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To investigate the hysteretic behaviour of an eccentrically loaded partially-concrete-filled steel
tubular (PCFST) bridge pier in an out-of-plane horizontal direction, a quasi-static experiment
and finite element (FE) analysis of steel tubular columns were carried out. In this study, four
PCFST column specimens were tested under constant eccentrically loaded and out-of-plane
horizontal cyclic loading. The elasto-plastic behaviour and failure mode of these specimens
were investigated. Secondly, the FE models of these four experimental PCFST columns were
established, through comparisons with the experimental results, the validity of the selected
elements, mesh division, the contact relationship between the concrete and the steel pipe,
and the boundary conditions of FE models were verified. Thirdly, 30 FE models of PCFST
bridge piers were analyzed to ascertain the effects of slenderness ratio 4, radius-thickness ratio
R, and vertical load eccentricity ratio e/L on ultimate strength and ductility. Finally, an
empirical formula was proposed to describe the ultimate strength and ductility of such bridge

Experimental
Finite element analysis

piers for engineering application under complicated loading conditions.

1. Introduction

Steel bridge piers, which have excellent mechanical properties
and seismic performance, have been widely used in viaducts and
beltways around the world, however, damage to steel bridges,
such as local buckling and ductile fracture, occurred in the
superstructure and substructure in the 1994 Northridge earthquake,
the 1995 Kobe earthquake, the 2008 Wenchuan earthquake, and
the 2016 Kumamoto earthquake (Japan Society of Civil Engineers,
1996; Chen and Duan, 2014; Japan Road Association, 2018). In
recent studies, various bridge piers have been proposed to
improve the seismic performance of bridge piers (Nishikawa et
al., 1998; Yamao et al., 2002; Wang et al., 2011; Skalomenos et
al., 2016; Zhao et al., 2018; Mahdavi et al., 2019) following the
1995 Kobe earthquake. Little damage to the partially-concrete-
filled steel bridge pier of Han-shin highway viaduct was
observed during, and after, the Kobe earthquake (Japan Society
of Civil Engineers, 1996): the high bearing capacity and ductility
arising as a result of the use of in-filled concrete can prevent

development of local buckling deformation in steel bridge piers,
as evinced by both experiment and numerical analysis (Usami
and Ge, 1994; Usami et al., 1997; Ge and Usami, 1996; Iura et
al., 2002; Michel and Julia, 2004; Goto et al., 2010, 2012, 2014,
Hua et al., 2014; Shimaguchi and Suzuki, 2015; Kim and Shim,
2016).

With the rapid development of modern urban transportation
systems, eccentrically loaded steel bridge pier columns, such as
the inverted L-shaped bridge piers and frame bridge piers of
viaducts, and bridge piers in curved bridges, have appeared in
viaducts and beltways (Fig. 1). Eccentrically loaded bridge piers
are subjected to pressure, bending, shear, and torsion. This
combined action is caused by the vertical eccentric load from the
superstructure and additional seismic action that affects the
overall performance of steel bridge piers (Gao et al., 2000a,
2000b). Several researchers (Sakimoto et al., 2002; Aoki et al.,
2003; Ge et al., 2003; Hirota et al., 2005) have experimentally, and
theoretically, investigated the seismic capacity of eccentrically
loaded steel bridge piers. Their work indicates that the bearing
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Fig. 1. Eccentrically Loaded Steel Bridge Pier (the inverted L-shaped
bridge pier)

