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Abstract. In this study, a finite element model of precast concrete interior beam-
column joints with hybrid connection system comprising unbonded post-tensioned
strands and bolted steel angles was analyzed. The connection system is expected
to exhibit self-centering characteristics, thus minimizing residual drift and pro-
viding adequate energy dissipation during seismic events. Furthermore, this study
also aims to investigate several parameters affecting the behavior of the hybrid
connection system. To achieve this purpose, nonlinear analyses were conducted
using two-dimensional finite element model developed in OpenSees. The model
was validated with past experimental studies conducted for the hybrid connec-
tion system. Subsequently, a parametric study was conducted involving eight key
parameters: concrete compressive strength, concrete beam’s width, steel angle
dimension, steel angle thickness, effective prestressing force ratio, column axial
load ratio, and the distance of the first bolt at the column and beam leg from the
joint. The analysis results show that the finite element model could simulate quite
well the seismic behavior of the hybrid connection system, including the desired
self-centering characteristic and sufficient energy dissipation. Moreover, the para-
metric study shows that the steel angle thickness emerges as the most influential
parameter, profoundly impacting moment and energy dissipation capacities.
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1 Introduction

Building construction has grown to be more resilient and sustainable for a few decades
when dealing with post-earthquake rehabilitation. To reduce economic losses and down-
time in post-earthquake building reparation, it is indispensable to maintain the damage
level to be minimal and to satisfy the enhanced objective requirement criteria according
to ASCE 41-13 [1]. Similarly, in FEMA P-58-1 [2], the structural damage is correlated
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to residual drift, which also corresponds to the structure repairability. One of the struc-
tural systems that has been proven experimentally to achieve minimal residual drift and
adequate energy dissipation is the hybrid connection system. This type of system is a
combination of unbonded post-tensioned strands and energy dissipation devices.

Prior investigation of the hybrid connection system started with the use of unbonded
post-tensioned steel in a precast structure, which was done numerically by Priestley
and Tao [3] and experimentally by MacRae and Priestley [4, 5], which allowed self-
centering or rocking motion in a controlled manner at the beam and column interface
that replaced the plastic hinges mechanism. However, the re-centering system using
only post-tensioned steel without energy dissipation devices resulted in bilinear elastic
hysteresis with low energy dissipation capacity. Stanton et al. [6] then improved the
connection system by combining unbonded post-tensioned steel with external energy
dissipation devices. The system is a hybrid connection system, which provides negli-
gible residual displacement and adequate energy dissipation. Further development of
hybrid connection systems varies with the type of energy dissipation devices such as
lead damper [7], shear bracket [8], corbel connection [9], shape memory alloys [10, 11],
buckling restrained reinforcement [12], and friction devices [13]. Although the men-
tioned energy dissipation devices provide sufficient energy dissipation, complex and
advanced devices are likely to be impractical and uneconomical. The bolted steel angle
was proven to contribute as a simple and efficient energy dissipation device in moment-
resisting frames through experiment studies [14—17]. The bolted steel angle could also
act as shear resistance at the contact surface of precast beams and columns and as a
concrete beam-crushing protector.

Computational processes, which now are faster and more accessible to simulate
structural behavior, are beneficial and efficient compared to experimental methods. Sev-
eral numerical models for unbonded post-tensioned precast concrete structures with
hybrid connection systems have already been proposed [16, 18-22]. However, a detailed
numerical model for bolted steel angles as energy dissipation devices in precast moment-
resisting frames is limited. The main objective of this study is to develop a numerical
model for precast concrete interior beam-column joints with unbonded post-tensioned
strands and bolted steel angles. In addition, this study also aims to present a comprehen-
sive parametric study on the performance of the hybrid connection system and factors
affecting it. The numerical analysis is conducted using a two-dimensional finite element
model in OpenSees software. The varied parameters are concrete compressive strength,
concrete beam’s width, steel angle dimension, steel angle thickness, effective prestress-
ing force ratio, column axial load ratio, and the distance of the first bolt at the column
and beam leg from the joint. It is highly expected that the model developed in this study
can simulate well the behavior of the hybrid connection system. Moreover, the results of
the parametric study will be used as a basis for designing further experimental studies
of the hybrid connection system.

2 Numerical Modeling and Model Verification

This section explains the constitutive model of the bolted steel angle and the hybrid
connection system in the precast joint model. The steel angle model was verified with
the experimental study by Garlock et al. [19]. Then, the verified steel angle model was
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applied to the hybrid connection system in the precast joint model. Subsequently, the
precast joint model was verified with the experimental study by Cai et al. [22].

