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Abstract. The seismic responses of functionally graded concrete piers with double plastic hinges
were studied by finite element (FE) analysis, and especially the formation and effects of double
plastic hinges were analyzed in details. The results showed that double plastic hinges in
functionally graded concrete piers were made by the graded reinforcement with glass fiber
reinforced plastic (GFRP) bars and steel bars. Because GFRP bars have large elastic deformability,
double plastic hinges can be stably formed at the bottoms of two grades in turn under different
seismic waves. Compared with the traditional reinforced concrete piers, the load bearing capacity,
deformation capacity, energy consumption and resisted seismic acceleration of functionally
graded concrete piers with double plastic hinges are significantly improved.

Keywords: functionally graded concrete piers, double plastic hinges, seismic responses, finite
element analysis.

1. Introduction

During earthquakes, the reinforced concrete (RC) bridge piers often suffer severe damages. In
order to improve the seismic performance of RC piers, the seismic strength of RC piers has been
extensively explored [1-2]. Recent studies mainly focus on ductility [3-4] and energy dissipation
[5-6] because the RC piers with good deformation and energy dissipation capacity can resist large
magnitude of earthquakes.

The deformation and energy dissipation mainly come from the plastic hinge zone of RC pier
[7-8]. But in the conventional design of cantilever RC piers, only one plastic hinge is formed at
the bottom of the pier [9-12]. The material performance outside the plastic hinge zone cannot be
fully utilized, that limits the seismic performance of the RC pier.

At present, few literatures focused on concrete piers with double plastic hinges. Deng et al.
[13] strengthened the RC piers by bonding steel plates to the bottom surfaces of the piers to
improve the seismic performance, and the hysteretic tests showed that the plastic hinge was
transferred to the upper edge of the steel plates from the pier bottom, and then the strengthened
piers with double plastic hinges were preliminary analyzed by finite element (FE) simulation.

2. The finite analysis model of the bridge and the graded reinforcement in functionally
graded concrete piers

2.1. The bridge

A 2-span simply supported reinforced concrete slab-beam bridge with a pier at the middle is
studied, as shown in Fig. 1. The length of each span is 25 m and the height of the pier is 8.1 m.
The cross-section of the pier is a 750 mmx>750 mm square. Sixteen steel bars with the diameter of
24 mm and sixteen GFRP bars with the diameter of 22 mm were arranged in the concrete pier. As
shown in Fig. 2, the steel bars (indicated as red lines) were located in the full length of the pier,
while GFRP bars (indicated as blue lines) were graded in height to form two grades of
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reinforcement. The seismic bearing capacity of functionally graded concrete piers has two grades
due to the graded reinforcement. The height of the first grade is the height of GFRP bars, and the
second grade is from the top of GFRP bars to the pier top. The mechanical properties of concrete,
steel bars and GFRP bars are listed in Table 1.
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Fig. 1. Schematic diagram of the bridge (unit in mm)
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Fig. 2. Graded reinforcement of the concrete pier (unit in mm)

Table 1. Mechanical properties of the materials

Parameters Concrete Steel bar | GFRP bar
Elastic modulus 32 GPa 200 GPa 25 GPa
Yield strength 477 MPa
Ultimate strength | 48 MPa (Compressive) | 625 MPa | 495 MPa
Ultimate strain 0.004 (Compressive) 0.19 0.0198

2.2. Finite element model

The finite element (FE) model of the bridge was established using OpenSees [14]. The FE
model of the bridge is shown in Fig. 3. The sizes of FE model are the same as the bridge shown
in Figs. 1 and 2. The elements of dispBeamColumn were used to model the pier and beams of the
bridge. Two elements were used to model each of the beam and eleven elements were used to
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model the pier. The length of the elements was 375 mm in the plastic hinge zones of the pier, and
the length of the elements was slightly longer at other regions of the pier. It is assumed that the
masses of the upper beams were concentrated at the mid-spans and the fulcrums, which were
205 tons and 103 tons, respectively. The mass of the pier was concentrated at the 12 nodes
according to the length of the elements. The bridge bearings were simulated with the spring
elements and the total lateral stiffness of the bearings was 5 kN/mm.

The concrete and steel bars were modelled by Concrete02 constitutive model and Steel02
constitutive model [14], respectively. The Elastic model was used to model GFRP bars [14]. The
material properties were the same values in Table 1. The failure strain of the steel bars was adopted
as 0.04, and the failure strain of GFRP bars was 0.015 which was about 0.8 times of the ultimate
strain.

the beam the beam

% node in the beam

the pier o node in the pier

< spring element
— beam or column element

Fig. 3. FE model of the bridge

Five strong seismic waves from PEER Strong Ground Motion Databases [15] were used and
the details are shown in Table 2. The five representative seismic waves, including near-fault and
far-field earthquakes, have distinctly different spectral characteristics. The seismic waves were
input along the transverse bridge direction in FE model to study the seismic responses of the
bridge.