capacity and ductility of eccentrically loaded steel bridge pier
columns were greatly decreased along the out-of-plane horizontal
direction, and empirical formulae for the ultimate strength and
ductility of steel tube bridge piers were provided (Gao et al., 2000Db).
The ultimate strength and ductility of axial loaded PCFST
bridge pier columns have also been evaluated (Iura et al., 2002;
Nie et al., 2012; Kim et al., 2016; Wang et al., 2015, 2016; Sui
et al., 2018). If the influence of the ultimate strength and
ductility of eccentrically loaded PCFST columns along the out-of-
plane direction can be ascertained, it will provide a theoretical
foundation from which to broaden application of this type bridge pier.
The objective of this research is to investigate the ultimate
strength and ductility of eccentrically loaded PCFST columns
along the out-of-plane direction through experimental and
numerical analytical methods. In this study, four PCFST column
specimens are tested under constant axial eccentric loading and
out-of-plane horizontal cyclic loading. Secondly, FE models of
the four experimental specimens are established, and validity of
these FE models will be verified through comparison with
experimental results. Thirdly, 30 FE model PCFST bridge piers
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Fig. 2. Test Specimen

ultimate strength and ductility. Finally, an empirical formula is
proposed to describe the ultimate strength and ductility of the
bridge piers.

2. Experimental Programme

2.1 Test Specimens

In this study, the PCFST inverted L-shaped bridge pier is
assumed to be a cantilever column, the eccentric compression
load and horizontal cyclic load act on top of column along the
out-of-plane direction. These four PCFST column specimens are
designed according to the test set-up and loading conditions
applicable to the laboratory (see Fig. 2). The dimensions of these
specimens, and other parameters related, are listed in Table 1,
where, L is the vertical distance between the bottom of the column
and horizontal loading point, R is the external radius of the steel
pier, ¢ is the thickness of the steel tube (5.75 mm), 4 is the
slenderness ratio of the column, R, is radius-thickness ratio, H, is
the concrete in-fill height, {'is the concrete-filling ratio (HyL), e is
the horizontal distance between the vertical load and centre of the
column, e/L is the eccentricity (0.1), P is the vertical axial load,
and P, is the yield load of the hollow steel tube. The axial
compression ratios (P/P,) are 0.1 and 0.15 in a condition with the
same slenderness ratio and radius-thickness ratio. R,, 4, the theoretical
horizontal yield stregnth H, and the theoretical horizontal yield
displacement 9, are calculated as follows:

rR=2% [as

are analyzed numerically to ascertain effects of slenderness ratio, T €))
radius-thickness ratio, and vertical load eccentricity ratio on their

Table 1. Dimensions and Mechanical Parameters of Experimental Specimens

Specimen L/ mm R/ mm A R, Hy/ mm =HyL e/ mm e/l P/KN PIP,
SCP1 1530 150 0.27 0.073 530 0.35 153 0.10 183.4 0.10
SCP2 630 0.41 274.9 0.15
SCP3 180 0.22 0.087 530 0.35 220.8 0.10
SCP4 530 0.35 331.0 0.15
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Table 2. Mechanical Property of Steel and Concrete

Material o/MPa o¢/MPa o,/MPa FE/GPa E/GPa v
Steel 347 506 - 218 - 0.28
Concrete - - 51 - 31.062  0.20

2L [o,
I @

o, —P/Rv) —Pe

R ®)
5 _ALL 1+3(1+v)(2)

=130y | @
Where,

E= Young’s modulus
I= The second moment of inertia of the hollow steel
tubular cross-section
r= Radius of gyration of the hollow steel tubular
cross-section
v= Poisson’s ratio
o,= Yield strength

The steel is of Type Q345 in accordance with the Chinese
standards: material properties such as its yield strength o,
ultimate strength ¢,, Young’s modulus E, and Poisson’s ratio v
are 347 MPa, 506 MPa, 218 GPa, and 0.28, respectively. The
concrete is a C50 grade where the compressive strength o,
Young’s modulus E, and Poisson’s ratio v are 51 MPa, 31.062
GPa, and 0.20 (listed in Table 2), respectively.

