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Seismic performance of an assembled
monolithic concrete column

Shufeng Li!, Hexiang LiZ, Di Zhao®

Abstract: A prefabricated concrete column-to-column structure connected by high-strength bolts is proposed.
To explore the seismic performance and failure form of the structure, the finite element analysis software is
used to simulate the low-cycle repeated load test. The hysteretic curve and skeleton curve of the structure
are obtained, and the stiffness degradation law, ductility and energy dissipation capacity of the structure
are quantitatively analyzed to evaluate the seismic performance of the structure. The results show that the
ductility coefficient of the structure is basically between 2.19 and 4.97, and the ductility coefficient of most
specimens is greater than 3.0, indicating that the structure has good ductility and deformation capacity. The
equivalent viscous damping coefficients of the specimens are in the range of 0.21-0.29, indicating that the
structure has good energy dissipation capacity. In a certain range, increasing the thickness of the end plate
has no significant impact on the energy consumption capacity of the structure. The compressive strength of
the concrete in the core area is greatly improved under the constraint of the end plate bolts, and end plate
bolt connection can well realize the transmission of force and give full play to the performance of materials.

Keywords: prefabricated concrete column, high strength bolt, end plate, ductility, energy dissipation
capacity
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1. Introduction

Concrete structures are dominant in the prefabricated buildings. The use of prefabricated
concrete structures cannot only shorten the construction period and reduce construction
difficulties, but also reduce the number of wet operations and workers on the construction site,
thereby ensuring construction quality and saving costs. Through the investigation of earthquake
damage, it was found that some large space assembly frame structures were severely damaged,
mainly manifested as the connection failure between various prefabricated components, leading
to structural dispersion or collapse during seismic events. These seismic damages indicate
that the reliability of the node connection performance of existing prefabricated structures
under repeated loads is poor, making it difficult to meet the actual requirements of earthquake
resistance. Therefore, the application of prefabricated structures in seismic zones is greatly
limited, making it important to study the seismic performance of prefabricated structural
nodes. Many researches on prefabricated concrete joints have achieved optimal results [1-5].
Yamashita and Sanders [6] analyzed a full-scale prefabricated concrete column and a 1/4
scale prefabricated concrete column based on shaking table and finite element software. The
aseismic performance of this prefabricated column was better. Seo et al. [7] experimentally
studied the prefabricated concrete columns connected by steel sleeves. These studies mainly
focused on the relationship between the bearing capacity and bonding force of steel bars
and grouting materials in the sleeves. Rong and Luo [8] studied five prefabricated concrete
columns connected by rolling straight thread sleeves and one cast-in-place concrete column.
The aseismic performance of prefabricated concrete columns connected by rolling straight
thread sleeves was equivalent to that of cast-in-place. Li et al. [9, 10] used high-strength spiral
stirrups to confine concrete columns. The aseismic performance of this prefabricated column
was basically the same as that of the cast-in-place column. Zhang et al. [11] proposed a new
prefabricated column joint with clear force transmission and easy construction. This joint
utilizes longitudinal bars and cogging structure of the column for connection. The seismic
performance of the new column is largely equivalent to that of the cast-in-place column. This
shows that, with proper design, the prefabricated column-to-column connection can achieve
the same performance as the monolithic cast-in-place column. Taking the existing research
into account, a fabricated concrete column-to-column structure that employs high-strength
bolt connection is propose here. To explore the seismic performance of the structure, finite
element software is established to analyze the seismic index of the structure. The overall
structural content of this article mainly includes the establishment of a finite element model,
comparative analysis of seismic performance (including hysteresis curve, skeleton curve,
ductility coefficient, energy dissipation capacity, etc.), and stress analysis of each component.

