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Abstract. With a purpose to overcome the problem of lower load-bearing capac-

ity and more complex assembly process of socket-connected bridge piers, this 

paper proposes a new type of tenon-core socket precast pier with ultra-high per-

formance concrete as the connecting material, and carries out the quasi-static tests 

of three different structural specimens, and the results show that: the specimen of 

the plastic hinge area of the connecting joints of the bridge pier adopting UHPC 

has a higher yield bearing capacity, maximum bearing capacity, and ultimate 

bearing capacity than that of the specimen adopting C40 concrete, which are 

13.19%, 18.8%, and 27.87% higher, respectively. The results of finite element 

analysis show that the ABAQUS finite element model can accurately simulate 

the plastic damage of the specimen, and the hysteresis curve and skeleton curve 

are more consistent with the test results. 
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element numerical analysis 

1 Introduction 

As the demand for bridge construction in China increases year by year, the traditional 

on-site pouring method of reinforced concrete bridges has a cumbersome construction 

process and a large workload, while the maintenance cycle of concrete is long, which 

may cause inconvenience to the surrounding traffic[1,2]. Prefabricated assembled bridge 

pier technology has been emphasized at home and abroad, and has a relatively wide 

range of applications[3-5]. However, in practical engineering, the socket prefabricated 

assembly technology is still limited by many factors[6,7]. Socket precast assembled 

bridge pier column plastic hinge zone using ordinary concrete, the use of Ultra-High 

Performance Concrete (UHPC) research and application of less, the use of UHPC pre-

fabricated assembled pier column seismic performance of the research is insufficient[8-

10]. 
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2 Experimental Design 

In this paper, two tenon-core socket prefabricated piers and one cast-in-place pier were 
designed, and the cast-in-place pier was used as a performance comparison group, a 
total of three pier specimens were designed for this test, and the specimen numbers, 
dimensions, connection forms and material parameters are shown in Table 1. 

2.1 Specimen Size 

The specimens consisted of pier columns, cap beams, and the cap. The body of cast-in-
place pier ICP is square section, length and width are 450mm, pier height is 1800mm, 
as shown in Figure 1. Cast-in-place pier SC-1 pier body is square section, length and 
width are 450mm, pier height 1800mm, pier column lower 910mm with UHPC130 
concrete casting, structure shown in Figure 2. Mortise core socket pier SC-2 is a square 
pier, the pier part of the 450mm wide square pier, the length of the pier is 1800mm, the 
pier body is inserted into the cap at a depth of 400mm, the socket part of the pier is a 
240mm square pier, the length of 400mm, the pier is used to reserve a 400mm x 400mm 
square preexisting holes as the pier grouting holes, the specific structural size As shown 
in Figure 3.  

Table 1. Specimen number and parameter table. 

 Socket 
depth  
(mm) 

Reserved pier  
length  
(mm) 

Nodal pier 
swing length  
(mm) 

Pile cap  
reserved connection 
 interface 

Pier column  
reserved connection
interface 

ICP a / / / / Cast-in-place 
SC b-1c 400 1800 / Concrete chiseling Concrete chiseling 
SC-2 400 1782 18 Corrugated steel pipeConcrete chiseling 

a ICP stands for Integral Cast-in-situ Pier. 
b SC stands for Socket Column. 
c The numbers represent the different types of each specimen. 
The concrete strength in the plastic hinge zone of the specimens was 41.2 MPa, and 

the axial compression ratio calculations were performed using the compressive strength 
design value of C40 concrete. The grout strength of the SC-1 and SC-2 specimens was 
91.6 MPa. 
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Figure 1. This is the struc-
ture diagram of ICP speci-

men. 

Figure 2. This is the struc-
ture diagram of SC-1 speci-

men. 

2.2 Main Test Material 

The UHPC was made of C130 grade concrete produced by Sobute New Materials Co., 
Ltd., with a mix ratio of water: premix: steel fiber: water reducing agent = 
1:11.2:0.98:0.07. Standard cubic test blocks were poured using the same batch of con-
crete, and compressive tests were carried out on the test blocks according to the speci-
fications, with a total of six standard test blocks produced. The results of compressive 
strength test are shown in Table 2. The compressive test of ordinary concrete cubic test 
block is shown in Figure 4. 

Table 2. Compressive strength of concrete cube test block (unit : MPa). 

Test block 3 Test block 3 Test block 3 Average value 

133.1 125.8 129.3 129.4

3 Test Measurement and Results 

3.1 Test Measurement 

In this paper, the low-cycle reciprocating load test of socketed prefabricated bridge 
piers is carried out, and the quasi-static reciprocating loading includes vertical load and 
horizontal load, in which the vertical load (axial force) is a dead load, which is used to 
simulate the self-weight of the superstructure of the bridge piers. The axial force was 
applied by hydraulic jacks, and the axial compression ratio of the piers was taken as 
0.4.  

 

Figure 3. This is the struc-
ture diagram of SC-2 speci-

men. 



 

 

 

114             H. Sun et al.

The displacement measurements were divided into the curvature measurement of the 
plastic hinge zone, the displacement measurement of the top of the piers, and the meas-
urement of the distance of the joints opening (Figure 5). The displacement of the top of 
the pier is measured by YHD-200 displacement meter, which is mainly used to measure 
the horizontal displacement of the top; the curvature of the plastic hinge zone is meas-
ured by YHD-30, YHD-50 and YHD-100 displacement meters, which is mainly used 
to measure the curvature of the pier column; the distance of the joint opening is meas-
ured by YHD-100 displacement meter; the displacement meter of ICP specimen and 
SC-1 specimen is located in the position shown in Figure 5(a). The location of displace-
ment meter for SC-2 specimen is shown in Fig. 5(b). 

