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Abstract. In practice, bridge foundations and pier columns are usually constructed with cast-in-place concrete. Precast 
columns are currently widely used in highway bridges in China, which can save construction time and improve concrete 
quality. The connection between precast bridge columns and the foundation can affect how forces transfer from one to 
the other. This paper investigates using external sockets to form a connection between the bridge column and foundation. 
This method can accelerate the bridge construction time with the additional advantages of improving the orientation and 
creating a large erection tolerance. Two types of connections are presented and tested to investigate the behavior of the 
column-foundation connections and find a more suitable way to use external socket connections. The experimental results 
show that the column-foundation connection design satisfies the design requirements. The results also show that roughen-
ing the column surface within the external socket is more effective at connecting the column to the foundation when using 
an external socket compared to attaching a steel plate on the column. The experimental results are validated with a finite 
element analysis, resulting in a proposal regarding the column-foundation connection behavior as well as design recom-
mendations for the external socket connection. 

Keywords: column-foundation connection, service condition, gap, ultimate capacity, load-displacement.

Introduction 

In recent years, precast and prefabrication technolo-
gies have been widely used for superstructure projects 
in China to accelerate the construction time and ensure 
structure component quality. For bridge substructures, the 
precast technology is just starting to be applied to bridge 
columns. Bridge foundations are usually constructed on 
site with cast-in-place concrete. The use of precast con-
crete column reduces construction time, improves con-
crete quality and onsite safety, and enhances the efficiency 
and construction control (Do et al., 2018; Billington et al., 
1999). The cross sections of precast columns can include 
solid or hollow circular section as well as rectangular sec-
tions. The columns can be precast segmentally (Cai et al., 
2018; Hung et al., 2017; Li et al., 2017a, 2017b; Xia et al., 
2019; Zhao et al., 2017) or integrally (Nguyen et al., 2017). 
In the past few decades, a number of connection methods 
have been used to connect precast columns to foundations 
including grouted sleeve couplers, socket connections, 
grouted ducts, and hybrid systems. Considerable research 

has been completed on these connections considering the 
static and dynamic behavior (Hewes, 2013; Nguyen et al., 
2017; Wang et al., 2018). 

Grouted sleeve couplers can reduce the congestion 
of reinforcements, but they require a tight tolerance for 
erection and expensive proprietary hardware and grout 
(Belleri & Riva, 2012; Li et  al., 2018; Yan et  al., 2018). 
Belleri and Riva (2012) investigated the behavior and 
performance of grouted corrugated steel sleeve connec-
tions under cyclic loading and developed an experimental 
study in which the experimental results show that grouted 
steel sleeves are suitable as column-foundation connec-
tions in the seismic regions. Grouted ducts, on the other 
hand, have inexpensive stay-in-place ducts and acceptable 
tolerances, but they require complex grouting operations 
(Marsh et al., 2011). Hewes (2013) finds that the grouted 
duct system can achieve significant moments. Marsh et al. 
(2011) showed the grouted duct connection being used 
with projects located in both non-seismic and seismic re-
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gions. The disadvantages include the space requirement in 
the adjacent member’s reinforcement cage.

Socket connections leave a small area between the ele-
ments to allow for a closure pour of cast-in-place concrete, 
and the precast column and foundation are connected by 
a part of column embedded into the cavity of the foun-
dation (internal socket connection). Canha et  al. (2012) 
developed an experimental study on the behavior of the 
socket and column as a monolithic connection, and sug-
gested the vertical reinforcement should be designed based 
on the bending theory. The embedded part of the column 
is usually precast with a rough interface, which works as a 
shear key to transfer forces between column and founda-
tion. Socket connections have large construction tolerances 
and simple grouting operations, and, as a result, this meth-
od is often used in non-seismic and low-seismic regions. 
Hybrid systems use post-tensioned (PT) tendons and mild 
steel reinforcement or other energy dissipating material 
to connect column and foundation (Hewes, 2013; Marsh 
et  al., 2011; Wang et  al., 2018). The PT tendons remain 
elastic and render the connection self-centering under 
lateral cyclic loading, while the bar reinforcements yield 
alternately to dissipate energy under cyclic loading. Due to 
the reduced residual drift, the seismic performance is po-
tentially much better than other connection methods. But, 
at the same time, this method carries much greater con-
struction risk since the post-tension tendons require spe-
cial construction control. Tran (2015) proposed a drilled 
shaft socket connection for precast columns for moderate 
or high seismic regions, and conducted quasi-static tests to 
investigate the seismic performance. The research showed 
that the conventional amount of shaft spiral protected the 
shaft while the precast column with a plastic hinging failed. 
Tazarv and Saiidi (2015) developed pocket connection de-
sign methods to assemble precast columns and precast 
cap beams, and proposed design guidelines for precast 
bent caps incorporating pocket connections. The research 
showed that the pocket depth should be greater than the 
column side dimension to guarantee that the full plastic 
moments were developed in columns. Cheng and Srith-
aran (2019) conducted the tests for a precast member with 
internal socket, and their research showed that the socket 
connection could provide significant resistance for side 
shear to transfer large vertical loads. Wang et  al. (2019) 
conducted tests for precast columns with  internal sock-
et and pocket connections. Their research found that the 
differences between precast columns and cast-in-place col-
umns were within 15%, and the load-displacement curves 
from numerical results had good agreement with the test 
results. Cheng and Sritharan (2020) conducted tests for a 
prefabricated column-pile cap-pile system at service con-
dition and extreme event condition. The results show that 
the column connection and pile connections exhibited ex-
cellent behavior for service condition, and a plastic hinge 
was induced in the column for extreme event condition. 