2.1 Bolted Steel Angle

Constitutive Model. In this study, the bolted steel angle was modeled with a truss
element. Uniaxial Pinching4 material available in OpenSees was assigned to the truss
element. The defined material represents the stress-strain response of the steel angle
under cyclic loading. The experimental study by Garlock et al. [ 19] showed that the bolted
steel angle’s response under tension and compression loading differed in characteristics.
Bilinear behavior develops under tension loading while linear behavior develops under
compression loading. Formulas developed by Cai et al. [22] were used to calculate the
steel angle’s capacity and stiffness under tension and compression loading.

As mentioned, the behavior under tension loading becomes bilinear after the steel
angle is yielded. The yield strain is obtained by dividing the yield stress by the elastic
modulus of the steel angle. In the inelastic stage, the stiffness of the steel angle was
assumed to be 1.25% of the initial elastic modulus. In compression loading, the stiffness
of the steel angle (K.) was calculated with Eq. 1, where: E, = elastic modulus of the
steel angle; A, = cross-section area of the steel angle; [, = column bolt gage length.
Furthermore, the area of the truss element (A,.) was calculated using Eq. 2, where: ¢, =
thickness of the steel angle; b, = total width of the steel angle.

1 E,A
= — atta (1)
40 Iy,
bataz
A, = (1.35 — 0.0271,) 2)
2Ly,

Model Verification. The bolted steel angle model was validated with the experiment
conducted by Garlock et al. [19]. In the experiment, there were two specimens tested,
L8-58-4 and L6-516-9. The experimental setup and numerical model are shown in Fig. 1
while the specimens’ details and material properties are listed in Table 1. The comparison
of hysteresis curves between experiment and numerical analyses is shown in Fig. 2. The
peak forces of the specimens were predicted well while the initial stiffness of the bolted
steel angle in tension loading tends to be underestimated for both specimens. Similarly,
the unloading stiffness also tends to be lower as compared to the experimental results.
Consequently, the energy dissipation capacity of the model is smaller than the actual
specimens. However, overall, the bolted steel angle model is still in good agreement with
the experiment results and thus the model can be used in the hybrid connection system.
The summary of the bolted steel angle model validation can be seen in Table 2.

2.2 Hybrid Connection System

Numerical Model. In this study, the finite element model of a precast concrete interior
beam-column joint with hybrid connection system is shown in Fig. 3. The model is almost
similar to the one used by Cai et al. [16] for exterior beam-column joint. However, there
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Fig. 1. (a) Experimental setup [19]; (b) Numerical model of the bolted steel angle

Table 1. Specimens’ details and material properties

Specimen Angle Size tq fy

(mm) (mm) (MPa)
L8-58-4 L203 x 203 15.9 332
L6-516-9 L152 x 152 7.9

(b)
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Fig. 2. Hysteresis curves comparison; (a) L8-58-4 and (b) L6-516-9

Table 2. Summary of the bolted steel angle model validation

Specimen Pinax Exp Piax Num Prax ED Exp ED Num ED

(kN) (kN) Num/Exp (kN.m) (kN.m) Num/Exp
L8-58-4 280.54 291.97 1.04 7.51 6.32 0.84
L6-516-9 80.20 81.67 1.02 2.12 2.07 0.97

were some modifications introduced to the model used in this study. The beams and
columns were modeled using Displacement-Based Beam-Column element available in
OpenSees, which considers the distributed plasticity along the element. Fiber section was
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used to model the plastic hinge of the element. Concrete02 uniaxial material was chosen
to represent concrete material behavior while Steel02 uniaxial material was chosen to
represent the longitudinal reinforcement. The transverse confining reinforcement was
accounted into confined concrete material of the core fiber while the material properties
of cover concrete were equal to those of unconfined concrete material.