2.2 Test Set-Up

Figure 3 shows the loading device: the eccentric vertical load,
which is assumed as dead load of superstructure and vehicle
load, was applied by 600 kN capacity hydraulic jacks connected

Sliding track

Hydraulic servo actuator

Specinien

TS
Self reacting frame
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Fig. 3. Experimental Set-Up: (a) Sketch of the Test Set-Up, (b) On-Site Test Set-Up Photograph

Counter-force wall

to a self-reaction frame, meanwhile a sliding track was placed
between the jack and the frame to ensure that the system
remained upright under horizontal displacement of the top of the
specimen. Horizontal cyclic loading, which is assumed as
seismic load, was applied by a 500 kN hydraulic servo actuator
installed on the counter-force wall. These axial and horizontal
loads were applied to the specimen through a connecting
component, which is the blue part shown in Fig. 3(a). During the
loading process, to protect the hydraulic jacks and coordinate all
in-plane deformation caused by the axial load and out-of-plane
horizontal load, a circular rubber bearing was placed between the
jack and the connecting component. A stiffening girder on the
bottom of each specimen was bolted to the ground foundation to
provide base fixity.

2.3 The Applied Load and Measuring Scheme

The loading was applied as follows: at eccentricity e from the
axis of the column specimen to its point of action, a constant
vertical load is transmitted through the connecting component.
Then a stepwise increasing horizontal cyclic displacement step
along the out-of-plane direction is applied in the same position.
The incremental displacement was set to half the theoretical
yield displacement J,, as shown in Fig. 4. The experiment was
terminated, until the load bearing capacity dropped to 85% of its
maximum value.

During the experiment, to avoid error arising from the design of
the set-up and its deformation, six displacement sensors (two 200
mm stroke, two 100 mm stroke, and two 50 mm stroke) were
installed on the sides of the connecting component, the stiffening
girder, and the rubber bearing, separately, as shown in Fig. 5. The
out-of-plane displacement ¢ and in-plane displacement o, of the
specimen can be calculated by using Egs. (5) and (6), respectively.

5:51—52—%m (5)

(b)
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Fig. 4. The Out-of-Plane Horizontal Loading Protocol

s

3, =05 — s (©)

Where,
D= Horizontal distance between the inward and outward
axial displacement sensors
0;= Out-of-plane horizontal displacement of the
connecting component
6,= Out-of-plane horizontal displacement at the bottom of
the stiffening girder
03 and ;= Inward and outward vertical displacement of the
ring-shaped stiffening girder
0s= In-plane horizontal displacement at the bottom of
the stiffening girder
d¢= In-plane horizontal displacement of the connecting
component.

2.4 Finite Element Analysis Model

To investigate the failure mechanism of typical piers, four
experimental specimens were analyzed by using the ABAQUS
package. In recent years, in order to improve the accuracy and
calculation efficiency of finite element analysis, several researchers
have proposed calculation methods based on different theories and

Sensor |
Sensor 6
Specimen—__
Sensor 3| Sensor 4
Sensor 5 e .
— Stiffening girder

Sensor 2

(a)

constitutive relationships of materials (Rahmzadeh et al., 2018;
Bayat et al,, 2019; Lyu et al., 2020). In this study, the modified
Newton-Raphson algorithm was used for elasto-plastic analysis.

The constitutive model of steel is a bi-linear stress-strain
relationship, the yield strength, Young’s modulus and Poisson's
ratio of steel adopted material tension test results, the secondary
stiffness considered as 1/100 of the initial stiffness, the yield
criterion used Von Mises yield criterion, the kinematic hardening
model used which considers the Bauschinger effect. The concrete
damage plasticity model is used for in-filled concrete (Goto et
al.,, 2014). The compressive strength, tensile strength, elastic
modulus and Poisson's ratio of concrete adopted the values of
cubic compression material test. The other parameters used the
default values in ABAQUS.