2. Establishment of finite element model
2.1. Design of specimens

A total of 13 specimens (numbered as PYZ1-PYZ13) are designed. The main parameters
are the axial compression ratio, concrete strength grade, bolt preload force, and end plate. The
selection of axial compression ratio mainly considers the possibility of low, medium, and
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high axial compression ratios in actual engineering. The selection of concrete grade is mainly
based on commonly used low-strength concrete. The selection of bolt pre tightening force
is based on the constraint effect of pre tightening force on concrete strength, and should not
be too low or too high. If it is too low, the constraint effect may not be obvious; if it is too
high, the concrete may be locally crushed. These parameters are the main factors affecting
the bearing capacity of the section, which in turn have a significant impact on the seismic
performance indicators of the structure, such as ductility and equivalent viscosity coefficient.
The cross-sectional dimensions of the column are: the end-plate, the steel pipe and the concrete
column are 700 X 20 x 480 mm, 790 x 20 mm and 1450 x 500 x 500 mm, respectively; the
diameters of the bolt, steel bar and stirrup are 30 mm, 20mm and 5mm, respectively. The
steel pipe and end plate are Q345 steel. High strength bolts with HRB400 reinforcement are
selected. Basic parameters of the specimens are shown in Table 1.

Table 1. Basic parameters of specimens

Concrete Bolt Thickness Axial
No. strength preload of end compression

grade force (kN) plate (mm) ratio
PYZ-01 C40 200 20 0.3
PYZ-02 C40 150 20 0.3
PYZ-03 C40 300 20 0.3
PYZ-04 C40 400 20 0.3
PYZ-05 C30 200 20 0.3
PYZ-06 C35 200 20 0.3
PYZ-07 C50 200 20 0.3
PYZ-08 C40 200 15 0.3
PYZ-09 C40 200 25 0.3
PYZ-10 C40 200 30 0.3
PYZ-11 C40 200 20 0.4
PYZ-12 C40 200 20 0.5
PYZ-13 C40 200 20 0.7

2.2. Model establishment

When determining the boundary conditions, the lower end of the concrete column is fixed,
that is, the lower end will restrict the translation and rotation in three directions. Coupling
constraints are adopted at the top and bottom of the column to facilitate the application of load.
The loading mode employed is displacement-controlled, with each stage being cycled once.
C3D8R solid elements are used for concrete, end plates, steel pipes and bolts, and T3D2 truss
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Table 2. Basic parameters of the concrete

. Poisson | Expansion Offset Strength . Viscosity
Density . Ratio .
(ke/m?) ratio angle value value K) coefficient

“ Y) (&) (ay) )
2.50 x 10° 0.2 30 0.1 1.16 0.66667 | 5.0x 103
Table 3. Basic parameters of the steel
. Elastic Poisson Yield Ultimate
. Density .
Specimens (k g/m3) Modulus ratio strength strength
(MPa) I (MPa) (MPa)
Steel pipe 7.80 x 10 2% 10° 0.3 345 450
End-plate 7.80 x 103 2% 10 0.3 345 450
Steel bar 7.80 x 103 2% 103 0.3 400 450
Stirrup 7.80 x 103 2% 103 0.3 1250 1100
High
strength 7.80 x 103 2% 10° 0.3 1080 1150
bolt/nut

(b)

(@

(e)
Fig. 1. Model grid division diagram; (a) End plate, (b) Steel pipe, (c) Bolt, (d) Upper reinforcement cage,
(e) Concrete column, (f) Overall structure model

)
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elements are used for reinforcement and stirrups. The interaction between the reinforcement
and the concrete is defined as “embedded”.

The tangential direction between the end plate and the steel pipe, as well as the steel hoop
and the column is defined as friction contact. A penalty function is used to model this contact.
The tangential contact between the bolt and the stud, as well as the ferrule and the end plate is
defined as frictional contact, and the friction coefficient of the penalty function is 0.6 [12, 13].
The reinforcement adopts the double broken line model, while the concrete adopts the plastic
damage model [14, 15]. The basic parameters of concrete and steel are shown in Table 2 and
Table 3, respectively. The selection of grids mainly depends on the stress characteristics of the
structure, and the grid division of key parts of the structure is denser [16, 17]. The boltgrid,
the steel pipe and the end plate are 10 mm, 35 mm and 50 mm, respectively. The grid of the
concrete column is 50 mm, and its division is shown in Fig. 1.

3. Comparative analysis of seismic performance

3.1. Load displacement hysteresis curve

The load-displacement hysteresis curve of each specimen is shown in Fig. 2.

