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ABSTRACT 
The aim of this study is to investigate the seismic behavior of the unbonded post-tensioned precast concrete 
beam-column connections with and without shear bracket under simultaneous action of cyclic load and 
gravity load. Three specimens of precast unbonded post-tensioned exterior beam-column connection were 
designed and tested. The test results of the specimen without shear bracket showed excessive beam slip, 
and large residual deformation. The specimens with shear bracket expressed very good performance with 
small residual deformation, almost no slip, fully developed strength, minor damage to the beam and column 
elements, and easy to disassemble. It is concluded that satisfactory seismic performance can be expected 
from well-designed connection with shear bracket.  
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1. INTRODUCTION 
 

From the environmental point of view, the structure 
should be easy to disassemble when the buildings need 
to be removed. In order to achieve this purpose, the 
beam-column joint with un-bonded post-tensioned bars 
is applied for the proposed system in this paper. As for 
the ordinary un-bonded post-tensioned (hereafter 
referred to as PC) joint, the vertical constant load due to 
the live and dead loads is carried by the friction at the 
beam-column interface, and bending moment due to 
lateral load is carried by the PC bars. In office buildings 
because of its long-span beam, the vertical constant load 
becomes much larger than that of apartment building. 
The amount of PC bars for joints at higher stories 
depends on the vertical load rather than the bending 
moment, and then larger amount of PC bars tends to be 
required from the view point of the lateral load 
resistance. In order to reduce the amount of PC bars, 
new joint system was proposed in this paper, where the 
column has a steel bracket on its surface to carry the 
vertical load of the beam mechanically.  

The objectives of this study is design new type of 
connection in which post-tensioned steel resists the 
moment induced by seismic and gravity loads, and shear 
bracket resists the shear force induced by the gravity 
load. The connection should have well performance at 
design level of loading, easy and rapid for erecting and 
disassembling. In order to investigate the performance 
of the connection, gravity load was applied on the beam 
together with the cyclic load. This study focuses on the 
exterior connection in upper stories of a large span 
frame building. Shear friction behavior of the 
connection without shear bracket was also investigated. 

 
2. EXPERIMENTAL PROGRAM 

 
2.1 Specimens Outline 

The test specimens represent the exterior 
beam-column connection at the 10th floor of a 
twelve-story prototype office building, of which story 
height is four meters and the span length is 18 meters[8]. 
The demand bending moment and shear force of the 
beam section at the column face were 86 kNm and 288 
kN, respectively. There were three one-half scale 
specimens in this study. The first, named SP1-A, was 
designed with shear bracket to resist the shear force 
induced by the gravity load. The second, named SP2-A, 
was designed without shear bracket to investigate shear 
friction mechanism at the beam-column interface. The 
third, named SP3-A, was designed with shear bracket to 
resist the gravity load which is one half that of the 
specimen SP1-A, to investigate the performance of the 
connection in longer span frame.  
 
2.2 Design of the Specimens 

The specimens were designed so that the beam and 
column reinforcement is still within elastic range and 
only the PC bar yields. The most critical section was the 
beam-column interface. In the specimen SP2-A, the 
PC bars were designed to carry both the demand 
moment and shear force, while in the specimen SP1-A 
and SP3-A, the PC bars were designed to carry the 
demand moment and shear force induced by the seismic 
load, and the shear bracket resist the shear force induced 
by the gravity load. 

Shear strength of the connection was calculated as: 
 

bu QNQ += .μ               (1) 
                                                       

where:  
Qu  : shear strength of the connection (N) 
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μ  : friction coefficient, μ = 0.5[5] 
N  : prestressed force (N) 
Qb  : shear strength of the bracket (N) 
 
In the case of specimen SP2-A, there is no 

shear bracket, hence Qb = 0, shear strength of the 
connection depends only on the shear friction 
mechanism. 

The shear strength of the bracket was 
calculated as: 

w
y

b a
F

Q
35.1

=            (2) 

where:  
Fy   : yield strength of the steel plate (N/mm2) 
aw   : shear resistance area (mm2) 

 
The shear bracket in the specimen SP1-A and 

SP3-A was designed as a corbel welded to a steel plate 
that anchored to the column by studs. The shear force 
and moment from the bracket was transferred to the 
column though these studs. In order to prevent 
deformation of the bracket and failure of the beam by 
the concentrated stress at the top face of the bracket 
touching with the beam, the bracket was designed with 

T-shaped section to widen the top face area. For the 
beam socket, in order to prevent failure of the concrete 
resulted from large compressive stress, the inverted 
U-shaped steel box was used. Two interlock φ6D150 
SD295 steel spirals were arranged at the top of the beam 
end area near the column face to confine the concrete at 
this position. 