1 Axial Loading

Cyclic Loading qump
¥ B Disp. Beam Column Element

- — — — Elastic Beam Column Element
------------ Truss Element
Rigid Link Beam
Zero Length Element
Shear Spring
Unbonded Post-Tensioned Strands
18 19 13 22 23
/ @ errrenennin Y Porennaaans °
/ | i
3 4 S 6 37 18 10
N b e —~
.
}
Gap Opening Steel Angle
Behavior

Fig. 3. Typical numerical model of the hybrid connection system used in this study

The interior beam-column joint is not expected to experience significant deformation,
and therefore the panel zone was modeled as rigid in this study, as opposed to the model
by Cai et al. [16] which considers panel zone deformation for exterior beam-column
joint. The central node of the panel zone is connected with rigid links to the nodes at
the end of beams and columns. As the precast concrete beam-column joint starts to
deform due to cyclic loading, at the interface between beams and columns, gap-opening
behavior is modeled with multiple zero-length elements. These elements were assigned
with ConcreteO1 material, which had a “compression-only” stress-strain relationship
while the tensile strength and stiffness were zero. The unbonded post-tensioned strand
was modeled with elastic beam-column element and the area was defined with the total
cross-section area of the strands. The post-tensioned force was applied as compression
force to the element.

The bolted steel angles at the top and bottom of the beams were modeled as truss
elements. As shown in Fig. 3, nodes 18, 20, 23, and 25 are the center of the bolt holes at
the precast beams. The bolt holes in the precast columns are represented by nodes 19,
21, 22, and 24. The truss elements which represent the bolted steel angles were assigned
to connect these nodes. The constitutive model used for the truss elements has already
been explained in the previous section.
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Model Verification. The unbonded post-tensioned precast joint with bolted steel angles
model was validated against the experiment conducted by Cai et al. [22]. The specimen
tested is described as follows: the column and beam cross-sectional dimensions are 400
x 400 mm and 250 x 450 mm with 1800 mm length each. The strands are unbonded
at the centroid of the beam with total area of 560 mm? and the post-tensioned force is
approximately equal to 520 kN. The experimental setup and the numerical model are
shown in Fig. 4. Since the experimental setup [22] was to simulate an exterior beam-
column joint, zero length elements to simulate gap opening behavior and truss elements
to represent the steel angles were put only in the tested beam. There are three spec-
imens that were used to validate the numerical model, and their properties are listed
in Table 3. The analysis results show that the numerical model is in good agreement
with the experiment data in predicting the yield and ultimate forces. However, the initial
and unloading stiffness tend to be overestimated. The comparison of hysteresis curves
between numerical analysis and experiment result can be seen in Fig. 5 while the compar-
ison of maximum forces and energy dissipation is listed in Table 4. It can be concluded
that the finite element model used can simulate quite well the seismic behavior of the
hybrid connection system including self-centering characteristic with sufficient energy
dissipation.

ICychc Loading 1

Disp. Beam Column Element
= = = Elastic Beam Column Element

Zero Length Element

(b)

Fig. 4. (a) Experimental setup [22]; (b) Numerical model of the hybrid connection system

Table 3. Steel angle details and material properties

Specimen Angle Size ta lgy fy
(mm) (mm) (mm) (MPa)
B450-S520-A1 L180 x 180 12 120 270
B450-S520-A2 L180 x 180 12 140 270
B450-S520-A3 L180 x 110 10 120 281
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Fig. 5. Hysteresis curves comparison of specimen (a) B450-S520-A1, (b) B450-S520-A2, and
(c) B450-S520-A3

Table 4. Hybrid connection model verification results

Specimen Piax Exp Piax Num Piax Num/Exp | ED ED ED
Exp Num | Num/Exp

#H 6 | ®H 6 )
(kN) (kN) (kN.m) | (kN.m)
B450-S520-A1 | 122.1 | 118.9 | 123.5 | 123.6 | 1.01 1.04 5.89 6.09 1.03
B450-S520-A2 | 114.3 | 114.0 | 111.4 | 111.4 | 0.97 0.98 4.15 4.23 1.02
B450-S520-A3 | 101.8 |98.4 |112.2 112.2|1.10 1.14 3.80 4.45 1.17

3 Parametric Study

The selected parameters in this study are concrete compressive strength (f’.), con-
crete beam’s width (by), steel angle dimension (L), steel angle thickness (,), effective
post-tensioned force ratio (Ppy/( f’cAgp)), column axial load ratio (P/( f’¢Agc)), and the
distance of the first bolt at the column (/) and beam leg (£1) from the joint. The control
specimen is described as follows. The beam and column dimensions are 400 x 400 mm
with 1800 mm length for each beam and 2860 mm length for column. The concrete
compressive strength is set to be 30 MPa. The applied axial load is equal to 0.15f cAge
and the effective post-tensioned force is equal to 0.09f’:A4p. The steel angle dimension
is 120 x 120 x 10 mm ( f, = 270 MPa) and bolted with 25 mm prestress bar (f, =
880 MPa). The four strands of 0.6” — 7 wire strands, with the total area of post-tensioned
strands being 560 mm?, are located at the centroid of the beam. The specimen details
and parameter notations are shown in Fig. 6. For the parametric study, there are two
different values for each parameter varied from the control specimen. These values are
listed in Table 5.