The finite element analysis (FEA) model is shown in Fig. 6.
The loading conditions of the FEA model are consistent with the
loading conditions of the test, and the boundary conditions are
completely fixed at the bottom of the FEA model. In the
analytical model, considering both the computation time and the
accuracy of the FE model, the upper part of the steel tubular
bridge pier was simplified as a type-B31 beam element. Some 24
beam elements were used (four for the cantilever beam and 20
for the upper part of the steel tube). The lower part of the steel
tubular component, where large local buckling deformations
may occur, was simulated by the square S4R-type of shell
element. The mesh used to model the tube, along the perimeter
direction, was divided into 36 elements, and along the longitudinal
direction it was refined such that the refined concrete-filled
segment and hollow segment height is only two thirds of the
diameter of the steel tube with a refined element aspect ratio of
3:1. The in-filled concrete is simulated by C3D8R solid elements:
the mesh used to model the concrete, along the radius, was
divided into six elements. From the inside out, along the
longitudinal direction, it was divided in the same way as the steel
tube mesh.

(b)

Fig. 5. Experimental Set-Up: (a) Position of the Displacement Sensor, (b) Displacement Sensor Arrangement
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Fig. 7. Comparison of Analytical and Experimental Out-of-Plane Horizontal Load-Displacement Hysteresis Curves: (a) SCP1, (b) SCP2, (c) SCP3,

(d) SCP4

A rigid body was used to connect the upper simplified beam
element and the lower shell element. The connection between the
rigid body and the lower shell element was defined as a tie
connection, and the contact between the lower part of the steel
tubular part and the concrete was defined as a surface-to-surface
contact.

When two surfaces between the lower shell element and solid
element come into contact, a contact pressure acts on the respective
surfaces. This contact pressure was herein calculated by using
the hard contact model. When the two surfaces come into
contact, frictional stress is generated in the direction tangential to

the contact surface. This frictional behaviour can be expressed
by the Coulomb friction model. The resultant shear stress 7= = (t;
+ 1,)"? was calculated from the two orthogonal components of
the shear stresses 7; and 7,. The contact surfaces can carry the
resultant shear stress 7z up to the critical shear stress 7., before
they start to slip. The critical shear stress 7., is proportional to the
contact pressure f'and is expressed as:

T = 4f 7

where y is the friction coefficient (here, 4 = 0.6) (Rabbat and
Russell, 1985; Baltay and Gjelsvik, 1990). If 7z < 7., no slip
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Table 3. Comparisons of FE Analytical and Experimental Results

Analytical results

Experimental results

Specimen H/KN 6,/mm H o/ H ! Omax/Omax
Ho /KN Opmay/ MM Ho /KN Omay /Mm

SCP1 66.9 7.0 129.1 23.96 129.6 27.45 1.00 0.87
-128.3 -23.84 -127.0 -28.74 1.01 0.83

SCP2 59.5 6.0 124.5 21.00 130.8 26.53 0.95 0.79
-122.4 -21.00 -126.4 -27.06 0.97 0.78

SCP3 95.1 5.7 182.7 21.04 185.1 25.64 0.99 0.73
-180.3 -21.04 -168.1 -29.52 1.07 0.71

SCP4 91.1 53 172.9 19.82 170.5 23.81 1.01 0.83
-170.2 -19.95 -163.1 -26.05 1.04 0.77

Note: H, and 6, is the theoretical horizontal yield strength and the theoretical horizontal yield displacement, respectively; H,, is the analytical
maximum strength, J,,.. is the analytical horizontal displacement corresponding to H,,.; H,..' is the experimental maximum strength; 9, is the

experimental horizontal displacement corresponding to H,,,"

displacement occurs between the contact surfaces: if 7z > 7., slip
should occur.

3. Experimental and Numerical Results

3.1 Horizontal Force-Displacement Hysteresis Curves
Figure 7 shows the experimental and analytical out-of-plane
horizontal load-displacement hysteresis curve of the PCFST
columns. In Fig. 7, the horizontal axis indicates the horizontal
displacement, the vertical axis shows the horizontal force, the
solid lines show analytical results, and the dashed lines are
experimental results (“+” represent the Hydraulic servo actuator
pull direction, “-* represent the Hydraulic servo actuator push
direction).