Displacement/mm

(c) (d

Fig. 2. Load-displacement curve of each specimen; (a) PYZ-01, (b) PYZ-02, (c) PYZ-03, (d) PYZ-04,
(e) PYZ-05, (f) PYZ-06, (g) PYZ-07, (h) PYZ-08, (i) PYZ-09, (j) PYZ-10, (k) PYZ-11, (1) PYZ-12, (m)
PYZ-13
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Fig. 2. [cont.]
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Fig. 2. [cont.]

As shown in Fig. 2, during loading, the hysteresis curves of the 13 models are similar,
basically between shuttle and bow. The main performance is: the loading in the initial stage
is small; the load-displacement curve is similar to a straight line and the curve is almost
coincident along the similar path of loading during unloading. As the displacement increases,
the load increases slowly, and the stiffness decreases to a certain extent. In the later stage of
loading, the load on the top of the column reaches its peak and the hysteresis curve “pinches”.
The area of hysteresis loop decreases, but is still in a shuttle shape, indicating that the energy
dissipation capacity in the failure stage is good.PYZ-01, PYZ-05, PYZ-06 and PYZ-07 are
similar but with different performance. Compared with PYZ-01, PYZ-05 and PYZ-06, the
peak load of high-strength concrete specimen PYZ-07 increases by 18.08%, 13.20% and
9.69% respectively, indicating that the strength of high-strength concrete can improve the
bearing capacity. Compared with PYZ-01, PYZ-08 and PYZ-09, the peak load of the high axial
compression ratio specimen PYZ-10 increases by 10.86%, 11.82% and 0.06%, respectively,
indicating that the thicker the end plate, the stronger the structural bearing capacity. The peak
load of PYZ-13 with a high axial compression ratio is 2.61%, 3.35% and 17.18% higher than
that of PYZ12, PYZ-11 and PYZ01, respectively, indicating that the high axial compression
ratio has a large beneficial effect on the bearing capacity of the structure.

3.2. Skeleton curve

The skeleton curve comparison diagram of the specimens under different parameters is
shown in Fig. 3.

Figure 3 shows that the growth of the skeleton curves at different bolt preloads is basically
the same. Before yielding, the skeleton curve is close to a straight line. Subsequently, the four
structures all yield at 18 mm, and the slope of the skeleton curves gradually decreases. As the
load increases, the displacement increases, and the maximum bearing capacity is obtained at
60 mm. After exceeding the maximum load, the bearing capacity of the specimens gradually
decreases with the failure and deformation of the concrete at the column end and core area.
The growth of the skeleton curves with different concrete strengths is basically the same, and
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Fig. 3. Comparison diagram of skeleton curve under different parameters; (a) Under different bolt
preloads, (b) Under different concrete strength, ¢) Under different end plate thickness, (d) Under different
axial compression ratios

the maximum bearing capacity is obtained at 60 mm (PYZ-01/PYZ-05/PYZ-06) and 75 mm
(PYZ-07). After that, with the failure and deformation of the concrete, the bearing capacity
gradually decreases. The peak load of PYZ-07 is 13.21% higher than that of PYZ-05. Generally,
the higher the strength grade of concrete, the higher of its bearing capacity. The greater the
thickness of the end plate, the slower the bearing capacity decreases after yielding. The end
plate restrains the deformation of the structure and can effectively restrain the deformation of
the concrete. When the thickness of the end plate is 15 mm and 20 mm, 25 mm and 30 mm,
the skeleton curves of the two are basically the same. However, compared with the thickness
of 15 mm and 20 mm of the end plate, its bearing capacity is greatly improved, and the peak
load increases by about 11.82%. This indicates that, increasing the thickness of the end plate
within a certain range can effectively improve the bearing capacity of the structure. Under
different axial compression ratios, the maximum bearing capacity of each specimen is obtained
at 35 mm (PYZ-13), 45 mm (PYZ-11/PYZ-12) and 75 mm (PYZ-13), respectively, and the
peak value of PYZ-13 is 17.18% higher than that of PYZ-01.