In view of construction cost, time, and tolerance, the 
socket connection is more efficient than the other types 
of connections reviewed above. Recent research on socket 

connections mostly focuses on the internal socket con-
nection in which the precast column is embedded into the 
cavity of the foundation. In these cases, the foundation is 
either cast in place or precast with a void, which requires 
complicated reinforcements design and cast-in-place con-
crete template arrangement. Rather than using an internal 
socket connection, this paper proposes using an external 
socket to connect the precast column and foundation (ei-
ther cast-in-place or precast). With an external socket, 
the foundation does not require a cavity, which makes the 
foundation design and construction process simpler. The 
precast column is oriented and put on the foundation, and 
no reinforcement connects the column bottom and foun-
dation. Similar to the drilled shaft socket connection, the 
external socket with spirals is erected with cast-in-place 
concrete to connect the precast column to the foundation. 
For the drilled shaft socket connection, the reinforcement 
cage is embedded and connected to the base (foundation). 
For the external socket, however, no reinforcement is ex-
tended into the foundation (or the base). The bottom of 
the columns within the external socket is precast either 
with or without a rough surface. The advantages of using 
an external socket include the simple installation and vari-
able socket size, which is a better choice for longer length 
bridge projects.

The external socket connections in this paper were de-
signed for and used in a bridge project in Anhui Province, 
China. The project has a length of 12 km of three spans, 
or four spans of continuous girder bridges. The columns 
are precast with a hollow circular section for all of the 
bridges, and required accelerated construction with low 
orientation requirements. The motivations for using ex-
ternal socket connections include four key considerations: 
(1) the necessary grouting in hollow core precast columns 
is difficult to complete and connect to the columns and 
foundation; (2) the precast column is fabricated in a fac-
tory, and the templates used for concrete columns can-
not initially allow rebars extending from the bottom of 
the column. As a result, grouted duct connections using 
rebars are not allowed in the initial design of the project; 
(3) the total length of the project is long (12 km), and 
requires a lot of precast columns to complete the project. 
This means that the orientation and construction should 
not take much time and results in fewer construction tol-
erance requirements; (4) and the bridges are located in 
the low seismic region (in Anhui Province in China, and 
low seismic behavior is included in the design), and the 
seismic requirement doesn’t control the socket connection 
design. 

In this paper, two types of external socket connections 
are presented and investigated to find a more suitable way 
to use external socket (see Figure 1). An experimental 
study is developed to investigate the behavior of the col-
umn-foundation connections and validate the design of 
the external socket connection. Finally, the paper offers 
some recommendations for the external socket connec-
tion design based on the test results and the finite element 
analyses.
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1. Background

The test in this study was developed to validate the con-
nection design used in a project in Anhui Province, Chi-
na. The bridge project has three or four spans of continu-
ous girder bridges. The three-span bridges are composed 
of 30  + 35  + 30 m and 3×35 m. The four-span bridges 
are composed of 4×35 m. The end supports used in this 
project are those with vertical displacement constraints 
only. The bridge project also uses interior supports with 
vertical displacement constraints and horizontal friction 
constraints. All the columns are precast with a hollow cir-
cular section containing an outer diameter measuring 1.2 
m and an inner diameter of 0.7 m. C70 concrete is used 
for the precast columns, and C50 concrete is used for the 
socket connection and foundation. All the reinforcements 
are made from HRB400 with a specified minimum yield 
stress of 400MPa. Figure 1 shows the elevation of the col-
umn and external socket. 

Figure 1 shows how the two types of column-founda-
tion connections using external sockets were designed and 
used in the project. For connection type A, the column is 
precast with a smooth surface within the external socket, 
as seen in Figure 1a and Figure 1c. An orientation cap 
was cast in the center of the foundation to orient the loca-
tion of column. The reinforcement network of the exter-

nal socket was finished before column erection. A mortar 
layer was added on the foundation surface to adjust the 
column level. After the column was erected on the foun-
dation, a steel plate was attached to the column as shown 
in Figure 1c. Finally, the external socket was finished with 
cast-in-place concrete. 