Based on strain gauge measurements, the yielding of steel
tubes in specimen SCP1 occurs at +13.47 mm (or -14.69 mm).
When a displacement of +27.45 mm, the specimen reaches a
maximum reaction force of +129.6 kN (or -127.0 kN), local
buckling phenomenon observed at the bottom of the column. In
specimen SCP2, the yielding of the steel tube occurs at
+12.23 mm (or -13.36 mm), local buckling phenomenon
observed at the bottom of the column after a displacement of
+27.30 mm, and the specimen reaches a maximum reaction
force of +130.8 kN (or -126.4 kN). The yielding of the steel in
specimen SCP3 occurs at +14.46 mm (or -15.98 mm), and the
maximum reaction force reaches +185.1 kN (or -168.1 kN).
In specimen SCP4, yielding of the steel tubes occurs at
+13.46 mm (or -14.37 mm), the maximum reaction force
reaches +170.5 kN (or -163.1 kN). No cracking, or fracturing,
of these four specimens was observed.

From the Fig. 7, it could be found that the FEA accurately
simulated the mechanical behaviour of these steel tubular
columns with partial concrete in-fill; although in the unloading
process, the stiffness predicted by the FEA is greater than that
measured experimentally. There are two reasons for this: 1) the
in-filled concrete, in these specimens under cyclic loading, is
crushed resulting in a reduction of the local stable bearing
capacity of the steel tube, which leads to the rapid decline in

stiffness in the experiment. In the FEA, however, the concrete
is not rendered ineffective, even if it reaches its ultimate limit
state, it exerts no influence on the local stable bearing capacity
of the steel tube; 2) in these analyses, the steel material properties
are simplified to a bi-linear stress-strain relationship resulting
in excessive residual deformation. Based on the data in Table
3, the maximum deviation of the maximum horizontal force
and the corresponding deformation are 5% and 30%,
respectively.

3.2 Failure States of These Specimens

The failure modes of these experimental specimens, and the
corresponding FEA results, are shown in Fig. 8. The local buckling
position in the output from the FEA model is consistent with that
observed experimentally, and the high-PEEQ (equivalent plastic
strain) distribution region of the concrete coincides with the
locus of the damage observed experimentally.

3.3 In-Plane Horizontal Displacement
Figure 9 shows the analytical and experimental in-plane horizontal
displacement J;, (as calculated by Eq. (6)) and out-of-plane
horizontal displacement 6 curves for the four specimens.
Fig. 9(a) shows the hysteresis results and Fig. 9(b) shows the
skeleton curve: as the out-of-plane horizontal displacement
increased, the in-plane horizontal displacement increased linearly
until J reached 17.12 mm, 16.43 mm, -25.07 mm, and -20.06 mm
for SCP1, SCP2, SCP3, and SCP4, respectively. The increase in
0, was non-linear and the FEA, and experimental, results were in
good agreement.

From the discussion, the validity and effectiveness of the
numerical analysis were thus demonstrated.

4. Numerical Analyses

4.1 lllustration of Analytical Model

To study the effect of the vertical eccentric loading on the
seismic performance of a PCFST bridge pier, 30 FE models,
where, 11s 0.25, 0.3, and 0.35, R,is 0.06, 0.08, 0.10 and 0.12, and
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Fig. 8. Final Failure States of the Four FEA Models Compared with Their Experimental Counterparts:(a) Stress Distribution and Local Buckling of
Model SCP1 (concrete), (b) Stress Distribution and Local Buckling of Model SCP1 (steel tube), (c) Failure Mode of Specimen SCP1, (d)
Stress Distribution and Local Buckling of Model SCP2 (concrete), (e) Stress Distribution and Local Buckling of Model SCP2 (steel tube), (f)
Failure Mode of Specimen SCP2, (g) Stress Distribution and Local Buckling of Model SCP3 (concrete), (h) Stress Distribution and Local
Buckling of Model SCP3 (steel tube), (i) Failure Mode of Specimen SCP3, (j) Stress Distribution and Local Buckling of Model SCP4
(concrete), (k) Stress Distribution and Local Buckling of Model SCP4 (steel tube), (I) Failure Mode of Specimen SCP4

e/L is 0.00, 0.05, 0.10, 0.15, and 0.20, are established. The
geometrical dimensions and parameters of the models are
summarized in Table 4.