Brief outline of the test specimens is shown in 
Table 1, and dimensions and reinforcement details of 
the specimens is shown in Fig. 1. The photos of the 
shear bracket and inverted U-shaped steel box are shown 
in Fig. 2. 
 
2.3 Test Setup  
(1) Test setup 
     The test setup and measuring system is shown in 
Fig. 3. The cyclic load was applied to the beam end by 
the 1000 kN vertical hydraulic oil jack connected to the 
beam end with the pin. The gravity load was applied on 
the beam as a concentrated load. Because of the restraint 
of the loading system, the beams of the specimens were 
shortened from 4.3m to 2.215m. In order to generate the 
same combination of moment and shear force at the 
beam column interface as in original condition; the 
gravity load was controlled by Eqn. (3) according to the 
original gravity load QL1 and the cyclic load QCY. 
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where:  
QL  : actual gravity load 
QL1  : original gravity load, = 255 kN for SP1-A, 

SP2-A, = 382 kN for SP3-A 
L1  : original beam length, L1 = 4300 mm  

Table 1 Specimens outline 
Specimens SP1-A SP2-A SP3-A 

Beam Section (mm2) 300 x 500 
 Fc (N/mm2) 69.9 60.4 68.6 
 fy (N/mm2) 339.1 339.1 339.1 
 fwy (N/mm2) 313.1 313.1 313.1 
 PC bars 2-φ15 

Grade C 

2-φ26 

Grade A 

2-φ15 

Grade C

 σ0 ( N/mm2) 1.83 4.02 1.83 
 P0/Py 0.72 0.72 0.72 
 PC length (mm) 1500 1500 1500 

Column Section (mm2) 400 x 400 
 Fc (N/mm2) 69.9 60.4 68.6 
 fy (N/mm2) 534.4 534.4 534.4 

 fwy (N/mm2) 313.1 313.1 313.1 

Bracket aw (mm2) 3036 - 4950 

 Length (mm) 50 - 50 

Where: Fc = concrete compressive strength, fy = yield strength of beam 
and column longitudinal reinforcement, fwy = yield strength of beam and 
column lateral reinforcement, σ0 = initial concrete beam stress, P0 = 
initial prestressed force, Py = yield strength of the PC bar, aw = shear 
resistance area of the bracket. 

Fig. 2 Photos of the shear bracket and 
U-shaped steel box 

SP1-A 

SP3-A 

Fig. 1 Reinforcement details of the specimens 
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L2  : new beam length, L2 = 2215mm  
L’  : distance from the gravity load to the column 

face, L’ = 215 mm  
QCY  : cyclic load, QCY has the same sign with QL if 

they act on the same direction, and vice versa 
 

 

 
(2) Loading history 

The first two cycles was loaded by the force 
control. The peak values were 0.1Q and 0.5Q, where Q 
is the story shear force that corresponded with yielding 
of the PC bars. After that, displacement control was used 
with the peak displacements of 0.25%, 0.5%, 0.75%, 1%, 
1.5%, 2%, 3%, 4% drift angle. Two cycles were carried 
at each story drift level. After finished drift angle of 4%, 
the test continued as pushover loading up to 6% drift 
angle in positive direction.  
(3) Instrumentation system 

The drift angle was measured by the system in that 
a rigid frame was attached to the pins at the top and 
bottom of the column and the transducer was fixed on 
the frame to measure the displacement of the beam at the 
point applied cyclic load δ. Drift angle was determined 
as: 

 
L

R δ
=                (4) 

where: 
R : drift angle (rad) 
L : beam length, = 2415 (mm)  

Elastic deformation of the beam and column was 
measured by the system shown in Fig. 3. The curvature 
of the beam at column face was monitored by two 
transducers that attached on the beam and targeted on 
the column. The beam slip was measured by the 
transducer that was fixed on the column and targeted on 
the beam in vertical direction. The strains of PC bars, 

three beam stirrups closest to the column face, four 
hoops of the column within the joint, and column 
longitudinal bars were measured using electric resistance 
strain gauges. The gauges were also used to measure the 
strain of the inverted U-shaped steel box. 
 