Analysis Results. The results of the parametric study are analyzed throughout each
hysteresis curve, initial stiffness and stiffness degradation, energy dissipation capacity,
and backbone curve. The analysis results are discussed below.

Hysteresis Curves. The hysteresis curves for each specimen are shown in Fig. 7. The
results show that parameters influencing the structural behavior of the hybrid connec-
tion system are concrete compressive strength, concrete beam’s width, distance of the



Numerical Modeling of Precast Concrete Interior Beam-Column Joints 733

le

Column Beam p19
A+
o FIN YA
N
D19 h 2 A‘" ho Horizontal & Vertical Cross tie : 2D10 - 75 mm
L c
Transverse Reinforcement: D10 - 75 mm
L o \e J ——— i
* be 4 * bo )

: 2
aomet'S bbbt = |2
Pps | Pes |

i Steel Angle ‘
1550 250
Column Leg 1800
ISVI g Beam Leg
- tll
| £ 2

Fig. 6. Cross-section and specimen details for parametric study

first bolt at the column leg, thickness of the bolted steel angle, and the effective post-
tensioned force ratio. Higher concrete compressive strength results in higher horizontal
force capacity of the connection. This is mainly due to the change in effective post-
tensioned force value. In order to keep the effective post-tensioned force ratio same for
all specimens (0.09f°:Agp), the specimen with higher concrete compressive strength has
higher post-tensioned force value. As a result, this increases the lateral force capacity
of the connection. Similarly, concrete beam’s width also affects the moment capacity
of the connection. A wider beam has more post-tensioned force value as well as wider
steel angle (b,). Therefore, a wider beam has higher capacity. The distance of the bolt
at the column leg to the joint also affects the lateral force capacity of the connection. As
the distance of the bolt increases, the overall steel angle stiffness decreases. Thus, the
moment capacity of the hybrid connection system also decreases. In addition, the steel
angle thickness also has a significant role in determining the capacity of the connection.
As the thickness of the steel angle is larger, the peak horizontal force increases. Lastly,
the effective post-tensioned force ratio also affects the capacity of the hybrid connection
system. The specimen with higher ratio has higher capacity.

Initial Stiffness and Stiffness Degradation. Figure 8 compares the initial stiffness and
stiffness degradation of all the models analyzed. The stiffness degradation was evaluated
using the secant stiffness for each drift ratio. Specimen tal4 and bb300 are specimens
with the highest and lowest stiffness characteristics, respectively. This means that steel
angle thickness and concrete beam’s width are two main factors that affect the stiffness
of the hybrid connection system.

Energy Dissipation Capacity. The comparison of energy dissipation capacity between
all models analyzed is shown in Fig. 9. It can be seen that the energy dissipation capacity is
highly affected by the steel angle thickness and the distance of the first bolt at the column
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Table S. Varied parameters in this study

Specimen | Parameters
f’ec (MPa) lgv (mm) P/(f'cAgc) L (mm) |, (mm) Pps/(f'cAgb) by (mm) | El (mm)

Control 30 80 0.15 120 x | 10 0.09 400 80
120

fc35 35 80 0.15 120 x | 10 0.09 400 80
120

fc25 25 80 0.15 120 x | 10 0.09 400 80
120

bb350 30 80 0.15 120 x | 10 0.09 350 80
120

bb300 30 80 0.15 120 x | 10 0.09 300 80
120

1gv100 30 100 0.15 120 x | 10 0.09 400 80
120

1gv60 30 60 0.15 120 x | 10 0.09 400 80
120

E1100 30 80 0.15 120 x | 10 0.09 400 100
120

El60 30 80 0.15 120 x | 10 0.09 400 60
120

Dim140 |30 80 0.15 140 x| 10 0.09 400 80
140

Dim130 |30 80 0.15 130 x | 10 0.09 400 80
130

tal4 30 80 0.15 120 x | 14 0.09 400 80
120

tal2 30 80 0.15 120 x |12 0.09 400 80
120

Pps8 30 80 0.15 120 x | 10 0.08 400 80
120

Pps7 30 80 0.15 120 x | 10 0.07 400 80
120

Ax20 30 80 0.20 120 x | 10 0.09 400 80
120

Ax10 30 80 0.10 120 x | 10 0.09 400 80
120

leg, while the other parameters do not affect much. Specimen tal4 has the highest energy
dissipation capacity whereas specimen Igv100 has the lowest value.