3.3. Ductility coefficient

Ductility is an important index in the seismic performance of structures, reflecting the
plastic deformation capacity of structures or components [18]. Here the displacement ductility
coefficient u is for measurement.
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(3.1 H= =

where A, is the failure displacement, referring to the displacement corresponding to the failure
load; A, is the yield displacement of specimens, determined by “PARK” method.

The characteristic point loads of each model and the corresponding horizontal displacement
and displacement ductility coefficient of the column top are shown in Table 4.

Table 4. Displacement and ductility coefficient corresponding to the load of each characteristic point of
each specimen

. Yield Ultimate | Failure dis-| Ductility
Yield load . .
No. P, (kN) displacement load P, placement | coefficient
7 Ay (mm) (kN) Ay (mm) M

PYZ.01 Positive 105.51 26.66 132.74 89.42 3.35
Negative | —102.76 -20.00 -129.89 -87.29 4.36

PYZ.02 Positive 117.79 28.71 146.69 85.18 2.97
Negative | —112.39 -24.11 -144.83 -84.18 3.49

PYZ-03 Positive 119.67 30.24 147.58 73.04 2.42
Negative | —113.28 -24.46 -144.83 -87.56 3.58

PYZ.04 Positive 121.34 33.59 146.69 73.51 2.19
Negative | —114.16 -25.92 -143.94 -89.66 3.46

PYZ.05 Positive 108.16 27.89 137.95 88.19 3.16
Negative | —108.07 -23.26 -136.08 -88.85 3.82

PYZ.06 Positive 114.36 28.32 143.15 89.94 3.18
Negative | —108.95 -22.43 -138.73 —-89.88 4.01

PYZ.07 Positive 125.64 30.75 156.64 88.22 2.87
Negative | —120.47 -24.09 —-154.51 -86.86 3.61

PYZ-08 Positive 103.92 24.82 130.75 85.84 3.46
Negative | —101.64 -21.26 -127.65 -86.55 4.07

PYZ.09 Positive 116.91 27.73 145.81 89.48 3.23
Negative | —114.16 -23.83 -145.71 -79.86 3.35

PYZ-10 Positive 119.57 30.05 147.58 88.70 2.95
Negative | —109.84 -19.18 -143.94 -85.90 4.48

PYZ-11 Positive 122.22 24.75 150.23 84.57 342
Negative | —117.70 —-18.60 —-145.60 -89.77 4.83

PYZ.12 Positive 126.54 21.33 151.12 89.96 4.22
Negative | -122.91 -18.32 -148.27 -88.56 4.83

PYZ-13 Positive 128.39 16.00 154.72 77.89 4.87
Negative | —130.45 -15.02 -142.67 -74.61 4.97
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From Table 4, the ductility coefficient of the assembled connecting column model is
basically between 2.19 and 4.97, and the ductility coefficient of most specimens is greater
than 3.0, indicating that each specimen has good ductility and deformation ability [19,20] and
meets the ductility requirements of RC structures. As the axial compression ratio increases,
the ductility coefficients in positive and negative directions of the model increase. As such,
improving the axial compression ratio of the structure can enhance the ductility and variability
of structural joints.

3.4. Energy consumption index

The equivalent viscosity coefficients under different parameters are shown in Figure 4.

—=—PYZ-01 —=—PYZ-01
E 028 —e— PYZ-02| E 0.28 —e—PYZ-02|
E 0.26 3 |[—PYZ-03 E:E 0261 . 4 |[——PYZ-03
* .
5 024] 4 ¢ [ —PYZ-04 3 0] 4 ¢ [ —PYZ-04
2022 o . 2022 o .
g 020 . M g 020 . M
S 018 S 0.18]
é 0.16 . é 0.16 Vo
£ 014 £ 0.14] %
o 5 012]
3 3
Zo10] Zo10]
L w
& 0.08 & 0.08
1 2 3 1 5 1 2 3 1 5
Nay Nay
(@) (b)
—=—PYZ-01
= 0287 —e— PYZ-08] o —=—PYZ-0]|
5 6] . o |zl z 026 —e—PYZ-11
tg B » v PYZ-1 'S 0.24 - § [ PYZ12|
g 0244 . £ 022] — — PYZ13
8 X . 8 v
g 0227 : » 020 3
£ 020 . £ 018] . v !
35 0.18] ¥ 0.16] »
£ 0.16] 4 2 014 d
2 0.12]
2 0.14] ) g
£ o12] 7 Z 0.10] 7
=D / 5003] ¥
Zow0] - 3 ggz_ p
Foos] ¢ 3 v
) . , . , = 004
1 2 3 4 5 1 2 3 1 5
Ny Ny
(© (d)