4.2 Effect of Parameters on Hysteretic Mechanical
Behaviour

Horizontal force-displacement hysteresis curves of the five

models in SCP30-06 series are shown in Fig. 10. Fig. 10 represents

results of the five models with eccentricity ratio e/L = 0.00, 0.05,
0.10, 0.15, and 0.20, respectively. The horizontal axis indicates
the horizontal non-dimensional displacement d/d, and the vertical
axis shows the horizontal non-dimensional force H/H, along the
out-of-plane horizontal direction.

It was found that the reaction force increased linearly as the
horizontal displacement increased at the beginning of the loading
phase, and after the displacement exceeded the yield displacement,
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Table 4. Model Dimensions and Other Parameters

Model L/mm t/mm A R, {=HyL P/kN e/l H,/kN 6,/mm
SCP30-06-00 17,000 70 0.30 0.06 0.22 33,344 0.00 7,952 914
SCP30-06-05 0.05 6,285 73.0
SCP30-06-10 0.10 4,618 55.1
SCP30-06-15 0.15 2,951 36.9
SCP30-06-20 0.20 1,283 17.0
SCP30-08-00 17,000 52 0.30 0.08 0.24 24,922 0.00 6,015 91.4
SCP30-08-05 0.05 4,769 73.2
SCP30-08-10 0.10 3,523 55.6
SCP30-08-15 0.15 2,277 37.6
SCP30-08-20 0.20 1,031 18.0
SCP30-10-00 17,000 42 0.30 0.10 0.26 20,198 0.00 4,908 91.4
SCP30-10-05 0.05 3,898 73.3
SCP30-10-10 0.10 2,888 55.9
SCP30-10-15 0.15 1,878 38.0
SCP30-10-20 0.20 868 18.7
SCP30-12-00 17,000 35 0.30 0.12 0.28 16,871 0.00 4,119 91.4
SCP30-12-05 0.05 3,275 734
SCP30-12-10 0.10 2,431 56.1
SCP30-12-15 0.15 1,588 383
SCP30-12-20 0.20 745 19.1
SCP25-10-00 14,300 42 0.25 0.10 0.34 20,198 0.00 5,834 64.7
SCP25-10-05 0.05 4,824 54.0
SCP25-10-10 0.10 3,817 439
SCP25-10-15 0.15 2,805 33.8
SCP25-10-20 0.20 1,795 23.0
SCP35-10-00 20,000 42 0.35 0.10 0.32 20,198 0.00 4,172 126.5
SCP35-10-05 0.05 3,162 96.8
SCP35-10-10 0.10 2,152 67.8
SCP35-10-15 0.15 1,142 37.6
SCP35-10-20 0.20 132 4.6

Note: Model name SCP indicates concrete-filled steel piers, the first two digits represent the column slenderness ratio, the middle two digits represent
the radius-thickness ratio, and the final two represent the eccentricity ratio of that model.

the reaction force increased slowly. When the reaction force
reached the maximum bearing capacity of the model, due to
local buckling deformation at the bottom, the bearing capacity
began to decrease quickly and the hysteretic performance was
poorer as the eccentricity ratio increased. Regarding the limit
state of bridge pier, several references have given accepted
criteria for the limit state for the bridge pier (Usami and Ge,
1994; Chen and Duan, 2014; Goto et al., 2015). According to the
2018 JRA code (Japan Road Association, 2018), the maximum
bearing capacity of a pier is defined as the ultimate strength of the
pier, and the corresponding displacement is the ductility of the
pier.