 

(a) Compressive test of UHPC test block.  (b) The UHPC test block was tested. 

Figure 4. Compressive test of UHPC cube test block. 

 

(a) Schematic diagram of specimen ICP 
and specimen SC-1 displacement meter. 

Figure 5. Component displacement measuring point layout. 

 

 

 

(b) Schematic diagram of specimen SC-
2 joint opening displacement meter. 
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3.2 Test Results 

Figure 6 shows the comparison between the compressive damage of concrete at the end 
of loading and the failure mode in the test. The horizontal lateral bearing capacity at the 
equivalent yield point of the ICP specimen was 202.54 kN, and that of the SC-1 speci-
men was 229.88 kN, which was an increase of 13.49% for the SC-1 specimen compared 
with that of the ICP specimen; the maximum lateral bearing capacity was 236.06 kN 
for the ICP specimen, and that of the SC-1 specimen was 280.41 kN, and the plastic 
hinge zone of the cast-in-place specimen adopted the UHPC For the maximum lateral 
bearing capacity, it is increased by 18.8%; for the ultimate bearing capacity, SC-1 spec-
imen is 221.32kN, which is increased by 27.87% compared with 173.08kN of ICP spec-
imen. It can be seen that the use of UHPC in the plastic hinge zone of cast-in-place 
piers has improved the horizontal yield point load, the horizontal maximum lateral load 
capacity and the horizontal ultimate load capacity of the piers. 

 
 

(a) Compressive test of UHPC test block. 

 
 

(b) The UHPC test block was tested. 
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(c) The UHPC test block was tested. 

Figure 6. Compressive test of UHPC cube test block. 

In the seismic design study of bridge piers, in addition to its lateral strength index, 
its ductility index is more important, displacement ductility coefficient, that is, the ratio 
of the ultimate displacement of the member to the yield displacement, the specification 
usually requires more than 3. The displacement ductility coefficient of ICP is 4.27, and 
the displacement ductility coefficient of SC-1 is 6.16, which is more than 3 for both 
specimens, and from this it can be concluded that the ductility of monolithic piers is 
improved by adopting UHPC in the plastic hinge zone. 

4 Finite-element Modeling 

From Figure 7(a), it can be seen that the concrete damage in the finite element analysis 
results of ICP specimen is concentrated in the lower 1/3 region of the pier, i.e., below 
the height of 500mm of the pier column, and the failure mode is basically the same as 
the test results, and the height of the concrete damage in the test is also below 500mm. 
From Figure 7(b), it can be seen that the failure mode in the finite element analysis 
results of SC-1 specimen is mainly concentrated in the foot of the column within 
100mm, which is basically consistent with the final failure mode in the test. From Fig-
ure 8, it can be seen that the damage in the finite element analysis results of SC-2 spec-
imen is mainly plastic damage to the concrete at the socket tenon core, and when the 
loading displacement is large, the foot of the column comes into contact with the cap, 
which also produces concrete damage, and the damage form is similar to that of the test 
results. Figure 9 shows the comparison between the equivalent stiffness obtained by the 
finite element simulation and the equivalent stiffness of the test results. The initial 
equivalent stiffness calculated by the finite element is higher than the test results.  

In summary, after the completion of the loading process, the failure mode and dam-
age location obtained from the finite element calculation results of the pier, and the test 
results have a good match, the finite element simulation results can better reflect the 
damage morphology of the test specimens. 
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(a)SC-1 (b)SC-1 

Figure 7. Comparison of experimental and finite element results for hysteresis curves 

Figure 8. Comparison of experimental and 
finite element results for skeleton curves 

5 Conlusion 

(1) The hysteretic energy dissipation, yield load and ultimate load of SC-1 specimen 
with tenon core inserted in contact with pier and abutment are smaller than those of ICP 
specimen, the stiffness reduction is faster, and the pinching effect is more obvious. The 
hysteretic curve of SC-2 specimen without contact with pier and abutment is full, and 
the energy dissipation capacity is strong. However, due to the small area of tenon core, 
the bearing capacity is small. 

Figure 9. Comparison of experimental and 
finite element results for cumulative energy 

consumption curves 



RC columns in high seismic zones[J]. Engineering Structures, 2015, 99: 413-422. 

13(6): 743-754. 
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(2) Compared with SC-2 specimen, the ultimate failure form of SC-1 specimen with 
UHPC tenon core is the tensile fracture of longitudinal reinforcement in tenon core, and 
the yield load, ultimate load and stiffness are greatly improved. And its ultimate bearing 
capacity, stiffness and energy dissipation capacity are also better than SC-1 specimens, 
and compared with ICP specimens, the energy consumption at failure is increased by 
15.27 %. It can be seen that for tenon-core socket specimens, the use of UHPC can 
greatly improve the seismic performance of socket specimens.  

(3) The three-dimensional solid finite element model established by the general finite 
element software ABAQUS can accurately simulate the final damage of the specimen. 
Among them, the concrete constitutive model adopts the CDP model, and the steel bar 
adopts the clough degradation bilinear model constitutive model. From the perspective 
of the shape, position and height of the final damage of the specimen, the finite element 
simulation results are in good agreement with the damage of the test specimen.  
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is not included in the chapter's Creative Commons license and your intended use is not
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