Lateral Load Vs.
Lateral Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 55. Model P12-e0 and P12-e2 Comparison of Normalized Lateral Load Vs.
Lateral Displacement of Centrally Concentric Load and Eccentrically Concentric Load
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Figure 56. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and

Experimental P12-e0
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Figure 57. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and

Experimental P12-el
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Figure 58. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and

Experimental P12-e2
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Figure 59. Model P13-e0 and P13-e1 Comparison of Normalized Lateral Load Vs.
Lateral Displacement of Centrally Concentric Load and Eccentrically Concentric Load
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Figure 60. Model P13-e0 and P13-e2 Comparison of Normalized Lateral Load Vs.
Lateral Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 63. Model P13-e0 and P13-e3 Comparison of Normalized Lateral Load Vs.
Lateral Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 61. Model P13-e0 and P13-e4 Comparison of Normalized Lateral Load Vs
Lateral Displacement of Centrally Concentric Load and Eccentrically Concentric Load
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Figure 62: Comparison of Hysteresis Curves of Steel Circular Columns between FEA and

Experimental P13-e0
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Figure 63. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and
Experimental P13-e2
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Figure 64. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and
Experimental P13-e3
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Figure 65. Model P14-e0 and P14-e1 Comparison of Normalized Lateral Load Vs.
Lateral Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 66. Model P14-e0 and P14-e2 Comparison of Normalized Lateral Load Vs.
Lateral Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 67. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and
Experimental P14-e0
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Figure 68. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and
Experimental P14-el
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Figure 69. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and

Experimental P14-e2
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Figure 70. Model P15-e0 and P15-e1 Comparison of Normalized Lateral Load Vs.
Lateral Displacement of Centrally Concentric Load and Eccentrically Concentric Load
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Figure 71. Model P15-e0 and P15-e2 Comparison of Normalized Lateral Load Vs.
Lateral Displacement of Centrally Concentric Load and Eccentrically Concentric Load.
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Figure 72. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and

Experimental P15-e0
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Figure 73. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and
Experimental P15-¢1.
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Figure 74. Comparison of Hysteresis Curves of Steel Circular Columns between FEA and
Experimental P15-el
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Figure 76. Model P8 Series Envelopment Curves of Horizontal Load Vs. Displacement

Relation.
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Figure 77. Model P9 Series Envelopment Curves of Horizontal Load Vs. Displacement
Relation.
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Figure 78. Model P12 Series Envelopment Curves of Horizontal Load Vs. Displacement
Relation.
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Figure 79. Model P13 Series Envelopment Curves of Horizontal Load Vs. Displacement
Relation.
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Figure 80. Model P14 Series Envelopment Curves of Horizontal Load Vs. Displacement
Relation.
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Figure 81. Model P15 Series Envelopment Curves of Horizontal Load Vs. Displacement

Relation.
1.6
1.4
1.2
1
>
L 08
- AN eeee- Test
0.6 FEA
0.4
0.2
0
2 3 4 5 6 7 8

0 1
5/dy

Figure 82. Comparison of Envelope Curves of Steel Circular Columns between FEA and

Experimental P5-e0
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Figure 83. Comparison of Envelope Curves of Steel Circular Columns between FEA and
Experimental P5-el
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Figure 84. Comparison of Envelope Curves of Steel Circular Columns between FEA and
Experimental P5-¢2
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Figure 85. Comparison of Envelope Curves of Steel Circular Columns between FEA and
Experimental P8-e0
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Figure 86. Comparison of Envelope Curves of Steel Circular Columns between FEA and
Experimental P8-el
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Figure 87. Comparison of Envelope Curves of Steel Circular Columns between FEA and
Experimental P8-¢2
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Figure 88. Comparison of Envelope Curves of Steel Circular Columns between FEA and
Experimental P12-e0
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Figure 90. Comparison of Envelope Curves of Steel Circular Columns between FEA and

Experimental P12-e2
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4.5 Conclusion

In this study, the finite element analysis program ABAQUS (22013) was used to model
thin-walled steel bridge piers subjected to out-of-plane cyclic transverse load. The
experimental data was used to validate the analysis results. The model was developed for
circular cross sections. The results were then plotted on hysteresis loops and compared to
the experimental results. As a result, the finite element analysis program ABAQUS
(2013) using material models appears to predict the behavior of model with reasonable

accuracy.

Based on the analytical results, the following conclusions can be made:

e The load-carrying capacity of the columns is greatly reduced as eccentric, e
distance increases.

e In the cases of P13 series e < 0.1h and A < 0.20, or e < 0.1h and R; < 0.075, the
ultimate strength and ductility capacity of the eccentrically loaded columns are
almost the same as those of the centrally loaded columns. When eccentricity is
higher than e=0.1h, as eccentricity increase by 10% of height, 4 amplitude (¥dy)
decrease by 1.

e Comparison of the buckling modes indicated in Figure 42 shows that the out-of-
plane bending moment dominates the hysteretic behavior of the columns, and the
inward deformation on the eccentric side is attributed to the effect of the cyclic

twisting moment.
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CHAPTER V

CONCLUSION

The usage of thin-walled steel tubular columns as bridge piers have found a wide
application in highway bridge systems in Japan as well as other highly populated areas
where there are severe constructional limitations since it has small cross-sectional areas
and high earthquake resistance. Steel tubular bridge piers, compared with concrete, is
light, ductile, and advantageous in environments that cannot support heavy
superstructures such as areas with bay areas, soft ground, and reclaimed land. Structural
engineers have been continuously looking for new ways to improve design procedures.
One area of great concern is the necessity to accurately predict the ultimate behavior of
thin-walled steel columns used as bridge piers during severe earthquakes. It is essential to
examine the ultimate behavior of thin-walled columns under cyclic in-plane and out-of-

plane lateral loading.

In this study, thin-walled steel columns were subjected to in-plane lateral loading and
out-of- plane lateral loading having a constant compressive axial force was applied at
eccentric distance. The experimental results for cyclic loading thin-walled steel bridge
pier model with circular hollow sections conducted by (Gao et al., 2000b) were used to
validate finite element analysis of the model using ABAQUS (2013). Results for the

models were plotted and compared with the proposed results for the respected models.
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Analysis covered in Chapters II and III, the comparison between the hysteresis loops
show that there is a reasonably close agreement between the finite element analysis and
experimental results. The differences in the models adopted in the analysis can be
explained by the fact that they do not accurately consider the reduction of the elastic
range due to plastic deformation, known as the Bauschinger effect. The size of the elastic
range was taken to be constant, which does not represent the actual behavior of steel. As
seen in both Chapters II and III, it can be confirmed that the strength and ductility of the
column for the larger R, becomes lesser. Based on the proposed and numerical results, a
seismic design methodology for ultimate strength and ductility evaluation of hollow thin-
walled steel tubular columns was presented. The method was based on the empirical
ductility equations for column’s plate sub-elements and involves an elastoplastic
pushover analysis and failure criterion accounting for local buckling. Based on the
ultimate strength and ductility capacity, a seismic design verification method for thin-
walled tubular beam-columns was presented and discussed. The application of the
method was demonstrated by comparing the computed strength and ductility of some
cantilever columns with the test results. A good correlation between the computed and
test results was achieved. The effects of some important material characteristics and
structural parameters, such as, residual stress, width-to-thickness ratio, and column
slenderness ratio, on the ultimate strength and ductility of thin-walled steel tubular
columns, was investigated. The method is applicable for both the design of new and

retrofitting of existing thin-walled steel tubular columns.
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