The use of a steel plate in connection type A requires 
that the steel plate can fully bond with the column, which 
resulted in a tight tolerance for the steel plate attach-
ment. To improve this, a second column was precast with 
a rough surface within the external socket instead of the 
steel plate used in type A, which is categorized as type B 
and shown in Figure 1b and Figure 1d. The erection pro-
cedure is similar to that of type A. 

The design of these two types assumes that the external 
socket can fully bond with the column, and the external 
socket and the column can work together to carry the ver-
tical and horizontal forces and transfer them to the foun-
dation. Actually, the precast column is oriented and put on 
the foundation first, and then the external socket is cast; 
the construction sequence may have some effects on the 
composite work for the column and the external socket. 
Additionally, the use of a steel plate or rough surface for 
the force transfer during loading needs to be investigated 
further to verify the external socket connection behavior. 

Figure 1. Foundation-column connection: a – Elevation of Type A connection; b – Elevation of Type B connection;  
c – Photograph of Type A connection; d – Photograph of Type B connection

a)

c)

b)

d)
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2. Column-foundation connection  
test specimen design

The column and column-foundation connection were de-
signed according to JTG D62 specifications (Ministry of 
Transport of the People’s Republic of China, 2004). For a 
reinforced concrete bridge structure, cracks are allowed, 
but crack width should be checked for a service limit state 
of 0.2 mm (Ministry of Transport of the People’s Republic 
of China, 2004). The critical load for the service limit state 
is determined from a force analysis of the superstructure. 
The forces applied to the superstructure include truck 
loads (including brake force), lane loads, support settle-
ment, linear and nonlinear temperature, brake force, and 
seismic force. All these forces are combined with load 
factors (i.e., service limit state and seismic condition in 
which the load factor for each service limit state term is 
1.0) based on design specifications (Ministry of Transport 
of the People’s Republic of China, 2004, 2008) to generate 
a critical condition to the substructure. Since the columns 
are located in the low-seismic region, this study uses seis-
mic force E1 (Ministry of Transport of the People’s Re-
public of China, 2004, 2008). In addition, one accidental 
condition (the rubber-aged condition) is analyzed. This 
accidental condition assumes that the rubbers at the in-
terior bearings might be aged since the interior bearings 
use friction rubber supports that partially restrain the lon-
gitudinal displacements of the bridge girders. It is not a 
normal condition during the bridge service life, but it can 
be treated as a more critical condition (e.g., the maximum 
capacity condition). 

Two test specimens corresponding to the two types of 
connections (i.e., type A and type B) were designed and 
analyzed to investigate the behavior of the column-foun-
dation connections and study its mechanisms. To guar-
antee safety during the specimen erection and stability 
during the test process, the height of two test specimens 
is taken as 6 m, which is not corresponding to the tallest 
one in the project (the maximum height of columns in 
the project is 12 m), but a loading test setup is designed 
that can model the tallest column’s loading condition. 
As shown in Figures 1a and 1b, the depth of the exter-
nal socket is 100 cm. 18 longitudinal No. 25 rebars and 
spirals with a pitch of 5 cm are arranged in the precast 
column; 30 No. 22 rebars and spirals with a pitch of 10 cm 
are arranged in the external socket. The test is designed 
to use two 6 m-height columns and a load test setup that 
can model any loading conditions for the bridge columns.

3. Test program

3.1. Load

The seismic force is larger in the columns with a height 
of 3  m than that in the columns with a height of 12 m 
according to design specifications (Ministry of Transport 
of the People’s Republic of China, 2004, 2008), thus the 
moment induced at the bottom of the column with 12 m 

height doesn’t control the design for the seismic condition. 
Therefore, the conditions included in the paper are found 
by combining the force analyses of the bridge columns, 
the service condition and the aged rubber conditions for 
the column with a height of 12 m. Table 1 lists the maxi-
mum forces applied to the top of bridge column from the 
force analyses of the bridge superstructure.

Table 1. Maximum forces applied to bridge column top

Load condition Horizontal 
force (kN)

Vertical 
force (kN)

Service condition 114 2880
Seismic load 
under E1

3 m column 422 –
12 m column 53 –

Aged rubber condition 310 2880

3.2. Test setup

The test setup is designed to apply vertical and horizontal 
forces simultaneously, which represents the loads trans-
ferred from the superstructure to the top of the column. 
The forces transferred to the column include both vertical 
forces (the axial force) and horizontal forces.

As shown in Figure 2, the test setup is composed of 
three fixtures: (1) a vertical loading cable fixture, (2) an 
inclined loading cable fixture, and (3) a loading transfer 
fixture. The vertical loading cable fixture and the inclined 
loading cable fixture are designed to apply the axial force 
and horizontal force to the test specimen. 