Figure 11 shows horizontal force-displacement skeleton curves
of the 30 FE models. The initial stiffness of the five specimens in
each series are generally in agreement as shown in Fig. 11. This
indicates that the vertical load eccentricity ratio e/L has little
influence on the initial stiffness of the specimens in the range 0 <

e/L <0.2. After entering the elasto-plastic stage, with increasing
vertical load eccentricity, the ultimate strength of the model in
each group decreases gradually. After the ultimate strength is
reached, the descent speed of the curve is gradually accelerated,
and the ductility diminishes. It is found that the skeleton curve
before reaching the ultimate strength of the model with a small
vertical load eccentricity (e.g., /L = 0.05) is similar to that of a
non-eccentric model. After reaching the ultimate strength, the
curve falls slowly, indicating good ductility; however, when the
vertical load eccentricity is greater (e.g., e/L = 0.20), the ultimate
strength of the model is reduced greatly compared with that of
the non-eccentric model, and the rate of descent of the curve
after reaching the ultimate strength is accelerated.

4.3 Single-Parameter Analysis
To quantify the influence of the radius-thickness ratio R,, slenderness
ratio 4, and other design parameters on the seismic performance
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Fig. 10. Horizontal Force-Displacement Hysteretic Curves of These Five Models SCP30-06 Series: (a) SCP30-06-00, (b) SCP30-06-05, (c) SCP30-06-

10, (d) SCP30-06-15, (e) SCP30-06-20

of this type of bridge pier, a single-parameter analysis is carried
out on the ultimate strength and ductility obtained from the 30
FE models.

At a slenderness ratio 4 of 0.30, the vertical load eccentricity
e/L varies from 0 to 0.20, the influence of the radius-thickness
ratio R, on the ultimate strength and displacement ductility of the
bridge piers is shown in Fig. 12. Fig. 12(a) shows the relationship
between the ultimate strength H,/H, and R, Fig. 12(b) shows the
relationship between displacement ductility J,/0, and R,. Fig. 12(c)
shows the relationship of 6,/0,-H,/H,-R,. Here, to facilitate
comparison, displacement ductility is defined as the ratio of the
horizontal ultimate displacement of bridge pier to the horizontal

yield displacement of a vertical, non-eccentrically loaded, bridge
pier. The horizontal ultimate displacement is the displacement
corresponding to the ultimate strength.

In the case of identical eccentricity ratio, with the increase of
radius-thickness ratio R,, the ultimate strength increases gradually,
except for the bridge pier with R, = 0.12 and ¢/L = 0.20. For a
given R,, with increased vertical load eccentricity, the ultimate
strength of the bridge pier gradually decreases; when the
eccentricity ratio ¢/L changes from 0.15 to 0.20, the ultimate
strength of the bridge pier decreases rapidly, and when e/L is
increased from 0 to 0.2, the ultimate strength has decreased by an
average of 24% (see Fig. 12(a)). When the eccentricity ratio e/L
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Fig. 11. Horizontal Force-Displacement Skeleton Curves: (a) SCP30-06 Series, (b) SCP30-08 Series, (c) SCP30-10 Series, (d) SCP30-12 Series, (e)
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is constant, with increasing R,, the displacement ductility of the
pier gradually decreases. For a given R,, with an increased e/L
ratio, the displacement ductility of the pier gradually decreases;
when e/L increases from 0 to 0.2, the displacement ductility
decreases by more than 50% (Fig. 12(b)).

When the radius-thickness ratio R, is 0.10, and the vertical
load eccentricity e/L is varied from 0 to 0.20, the influence of the
slenderness ratio A on the ultimate strength and displacement
ductility of the bridge piers is as shown in Fig. 13.