Backbone Curves. The backbone curve results are compared in Fig. 10. The highest
peak force at 4.00% drift is achieved by the specimen tal4. On the contrary, the speci-
men bb300 has the lowest peak force. Indeed, this comparison implies that steel angle
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Fig. 7. Hysteresis curves result from the parametric study
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Table 6 shows complete results of the parametric study. As can be seen, steel angle
thickness is the most influential parameter in the behavior of precast concrete interior
beam-column joints with hybrid connection system. Increasing steel angle thickness
from 10 mm to 14 mm can increase the maximum force by 22.97% and energy dissi-
pation capacity by 51.18%. Besides steel angle thickness, concrete beam’s width also
has significant impact for the force capacity of the connection. Reducing beam’s width
(bp) from 400 mm to 300 mm, which also implies reducing steel angle width (b,),
deduces the yielding force by 24.42% and maximum force by 17.81%. Moreover, for
energy dissipation capacity, the distance of the first bolt at column leg also plays a sig-
nificant role. Reducing the distance by 20 mm increases energy dissipation capacity by
28.04% whereas increasing the distance by 20 mm reduces energy dissipation capacity
by 17.94%. These trends were also observed in the study by Cai et al. [16] for exterior
beam-column joints.
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Fig. 10. Backbone curves of all specimens
Table 6. Analysis results of the parametric study
Specimen | Pyjelq | Percentage | Pmax | Percentage | Initial Percentage | Energy Percentage
Difference Difference | Stiffness | Difference | Dissipation | Difference
(kN) | (%) &N) | (%) (kN/mm) | (%) (kN.m) (%)
Control | 71.44 | - 138.40 | - 7.62 - 8.20 -
fc35 80.39 | +12.53 147.35 | +6.47 7.88 +3.44 8.16 —0.45
fc25 61.86 | —13.41 127.09 | —8.17 8.63 +13.25 8.47 +3.32
bb350 62.67 | —12.28 126.42 | —8.65 7.16 —6.07 7.79 —4.99
bb300 53.99 | —24.42 113.75 | —17.81 6.52 —14.44 7.55 —7.92
1gv100 67.95 | —4.88 129.38 | —6.51 6.87 —9.89 6.73 —17.94
1gv60 77.18 | +8.04 152.95 | +10.52 6.79 —10.90 10.50 +28.04
EI100 71.42 | —0.03 139.39 | +0.72 7.63 +0.04 8.77 +6.97
El60 71.51 | +0.10 136.28 | —1.53 7.62 —0.04 7.72 —5.88
Dim140 |71.51 | +0.09 139.09 | +0.50 7.64 +0.17 8.78 +7.10
Dim130 |71.47 | 4+0.05 138.75 | +0.25 7.63 +0.08 8.49 +3.56
tal4 84.42 | +18.17 170.19 | +22.97 7.78 +2.10 12.40 +51.18
tal2 77.79 | +8.88 154.23 | +11.44 7.71 +1.19 10.27 +25.21
Pps8 65.98 | —7.65 133.67 | —3.42 7.47 —1.95 8.18 —0.26
Pps7 60.53 | —15.27 128.89 | —6.87 7.17 -591 8.18 —0.19
Ax20 71.49 | 40.06 138.46 | +0.04 7.54 —1.07 8.22 +0.21
Ax10 71.44 | -0.01 138.25 | —0.11 7.66 +0.44 8.17 —-041
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4 Conclusions

Numerical modeling and parametric study of precast concrete interior beam-column
joints with hybrid connection system that combines unbonded post-tensioned strands
and bolted steel angles were presented in this paper. From the results of this study,
several concluding remarks can be summarized as follows:

The numerical model of precast concrete interior beam-column joints with hybrid
connection system was successfully developed. The model’s validation shows that
the numerical model is able to predict well the hysteresis behavior of the hybrid
connection system under cyclic loading, including yielding and peak forces of the
specimens. In addition, the numerical model successfully shows the self-centering
characteristic with minimum residual drift and sufficient energy dissipation.

Steel angle thickness was found to be the most influential parameter, profoundly
impacting moment and energy dissipation capacities of the beam-column connec-
tions. Furthermore, concrete beam’s width and the distance of the first bolt at col-
umn leg also have significant impact on force and energy dissipation capacities,
respectively.
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