The vertical loading cable fixture applies the axial force 
to the column. The fixture is composed of two sets of pre-
stressed tendons and jacks arranged under the bottom of 
the foundation. 

The inclined loading cable fixture applies the axial and 
horizontal force to the test specimen. The fixture is com-
posed of two sets of prestressed tendons and jacks. The 
jacks were arranged and jacked under the bottom of the 
foundation adjacent to the tested column. The prestressed 
tendons are inclined, which applies inclined forces to the 
test column. The horizontal vector of the forces is equal 
to the designed applied horizontal force (i.e., the horizon-
tal force transferred from the bridge superstructure to the 
bridge column), which applies the expected critical mo-
ment to the bottom of column. The vertical vector of the 
forces is added to the axial forces applied by the vertical 
loading cable fixture equal to that of the designed applied 
axial force (i.e., the vertical force transferred from the 
bridge superstructure to the bridge column). 

The loading transfer fixture is composed of a loading 
steel beam and an anchor cap. The loading steel beam is 
connected to the vertical loading cable fixture while the 
anchor cap is connected to the inclined loading cable fix-
ture. The loading steel beam applies the axial force from 
the vertical loading cable fixture to the test specimen. The 
anchor cap transfers the forces from the inclined loading 
cable fixture to the test specimen. 
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3.3. Instrumentation 

Strain gages are arranged in the column and column-
foundation connection to measure the strains during the 
test. As shown in Figure 4, five sections were measured 
for the column, and three sections were measured for the 
column-foundation connection (the external socket). Note 

that the strain gages were put on the surface of the column 
at Sections D and E. The planned arrangement of strain 
gages on connection type A and B are a little different de-
pending on the orientation of the specimens. The planned 
view of each type is shown in the results plots. The lateral 
displacement of the top of the column was measured by a 
total station with a precision of 1 mm. Finally, to control 
the applied forces during the test, the load cells were ar-
ranged at the anchor plate of the tendons in the vertical 
loading cable fixture and the inclined loading cable fixture. 

3.4. Loading plan

According to the superstructure force analysis, the test 
considers two loading conditions, which are referred to 
as Stage 1 and 2. Table 2 and Table 3 present the test’s 
loading plan for both types of connection. An increment 
load step is used for each stage. Stage 1 models a condition 
in which the substructure is under service; Stage 2 models 
a condition in which the substructure is under a possible 
maximum loading condition where the rubber is aged.  

Figure 2. Test setup: a – Test set up composed of three loading fixtures; b – Photograph of loading fixtures

b)a)

Figure 3. Normal strain versus applied vertical force at Sections 
A and C of column-foundation connection for Type A in Stage 1

Figure 4. Cracks in column for type A and type B after test: a – Type A; b – Type B

a) b)
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Table 2. Loading plan for type A connection test

Stage Increment

Forces in loading 
fixture 

Equilibrium forces 
applied to column

Vertical 
loading 

cable
 (kN)

Inclined 
loading 

cable 
(kN)

Vertical 
force
 (kN)

Horizontal 
force 
(kN)

1

1-1 0 0 0 0
1-2 300 0 594 0
1-3 600 0 1188 0
1-4 900 0 1782 0
1-5 1200 0 2376 0
1-6 1350 0 2673 0
1-7 1355 50 2746 77
1-8 1355 100 2810 153
1-9 1355 177 2908 271

2

2-1 1200 0 2376 0
2-2 1350 100 2800 153
2-3 1350 175 2896 268
2-4 1300 225 2860 345
2-5 1275 275 2875 422
2-6 1175 425 2868 652
2-7 1145 482 2881 739
2-8 1145 180 2496 276
2-9 1145 330 2687 506

2-10 1145 480 2878 736

Table 3. Loading plan for type B connection test

Stage Increment

Forces in loading 
fixture 

Equilibrium forces 
applied to column

Vertical 
loading 

cable 
(kN)

Inclined 
loading 

cable 
(kN)

Vertical 
force 
(kN)

Horizontal 
force 
(kN)

1

1-1 0 0 0 0
1-2 350 0 693 0
1-3 700 0 1386 0
1-4 1050 0 2079 0
1-5 1402 0 2776 0
1-6 1402 35 2820 54
1-7 1402 70 2865 107
1-8 1350 101 2801 155
1-9 1350 135 2845 207

1-10 1350 177 2898 271

2

2-1 0 0 0 0
2-2 1350 75 2768 115
2-3 1350 150 2864 230
2-4 1300 225 2860 345
2-5 1250 300 2857 460
2-6 1200 375 2853 575
2-7 1150 450 2850 690
2-8 1145 482 2881 739
2-9 1145 510 2916 782

The elastic loading condition limit corresponds to the 
service limit state. The service limit state models a state 
in which the column works under a critical load combi-
nation during its service time, as required by the design. 
Altogether, this test checks the safety and behavior of the 
column-foundation connection using external socket. 