Fig. 4. Comparison of equivalent viscous damping coefficients of specimens under different parameters;
(a) Under different bolt preloads, (b) Under different concrete strengths, (c) Under different end plate
thicknesses, (d) Under different axial compression ratios

The equivalent viscous damping coefficient is 0.21-0.29. PYZ-07 has the strongest energy
dissipation capacity, and the equivalent viscosity coefficient reaches 0.29, with optimal energy
dissipation capacity [21,22]. PYZ-02 and PYZ-10 decline downward in the last stage of loading,
Figure 4 shows that as the bolt preload force increases, the energy dissipation capacity of the
structure increases. The curves of the equivalent viscosity coefficient under different concrete
strengths show that when the concrete strength grade is less than C50, the energy dissipation
capacity of the structure does not increase significantly; when it is C50, the equivalent viscosity
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coefficient increases significantly. This indicates the high-strength concrete has a significant
beneficial effect on the energy dissipation capacity of the structure. The curves of equivalent
viscosity coefficient under different end plate thicknesses show that when the thickness is
15 mm and 20 mm, basically the same [23]. When it is 25 mm and 30 mm, the equivalent
viscosity coefficient increases significantly, indicating that increasing the thickness of the end
plate has no significant effect on the energy dissipation capacity of the structure. When the
thickness of the end plate exceeds a certain range, it will have a significant beneficial effect
on the energy dissipation of the structure. From the equivalent viscosity coefficient curves of
different axial pressure ratios, it can be seen that when the axial pressure ratio is less than 0.5,
the equivalent viscosity coefficient curves are basically the same, with better energy dissipation
capacity. When the axial pressure ratio is 0.7, the equivalent viscosity coefficient significantly
declines, indicating that a high axial compression ratio has an adverse effect on the energy
dissipation capacity of the structure.

4. Stress analysis of prefabricated concrete
column-to-column connection structure

To explore the stress distribution of the structure at different stages, a specific analysis is
conducted on the stress nephogram of PYZ-01 (Concrete grade C40; Bolt preload 200 kN;
End plate thickness 20 mm; Axial compression ratio 0.3) in the yield state, limit state, failure
state and loaded state.

4.1. Stress analysis of upper concrete column

Stress diagrams of the concrete columns at the upper end of the structure under different
stages are shown in Figure 5.

It can be concluded from Fig. 5 that when the specimen yields, the strength of concrete in
the core area reaches 50.6 MPa, higher than the strength grade of the concrete. This indicates
that the strength of concrete in the core area is greatly improved under the constraint of the end
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Fig. 5. Stress diagram of upper concrete at different stages; (a) Yield stage, (b) Ultimate stage, (c) Failure
stage, (d) Final stage

plates and high-strength bolts. At the same time, the maximum stress appears at the bolt hole,
indicating that there will be a stress concentration at the bolt hole. When the specimen fails,
the strength of concrete can still reach 49.3 MPa, indicating that the brittleness of concrete has
been improved under 3D restraint. From the stress nephogram, it can be seen that the concrete
in the core area bears a large force at both ends and a small force in the middle.

4.2. Stress analysis of reinforcement cage

The stress diagram of structural reinforcement cage at different stages is shown in Fig. 6.