For a constant ¢/L ratio, the ultimate strength of each bridge
pier decreases gradually with increasing slenderness ratio A
except for the pier with 4 = 0.30, and e/L = 0.20. At constant 4,
with the increase of ¢/L, the ultimate strength of the bridge pier
decreases; when e/L is varied from 0.15 to 0.20, the ultimate
strength of the bridge pier decreases rapidly; as e/L increases
from 0 to 0.2, the ultimate strength decreases by an average of

more than 24%. When e/L is constant, with increasing A, the
displacement ductility of the pier gradually decreases. For a
constant 4, with increasing e/L, the displacement ductility of the
pier gradually decreases; when ¢/L is increased from 0 to 0.2, the
displacement ductility decreases by an average of 50%.

4.4 Establish of an Empirical Formula and Its Validation

Through the analysis of the slenderness ratio A and radius-
thickness ratio R, effects on the ultimate strength and displacement
ductility of the bridge piers, it can be found that, with increased
vertical load eccentricity, the ultimate strength or the displacement
ductility of the bridge pier is independent of that of the same
bridge pier under vertical non-eccentric loading. When the design
parameters of the bridge piers are the same, the vertical load
eccentricity can be considered as the main factor that affects the
seismic performance of this type of bridge pier. Thus, based on
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the influence of the slenderness ratio A and radius-thickness ratio
R, on the ultimate strength and displacement ductility of the
centrally loaded PCFST bridge pier (Wang et al., 2015), the vertical
load eccentricity is taken as the key parameter when considering the
influence of eccentricity ratio on the ultimate strength and
displacement ductility of a bridge pier. Finally, an empirical formula
for the ultimate strength and displacement ductility of the bridge
piers under vertical eccentric load is established.

The ultimate strength and displacement ductility of the bridge
piers under vertical non-eccentric loading can be calculated by
using Egs. (8) and (9) (Wang et al., 2015): when Egs. (8) and (9)
are multiplied by the reduction coefficients y; and y,, respectively,
they form empirical formulae for the ultimate strength and
displacement ductility of these bridge piers under vertical eccentric
load (Egs. (10) and (11), respectively). The reduction coefficients
y; and 7, are functions associated with the vertical load eccentricity.

0.09
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Using FEA output from the 30 bridge piers (above), the
relationship of y, and y, with the vertical load eccentricity is
found to be as follows:

(%+0.86) o (OS%SOJS)

= 12)
(%+0_94) b (0.15<7L£0.2)
},2:(0.72_%)2'4 3 <] <02) (13)

To verify the validity of the empirical formulae for the ultimate
strength and ductility of the bridge piers under vertical eccentric
load, a comparative analysis of the discrepancy between the
theoretical ultimate strength and ductility of the bridge piers under
vertical eccentric load is calculated by using Egs. (10) to (13) and
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the previous experimental results (see Fig. 14).

Both the ultimate strength and the ductility errors are in the
vicinity of line y = x, and within the 90% confidence interval. The
empirical formulae for the ultimate strength and the ductility of the
bridge piers under vertical eccentric load are thus deemed accurate.

5. Conclusions

From the comparison of FEA, and experimental, results, regardless
of the ultimate strength, the initial stiffness of the hysteresis
curves, their final failure mode, and the deformation of the
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specimens are in good agreement. This confirmed the validity of
the FE model.

The vertical eccentric loading exerts a significant influence on
the seismic performance of these PCFST bridge piers. With
increasing eccentricity ratio e/L, the ultimate strength and ductility
of the bridge piers decreases. When ¢/L increases from 0 to 0.2,
the ultimate strength and ductility of bridge piers are reduced by
24% and 50%, respectively.

Based on a single-parameter analysis, the influence of vertical
load eccentricity ratio e/L, as it was varied from 0 to 0.2, on the
ultimate strength and ductility of these PCFST bridge piers along
the out-of-plane horizontal direction is ascertained and the
corresponding relationship between them proposed. The accuracy
of the empirical formulae is verified and this research provides a
theoretical basis for its application to this type of bridge pier.
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