The inelastic loading condition limit corresponds to 
the applied horizontal force limit, which models a state 
in which the intermediate friction rubber supports have 
aged. This state is a critical condition for the column and 
the connection, and can serve as a representation of the 
maximum load capacity condition.

4. Experimental results

During the test, the strains and displacement at the top 
of the column are measured along with the load increase. 
Then, the relationship of load-strain and load-displace-
ment from the test data are plotted to investigate the be-
havior of the column and the external socket connection. 

4.1. Connection Type A test results

Stage 1
Stage 1 applies forces to the specimen and models the col-
umn works under the service condition. No cracks were 
observed. Figure 3 presents normal strain versus applied 
axial force in Stage 1. In the figures, the negative value de-
notes compression strain while the positive value denotes 
tension strain. The strains at positions 1 and 5 increase 
along with the applied vertical force increase. In the figure, 
SA_P1 and SA_P5 refer to the strain measurement points 
1 and 5 in Section A, respectively. SC_P1 and SC_P5 refer 
to the strain measurement points 1 and 5 in Section C, 
respectively. The strains at position 5 decrease after the 
horizontal force is applied, but these values are small. The 
maximum compressive strain is about 220 microstrain, 
which occurs at position 1 of Section C, and there is no 
yielding for the concrete (the yield strength of concrete is 
about 1900 microstrain). The compressive strain in Sec-
tion A is smaller than that in Section C. If the column and 
column-foundation connection fully contact each other, 
the compressive strain at section A should be larger than 
that in section C. Here the results are reversed, however. 
One possible explanation is that the column is not fully 
constrained with the connection, which will be discussed 
later.

In Stage 1, the lateral displacement was measured at 
the top of the column. The value is small, with a maximum 
measured value less than 2 mm. No cracks were observed 
in Stage 1. The test results in Stage 1 show that the column 
and column-foundation satisfy the service limit require-
ments.

Stage 2
Cracks were observed and recorded during Stage 2. The 
first notable crack was observed when the horizontally 
applied force was 422kN. The cracks propagated quickly 
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as the horizontal force increased. When the applied hori-
zontal force was up to 782 kN, the cracks grew up to two-
third of the column diameter. Figure 4a shows a photo of 
the cracks after the test was completed. A gap was clearly 
visible between the connection and column.

Figure 5 compares normal strain to the applied axial 
force in the column and column-foundation connection 
in Stage 2. Before the horizontal force applied, the strains 
are small for both section A and section D, which are less 
than 100 microstrain. In the figure, SD_P1 and SA_P5 
refer to the strain measurement point 1 and point 5 in 
Section D, respectively. The strain at position 1 increases 
along with the horizontal force increase while the strain 
at position 5 decreases due to the moment induced by the 
applied horizontal force. This pattern holds true for both 
sections in the column and the connection. 

As shown in Figure 5a, column strains in Section A are 
much less than that in Section D, since the column works 
with the connection to carry the forces at Section A. The 
maximum compressive strain at position 1 of Section D is 
larger than 1000 microstrain, but even that does not reach 
the compressive yield strength of concrete. The maximum 
tensile strain, on the other hand, is larger than 150 mi-
crostrain. Since the tensile yield strength of concrete is 
about 110 microstrain, this measure indicates that some 
cracks occur in the column. 

For the connection shown in Figure 5b, the strains at 
Section A do not vary much. For Section C, the strains at 
position 5 are not that large, but the strains at position 1 
vary greatly as the applied horizontal force increases. The 
maximum compressive strain is about 1000 microstrain. 

The external socket was expected to work with the column 
to carry the applied force at Section C resulting in strains 
at section C being less than those at section A. The reason 
for this variance will be discussed later.

Figure 6 compares the lateral displacement at the top 
of the column to the applied horizontal force in Stage 2. 
When the applied horizontal force is small, the displace-
ment is also small. The displacement increases as the ap-
plied horizontal force increases. A linear relationship is 
visible when the applied horizontal force is smaller than 
300 kN. After that, when the applied horizontal force in-
creases, the displacement increases at a faster rate. The 
maximum horizontal displacement is 0.08 m.

Figure 7a presents the normal strain to the column 
and connection while the vertical force is applied. The 
results show that the connection works with the column 
to carry the applied force. The results also show that the 

Figure 5. Normal strain versus applied vertical force for Type A 
in Stage 2: a – At Sections A and D of column; b – At Sections 

A and C of column-foundation connection

Figure 6. Lateral displacement versus applied horizontal 
applied force at top of column during loading in Stage 2

Figure 7. Normal strain in the column and column-foundation 
connection for Type A in Stage 2: a – During the processes  

of vertical force applied; b – During the processes  
of horizontal force applied

b)

a)
a)

b)
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compressive strain for the column in section C is larger 
than that in Section A, which indicates that the vertical 
force is transferred from the column to the socket con-
nection. But there are big differences between Section A 
and Section C concerning the socket connection (55 mi-
crostrain in Section C, while only about 18 microstrain in 
Section A), which means the vertical force transfer is not 
uniform across all socket connections. 