Table 2. Five strong seismic waves used in this study

Earthquakes Stations Peak acceleration (g) | Duration (s)
EL-CENTRO USGS STATION 931 0.143 39
KOBE KAKOGAWA 000 CUE 0.251 41
NORTHRIDGE CDMG STATION 24278 0.514 40
CHICHI TCU052, N 0.447 90
CHRISTCHURCH | PAGES ROAD PUMPING STATION, W 0.670 20

3. Double plastics hinges in functionally graded concrete piers

The distributions of section curvature along the pier height under different height of the first
grade are shown in Fig. 4.

The single plastic hinge occurs at the bottom of the piers without grade (Fig. 4(a) and (f)). As
for functionally graded concrete piers (Fig. 4(b)-(e)), double plastic hinges are formed at the
bottoms of two grades. When the height of the first grade is 2000 mm, the bottom sections of the
first and second grades both reach the ultimate curvature. As a lower height of the first grade, the
section curvature at the bottom of the first grade decreases, while the section curvature at the
bottom of the second grade reaches the ultimate state, so the final failure occurs at the bottom of
the second grade. With the increase in the height of the first grade, the section curvature at the
bottom of the second grade decreases rapidly and the damage mainly occurs at the bottom of the
first grade with the occurrence of ultimate section curvature. It can be seen that double plastic
hinges are formed in functionally graded concrete piers when the height of the first grade is in a
wide range from 1125 mm to 2050 mm. The average rates of section curvature to ultimate section
curvature in the plastic hinges with different heights of the first grade under five seismic waves
are listed in Table 3.
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The ultimate strain of GFRP bars is smaller than that of the steel bars, so the ultimate curvature
of the sections with GFRP bars and steel bars is lower than that of the sections with only steel
bars. The damage in the second grade is more concentrated at the bottom of this grade as indicated
by a sharply change in the section curvature distribution curves along the pier height.

Under different seismic waves, the distributions of section curvature are basically the same.
The seismic spectrum characteristics slightly influence the formation of double plastic hinges, and
double plastic hinges can be stably formed under earthquakes.
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Fig. 4. Distributions of section curvature along the pier height: a) no grade (0 mm), b) 1125 mm,
¢) 1600 mm, d) 2000 mm, e) 2050 mm and f) no grade (8100 mm)

Table 3. The average rates of section curvature to ultimate section curvature under five seismic waves

The height of the first grade 0 1125 1600 2000 2050 8100
(mm) no grade no grade

The plastic hinge at the bottom
of the first grade (or the bottom 100 % 619% | 79.5% | 100 % 100 % 100 %
of the pier)

The plastic hinge at the bottom
of the second grade

None 100 % 100 % 100 % 20.5% none

4. Seismic effects of the functionally graded concrete piers with double plastic hinges

Fig. 5 shows the variation of the seismic shear force at the pier bottom with the height of the
first grade. When the height of the first grade is less than 2000 mm, the shear force at the pier
bottom increases with the increase in the height of the first grade. And the shear force remains
stable when the height of the first grade is above 2000 mm. In the case of NORTHR wave and
CHICHI wave, there are obvious increases in the shear force as the height of the first grade at
2000 mm, which may be due to the spectral characteristics of the two seismic waves and the mass
distribution of the pier.

It can be seen in Figs. 6-8, with the increase in the height of the first grade, the ultimate
displacement of the pier top, energy consumption and the seismic acceleration that the pier can
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resist increase, and reach the peak as the height of the first grade at 2000 mm, and then decrease
as the height of the first grade further increases.

Compared with the traditional RCpier with single plastic hinge, the average increase of the
resisted seismic accelerations of functionally graded concrete piers with double fully-developed
plastic hinges is 30.8 %, and KOBE wave has the most increase with 51.8 %, while CCHURCH
wave has the least increase with 15.1 %.
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5. Conclusions

Seismic responses of functionally graded concrete piers with double plastic hinges were
studied, and the formation and effects of double plastic hinges were analyzed in detail.
Conclusions are drawn as below:

1) The seismic bearing capacity of functionally graded concrete piers has two grades due to
the graded reinforcement. The steel bars and GFRP bars were located in the first grade at the
bottom, while only steel bars were placed in the second grade.

2) Under earthquakes, double plastic hinges can be stably formed in functionally graded
concrete piers due to the elastic and large deformation properties of GFRP bars.

3) The seismic shear force, ultimate deformation and energy consumption of functionally
graded concrete piers with double plastic hinges are improved, and the seismic accelerations that
the piers can resisted is obviously increased.
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