3. TEST RESULTS AND DISCUSSIONS 
 
3.1 Visual Observation 

 Fig. 5 shows the crack patterns of the specimens at 4% 
drift angle. The bracket and beam socket after the test 
were shown in Fig. 6. Very few cracks occurred in all 
specimens at story drift of 4%. There was nearly no 
flexural crack occurred in the columns of all specimens. 
Only some shear cracks occurred in the joint area with 
the width less than 0.15 mm and almost closed when the 
loading was removed. In all specimens, at the story drift 
of 0.25%, an inclined shear crack occurred from the 
lower part of the beam to the point of applying gravity 
load, and stopped to extent at 0.75% drift. At the story 
drift of 0.07% and 0.12% (SP1-A), 0.09% and 0.2% 
(SP2-A), 0.09% and 0.15% (SP3-A), decompression 
occurred in the positive and negative direction, 
respectively. The crushing of cover concrete at the top of 
the beam and falling of the grout at the bottom of the 
beam critical section began at 1.5% drift (SP2-A), and 

Fig. 3 Test setup 

Fig. 4 Illustration of the terms in Eq. (3) 
a) Original model     b) Actual specimen  

Fig. 6 Shear bracket and beam socket after tested

SP1-A 

SP3-A 

Fig. 5 Crack pattern of specimens after 4% drift 

SP1-A SP2-A 

SP3-A 
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2% (SP1-A, SP3-A).  
As seen in Fig. 6, the shear bracket and beam 

socket were not suffered from any damage or 
deformation, although they have experienced very large 
vertical load and high drift level. Especially in specimen 
SP3-A where the gravity load was 1.5 times larger than 
that in other specimens. Furthermore, in the case of 
specimens with shear bracket, it was very easy to 
separate the beam out of the column after the test, 
confirmed that this type of structural is easy to 
disassemble.   
 
 3.2 Hysteresis Behaviour  

The test results included the moment and 
corresponded drift angle at opening, PC yielding, and 
maximum moment of the specimens, are summarized in 
Table 2. The hysteresis characteristics of the specimens 
are shown in Fig. 7 as the relationship between the 
moment and drift angle.  

The vertical axis illustrates the acting moment on 
the beam at the column face due to the cyclic and 
concentrated vertical loads and determined as: 

'LQLQM LCY −=                 (5) 

where:  
M :acting moment (Nmm) 
QCY  : cyclic load (N) 
L  : beam length, L = 2300 (mm) 
QL  : concentrated vertical load (N) 
L’  : distance from the concentrated load to the 

column face, L’ = 215mm 
The lateral axis illustrates the drift angle, 

determined by Eqn. (4).  
The superimposed dashed lines on Fig. 7 illustrate 

the hysteresis behavior and modeled as tri-linear 
skeleton curve. The moment and rotation angle at the 
breaking points were determined as follow: 
The first breaking point: 
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The second breaking point: 
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The end point: Mu = My. 
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where:  
ηe  : = Pe/BDσB  
Pe  : initial prestress force (N) 
B, D  : width and height of the beam (mm)  
σB  : concrete compressive strength (N/mm2) 

ηy  : = Py/BDσB  
Py  : PC bars yield force (N) 
LPC  : PC length (mm) 
E  : Young modulus of the concrete (N/mm2) 
I  : second moment of the beam section (mm4) 
L  : beam length (mm) 
εpe  : initial PC strain (με) 
εpy  : PC strain at yielding (με) 
εpu  : PC strain at ultimate state (με) 

 
   All the specimens were successfully passed the drift 
of 4% in negative directions and 6% in positive direction, 
and no fracture of PC bars was recorded. As seen in Fig. 
7, while the self-centering characteristics of the 
specimens SP1-A and SP3-A was very good, that of 
specimen SP2-A was poor. As discussed in the next 
paragraph, the vertical slip of the beam in the specimen 
SP2-A was extremely large and was the cause of poor 
behavior of this specimen.  
 

In the specimen SP1-A, the PC steel was yielded at 
the drift of 3.82% and 2.65%, and maximum moment 
strength was reached at the drift of 4.97% and 2.82% in 
positive and negative direction, respectively. In the 
specimen SP2-A, the PC steel was yielded at the drift of 
1.99% and 1.74%, and maximum moment strength was 

Fig. 7 Moment – Drift angle relationship 
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reached at the drift of 5.21% and 4% in positive and 
negative direction, respectively. In the specimen SP3-A, 
the PC steel was yielded at the drift of 3.85% and 2.61%, 
and maximum moment strength was reached at the drift 
of 5.62% and 1.82% in positive and negative direction, 
respectively. In the specimen SP3-A, in the negative 
direction, the maximum strength was reached at 1.82% 
drift, before the yielding of the PC steel. 

In the specimens with shear bracket, yield moment 
strength well exceeded the calculated values. Average 
experimental yield moments were 20% and 35% larger 
for specimens SP1-A and SP3-A, respectively. In the 
specimen without shear bracket (SP2-A), while the 
strength in the positive direction was almost the same 
with the calculated one, it was 20% less than the 
calculated value in the negative direction. As illustrate in 
the Fig. 8, when the beam slip occurs, the moment lever 
arm in the negative direction is smaller than that in the 
positive direction, causes the moment strength in 
negative direction smaller than that in the positive 
direction.   