Figure 7b presents the normal strain in the column and 
the column-foundation connection at section A caused 
by the applied horizontal force. The strains shown in the 
figure are only induced by the applied horizontal force, 
not the total force. The results show that there is a linear 
relationship between the normal strain and the applied 
horizontal force when the applied horizontal force is less 
than 300 kN. When the applied horizontal force is larger, 
the strains at position 5 increase for both the column and 
the column-foundation connection, but the strains at po-
sition 1 in the column-foundation connection have almost 
no change (around 100 microstrain) and is less than the 
strains in the column at position 1 when the applied force 
is large. This indicates that the external socket connection 
doesn’t fully constrain the column at position 1. 

Combining the results from Figure 4, Figure 7, and 
the gap observed in Figure 4a, one can conclude that the 
column is not fully in contact with the column-foundation 
connection. As a result, the constraint between the col-
umn and the connection is not consistent with the initial 
design (which involved a fully bonded constraint), since 
the column-foundation connection doesn’t fully constrain 
the column. Therefore, the external socket is only partially 
in contact with the column, which is especially true after 
horizontal force is applied.

4.2. Connection Type B test results

Stage 1
Figure 8 compares the normal strain to the applied axial 
force in the Stage 1 column-foundation connection. The 
strains at position 1 in Section A increase as the applied 
horizontal force increases. The strains at position 5 in 
Section A and Section C vary from compression to ten-
sion with the increase in applied horizontal force, but the 
strains are small due to the cross-section changes within 
the socket. These observations indicate that the connec-
tion works well with the column. 

In Stage 1, the lateral displacement was measured at 
the top of the column. The value is small, with a maxi-
mum measured value less than 2 mm. No cracks were ob-
served during Stage 1 loading. The test results for Stage 1 
show that the column-foundation and the column satisfy 
the service limit requirements.

Stage 2
Cracks were observed and recorded during Stage 2, how-
ever. The first crack was observed when the applied hori-
zontal force was 460 kN. The cracks propagated quickly as 
the applied horizontal force increased. When the applied 

horizontal force reached 782 kN, the cracks grew to two-
third of the column diameter. Figure 4b shows the cracks 
after the test was completed. 

Figures 9a and 9b compare the normal strain to the 
applied axial force in the column and the column-founda-
tion connection in Stage 2. Since the cross-section changes 
within the socket for the column shown in Figure 9a, the 
strains at Section A are small, with a maximum compres-
sive strain of about 200 microstrain, and a maximum 
tensile strain of less than 100 microstrain. For Section D, 
the maximum compressive strain is about 1300 when the 
maximum horizontal force is applied while the maximum 
tensile strain is over 500 microstrain. Since the tensile 
yield strength of concrete is about 110 microstrain, these 
results indicate some cracks occurred, which were visible 
in this study.

As shown in Figure 9b, the connection strains in Sec-
tion A are small, with a maximum compressive strain of 

Figure 8. Normal stress versus applied vertical force  
for Type B in Stage 1

Figure 9. Normal stress versus applied horizontal applied force 
in column at Section D in Stage 2: a – Type A; b – Type B

b)
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75 microstrain, and a tensile strain of less than 100 mi-
crostrain. The strains in section C are smaller than those 
in section A since the moment at section A is larger than 
that at section C from the system’s load static calculation. 
When combined with the results of the Section A column, 
this indicates that the constraint between the column and 
connection works well.

Figure 6 also compares the lateral displacement at the 
column top to the applied horizontal force for type B. 
When the applied horizontal force is small, the displace-
ment is also small. The displacement increases as the ap-
plied horizontal force increases. A linear relationship is 
visible while the applied horizontal force remains less than 
300 kN. After that, the displacement increases quickly as 
the applied horizontal force increases. The maximum hor-
izontal displacement is 0.072 m.

Figure 10a shows the normal strains as the axial force 
is applied to the column and column-foundation connec-
tion. The strains in section A are larger than those in sec-
tion C since the moment in section A is larger than the 
static load calculation. The strains in the column are larger 
than those in the connection, however, which indicates 
that the connection only partially works to carry the ap-
plied axial force. Comparing the strains in Section A and 
Section C, the vertical force transferred to the socket con-
nection is about 0.25 of the total vertical force, indicating 
that the friction ratio between the column and the socket 
connection is 0.25. 