As shown in Fig. 6, the lower end reinforcement cage experiences maximum stress
concentrated near the core area of the structure. The maximum stress received by the stirrups
in the failure stage reaches 1103 MPa (greater than the design yield strength by 1100 MPa and
less than the design ultimate strength by 1250 MPa). However, the reinforcement experiences
a stress of 645 MPa (greater than the design ultimate strength 450 MPa), indicating that it has
undergone deformation due to yield failure.
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Fig. 6. Stress diagram of reinforcement cage at different stages; (a) Yield stage, (b) Ultimate stage,
(c) Failure stage, (d) Final stage

S. Bolt stress analysis

The stress diagrams of structural bolts at different stages are shown in Fig. 7.
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Fig. 7. Stress diagram of bolts at different stages; (a) Yield stage, (b) Ultimate stage, (c) Failure stage, (d)
Final stage
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Figure 7 shows that the maximum stress of bolt in the ultimate stage is 439 MPa, (far less
than the designed yield strength 1080 MPa of the high-strength bolt). Therefore, the bolt did
not reach the yield state, nor was it damaged, and its performance was optimal, playing a better
role in transmitting loads.

5.1. End plate stress analysis

The stress diagrams of structural end plates at different stages are shown in Fig. 8.
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Fig. 8. Stress diagram of end plate at different stages; (a) Yield stage, (b) Ultimate stage, (c) Failure stage,
(d) Final stage

Figure 8 shows that due to the bolt preload force, the stress in a small area near the bolt hole
of the end plate is relatively concentrated, with strength of 203 MPa (less than the designed
yield strength of the end plate 345 MPa). In other loading stages, the stress performance near
the bolt hole is optimal, not exceeding 203 MPa, with good performance and better protection
for the structure.
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5.2. Stress analysis of steel pipe

The stress diagrams of structural steel pipes at different stages are shown in Fig. 9.

S, Mises S, Mises
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- +7.330e+01
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+7.629¢+00

+8.320e+00

<

() (d)

Fig. 9. Stress diagram of steel pipe at different stages; (a) Yield stage, (b) Ultimate stage, (c) Failure stage,
(d) Final stage

Figure 9 shows that the maximum stress of the steel pipe is concentrated near the core
area of the joint. When the load is completed, the maximum stress of the steel pipe reaches
402 MPa (345 MPa higher than the designed yield strength of the steel pipe and 450 MPa less
than the design ultimate strength of the steel pipe). Therefore, the steel pipe has reached a yield
state without significant deformation, which can fully utilize the properties of the material and
have good performance.

6. Conclusions

A fabricated concrete monolithic column structure connected by high-strength bolts is
proposed. The pseudo static simulation experiments are conducted on 13 different models
under different parameters using the finite element analysis software. The seismic performance
of the fabricated monolithic column under different bolt preloads, concrete strength, end
plate thickness and axial compression ratio is studied. The research results have obtained the
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seismic performance indicators of the column, which can quantitatively evaluate its seismic
performance and clearly show the main factors affecting seismic performance. In future
practical engineering and seismic design, it can be used as a reference to determine whether to
choose this type of structure and preliminarily screen the factors. The main conclusions and
outlook are as follows:

1. The ductility coefficient of each specimen is basically between 2.19 and 4.97, and the
ductility coefficient of most models is greater than 3.0. The equivalent viscous damping
coefficient of each specimen at failure is 0.21-0.29 and has good energy dissipation
capacity.

2. structure is improved. High strength concrete has an obvious beneficial effect on the
energy dissipation capacity of the structure. When the thickness of the end plate exceeds
a certain range, it will have a significant beneficial impact on the energy consumption of
the structure. However, when the axial compression ratio is less than 0.5, the equivalent
viscosity coeflicient curves are basically the same. When the axial compression ratio
is 0.7, the equivalent viscosity coefficient decreases significantly, indicating that the
high axial compression ratio has an adverse impact on the energy dissipation capacity of
the structure.

3. The stress nephogram of each component shows that the compressive strength of concrete
in the core area is greatly improved under the constraint of the end plate bolts. End
plate bolt connection can well realize the transmission of force and give full play to the
performance of materials.

4. The current research on assembled integral concrete columns primarily examines
their seismic performance. However, further investigation is required to develop design
methods for section bearing capacity and components like end plates and bolts. Additional
data can be gathered through experiments and finite element analysis to establish
a restoring force model for the structure. This model will serve as a foundation for
elastic-plastic analysis and overall structural design.
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