The hysteresis curve well agreed with the 
computed one in the case of specimen SP1-A. Both the 
initial and post-yielded stiffness agrees well with the 
theoretical value. For the specimen SP2-A, the initial 
stiffness was less than the computed one in negative 
direction. For specimen SP3-A, the strength in negative 
direction larger than that in positive direction and much 
exceeded the calculated value.  

 
3.3 Beam Slip and Friction Coefficient 

The beam slip – drift angle relationship of three 
specimens is shown in Fig. 9. It can be seen that the 
beam slip of specimen without shear bracket (SP2-A) 
was excessive larger than that of the specimens with 

shear bracket (SP1-A and SP3-A). From the test result, it 
concluded that the shear bracket successfully prevented 
the slip of the beam. Fig. 10 shows the beam slip and 
the QB/PPC ratio relationship of the specimen SP2-A. 
The dashed line expresses the upper bound of the ratio 
of each loading cycle and illustrates the friction 
coefficient μ. It can be seen that, beam slip occurred 
when the value of μ was around 0.45. This value is 
smaller than the design value of μ = 0.5. Further studies 
are necessary to conducted to find out suitable value of 
friction coefficient. 

 
  
3.4 Deflection ratio of the elements 

The relationships between the deflections ratio of 
the elements and the drift angle of the specimens are 
shown in Fig. 11. The vertical axis expresses the 

Table 2 Summarized test results  

Specimens 
Loading 
Direction 

Md 
(kNm) 

Rd 

(%) 
My 

(kNm) 
Ry 

(%) 
Mmax 

(kNm) 
Rmax 
(%) 

My/Mycal

+ 52.7 0.09 109.4 3.82 118.7 4.97 1.3 SP1-A 
− -50.3 -0.12 -94.2 -2.65 -95.4 -2.82 1.1 
+ 97.1 0.09 185.6 1.99 234.9 5.21 0.99 

SP2-A 
− -84.7 -0.2 -152.5 -1.74 -178.7 -4 0.81 
+ 53.8 0.07 101.9 3.85 110.9 5.62 1.2 

SP3-A 
− -43.1 -0.15 -132 -2.61 -144.3 -1.82 1.5 

Where: Md, Rd : moment and drift angle when opening occurred; My, Ry : moment and drift angle at yielding; 
Mmax , Rmax : maximum moment and corresponded drift angle; Mycal: calculated yielded moment strength. 

Fig. 8 Illustration of moment strength  

Fig. 9 Beam slip of the specimens  
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Fig. 10 Beam slip – friction coefficient relationship
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deflection ratios of the column, beam, and the 
beam-to-column interface opening rotation to the total 
deflection. These deflection components were measured 
by the measuring system shown in Fig. 4. Column 
deflection was determined as: 

 

CBCTC δδδ +=                (11) 

Where δCT and δCB were measured by the system 
shown in Fig. 3. 

The average of the deflection ratio of the 
beam-to-column interface in positive and negative 
directions at 0.25% drift are 68%, 46.2%, and 65.1% for 
the specimens SP1-A, SP2-A, and SP3-A, respectively. 
These values increased up to 86%, 77.6%, and 85.1% 
for the specimens SP1-A, SP2-A, and SP3-A, 
respectively at 4% drift. It can be seen that, at large drift 
angles, total deflection of the specimens mainly 
contributed by the deflection of the beam-to-column 
interface. Deflection ratio of the beam-to-column 
interface of the specimens SP1-A and SP3-A were larger 
compared to that of the specimen SP2-A, meaning that 
less deformation occurred to the beam and column 
elements. This is also one advantage of the connection 
with shear bracket over the one without shear bracket. 

 
 
 
4. CONCLUSIONS  
 

Following conclusions was drawn from the 
experimental results of this study:  
1) Shear bracket and beam socket worked well to 

transfer the shear force from the beam to the column, as 
well as satisfy the deformability of the beam at high 
level of drift. 
2) The specimens with shear bracket expressed very 
good seismic performance, with small residual 
deformation, fully developed strength, nearly no beam 
slip and small deformation of the beam and column 
element, even in very long span frame. It is high 
possibility to apply this type of connection in real 
precast building structures. 
3) The specimens without shear bracket experienced 
large beam slip and residual drift. The slip occurred at 
the friction coefficient of 0.45, smaller than design value 
of 0.5. Performance of the system without bracket was 
inferior compares to the system with shear bracket.    
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