Figure 10b presents the normal strains in the section 
A column and column-foundation connection due to the 

applied horizontal force. The strains shown in this figure 
are only induced by the applied horizontal force, not the 
total force. The results show that the strains in the con-
nection at position 1 and position 5 are larger than those 
in the connection, and the strains increase as the applied 
force increases. The results show that the connection and 
the column can effectively work together to carry the ap-
plied horizontal force. 

4.3. Comparisons

The test results of these two connection types satisfy the 
service condition requirements. These two connections, 
however, are different in certain aspects, especially con-
sidering the stress distribution in the connection. As seen 
in the observations from Figures 4 and 10, the strains in 
the connection type B vary slightly as the applied hori-
zontal force increases. For type A, however, the compres-
sive strains at position 1 of Section C are much larger, 
with a maximum strain of as much as 1000 microstrain. 
The reason for this is that the connection type A cannot 
fully bond with the column and there are observable gaps 
between the column and connection. At the same time, 
the type B connection results in a much better constraint 
condition between the column and the connection. 

For the lateral displacement at the top of the column, 
the results shown in Figures 6 reveal that the lateral dis-
placement of connection type A is larger than that of con-
nection type B under the same applied horizontal force. 

As shown in Figure 4, the cracks propagated through 
two-third of the column diameter after the maximum hor-
izontal force was applied. An obvious gap was observed 
between the connection and the column for connection 
type A, while a small crack was observed for connec-
tion type B. Considered alongside the strain distribution 
comparisons in the Section C connection, these results 
indicate that connection type A cannot fully bond with 
the column. Ultimately, connection type B works better 
to supply a good constraint between the connection and 
the column. 

5. Finite element analysis

5.1. Finite element model

This study used ABAQUS software (version 6.14) to de-
velop a finite element (FE) analysis. Solid elements (type 
C3D8) were used to model the column and the column-
foundation connection. Truss elements (type T3D2) were 
used to model reinforcements. Different mesh sizes were 
used to reduce computation time. The mesh size 4 m from 
the column top was larger (0.1 m), while the rest of the 
analysis relied on a smaller mesh size (0.05 m). 

The precast column is made of C70 concrete with a 
density of 2500 kg/m3, a Young’s modulus of 37 GPa, and 
a Poisson ratio of 0.2. The column-foundation connection 
is made of C50 concrete with a density of 2500 kg/m3, a 
Young’s modulus of 34.5 GPa, and a Poisson ratio of 0.2. 

Figure 10. Normal strain in column and column-foundation 
connection for Type B in Stage 2: a – During the processes of 
vertical force applied; b – During the processes of horizontal 

force applied

a)

b)
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The analysis uses a brittle concrete cracking model that 
can adequately simulate the flexure, flexure-shear, and di-
rect shear failure of a reinforced concrete (RC) structure 
(Shi et al., 2018; Xia et al., 2017).

Since there was a gap between the connection and 
the column, a “contact” constraint was used to model the 
condition between the connection and the column in con-
nection type A. The gap assumption is based on the crack 
observation in the test revealing that there was a small 
gap between the connection and the column. A “rigid” 
constraint was used to model the relation between the 
connection and the column for connection type B. The 
model applies simple supported boundary conditions. The 
lateral and vertical displacements were restrained for the 
nodes at the bottom of the connection as well as those at 
the bottom of the column. 

The loads applied in the model correspond to the loads 
in the test for each type of connection. The loads during 
the test are applied by the test setup, which applies both 
a vertical and horizontal force at the top of the column. 
In the FE model, the vertical and horizontal forces are ap-
plied directly at the top of the column. The strains and 
displacement in Stages 1 are not large. The analyses for 
Stage 2 are presented elsewhere in this paper. 

5.2. Comparison between test results and FE results

Connection Type A comparisons
Figure 11a compares the lateral displacement at the top 
of the column to the applied horizontal force for the test 
results and the FE results. Up to the applied horizontal 
force of 580 kN, the FE results agree with the test results. 
The FE model has a smaller maximum load capacity as the 
test results. One possible reason is that a pair of vertical 
prestressed tendons was used to apply the vertical forces 
and may have had some effect when the lateral displace-
ment is larger. Another reason is that the spiral reinforce-
ments are not included in the model. The FE results for 
a cast-in-place column are presented in the figure. In the 
elastic range, the lateral displacement of the cast-in-place 
column is less than that of type A, which is due to the gap 
between the column surface and the socket. But the capac-
ity of the cast-in-place column is less than that of type A, 
which shows that the socket connection shifts the plastic 
hinge of the column. 

Figure 12a compares the normal strains to the applied 
axial force for the test results and the FE results in the 
Section D column and in the Section C connection. The 
results show that the FE model matches the test data well, 
suggesting that connection type A cannot fully constrain 
the column because there is a gap between the column 
and the connection.

Connection Type B comparisons
Figure 11b compares the lateral displacement at the top 
of the column to the applied horizontal force for test re-
sults and FE results. Up to a horizontal force of 580 kN, 
the FE results agree with the test results; however, the FE 

model has a smaller ultimate load capacity than the results 
imply. Connection type B has less displacement than the 
cast-in-place concrete under the same load, indicating that 
connection type B can be fully bound to the column. In 
addition, the capacity of type B is larger than that of the 

Figure 11. Lateral displacement versus horizontal applied force: 
a – Type A; b – Type B

Figure 12. Normal stress versus applied horizontal applied 
force in column at Section D in Stage 2: a – Type A; b – Type B

b)

a)

b)
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cast-in-place column, which shows that the socket con-
nection shifts the plastic hinge of the column. Figure 12b 
compares the normal strains to the applied axial force for 
the test results and FE results for the Section D column. 
Figure 13 compares the crack propagation between the FE 
analysis and the test data. The results indicate that the FE 
results and the test data are in strong agreement, and the 
plastic hinge occurs in the column above the socket con-
nection with no failure in the socket. 

5.3. Design check 

The analyses above focus on the test specimen but the ac-
tual height of the project columns is up to 12 m. Thus, the 
FE analysis must be extended to investigate the behavior 
of 12 m columns using both connection types. Figure 14 
presents the load-displacement curves for various depths 
of connection socket. For type A, the capacity of the col-
umn-foundation connection increases as the socket depth 
increases and the corresponding lateral displacement de-
creases. Thus, the increase of socket depth is efficient at 
improving the behavior of connection type A. For connec-
tion type B, the load-displacement curves are similar for 
various socket depths, implying that the socket depth has 
little effect on the behavior of connection type B.

From the test data and FE analysis above, connection 
type B can guarantee that the column-foundation con-
nection will fully constrain the column. The results also 
suggest using connection type B to connect the precast 
column and foundation as well as reducing the use of 
the steel plates and shear studs on-site. Furthermore, the 
data shows that the connection does not fully work with 
the column to carry the vertical forces, but it does work 
well with regards to carrying the horizontal force. Some 
observation and simplified calculation recommendations 
for the design is proposed to account for the forces dis-
tributed in the column and connection, including: (1) for 
type B with rough surface, the friction ratio between the 
column and the socket connection can be taken as 0.25 for 
the socket with a depth of 1 m; (2) the moment induced 
by the horizontal force can be fully carried by the con-
nection and column within the socket; and (3) increasing 
the socket depth for type A can improve the behavior of 
the socket connection. Additionally, the comparison be-
tween the FE results and the test data indicate that the FE 
model can be used to further design this external socket 
connection and continue to study the dynamic behavior 
of the system.

Conclusions

Systematic experimental tests and FE analysis were con-
ducted to investigate the similarities and differences in 
structural performance regarding two types of connec-
tion design. Similarities in their behavior suggested from 
comprehensive investigation results are summarized as 
follows:

 – The stresses and lateral displacements are small when 
the load is applied to the service condition, mean-

ing that the design satisfies the requirements of the 
service condition;

 – When the maximum horizontal force for the service 
condition was applied, the column-foundation con-
nection has no obvious cracks for either of the two 
connection types;

 – The column-foundation works together to resist the 
vertical and horizontal force;

 – When the maximum horizontal force (Stage 2) was 
applied, significant cracks were observed, measuring 
up to two-third of the column diameter, resulting in 
column failure before the connection;

 – The column fails before the connection fails and the 

Figure 13. Cracks after column fails: a – FE results;  
b – Test results

Figure 14. Lateral displacement versus applied horizontal 
applied force at top of column for 12m-height column:  

a – Type A; b – Type B

b)a)

a)

b)
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plastic hinge occurs in the column; thus, the design 
of column-foundation connection satisfies the re-
quirements and can be used safely to connect precast 
columns and foundations in low-seismic regions.

Differences between the two connection types are 
summarized as follows:

 – Under the same load, the lateral displacement for 
connection type B is smaller than that of connection 
type A; 

 – Connection type A has is a local effect in which the 
corner of the connection experiences a large, locally 
compressive stress; 

 – When the maximum horizontal force was applied, an 
obvious gap was found for connection type A where 
the connection and the column connected, while 
only a small crack was found for connection type B;

 – The test results and the FE results indicate that con-
nection type A cannot fully constrain the column, 
while connection type B can guarantee a full con-
strain between the column and the connection; fur-
thermore, the socket depth has some effect on the 
behavior of type A, but little effect on type B;

 – The finite element model results are consistent with 
the test results, and shows a smaller ultimate capac-
ity than the test results. Therefore, the finite element 
models can be used to safely design and investigate 
the behavior of column-foundation connections, es-
pecially for the connection type B design. 

These tests were conducted to investigate the behav-
ior of the connection under the service conditions, and 
further study is needed to investigate the dynamic and 
ductility of the connection to improve the external socket 
connection design. 
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