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Abstract: The performance of precast concrete frame structures against seismic loads mainly depends
on the beam-to-column connection. A ductile hybrid connection consists of unbonded post-tensioning
steel and bonded reinforcement bars, both of which provide overall moment resistance to the frame.
Post-tensioning steel acts as a restoring force which brings the structure back to its initial position
upon unloading. Mild steel acts as an energy dissipator which yields in tension and compression.
To evaluate the performance of precast frame structures, the structural engineer requires extensive
knowledge of the complex nonlinear behavior of the connection. Standardization to mass produce
is one of the benefits of precast construction, but with standardization in design there is severe
risk. All previous earthquakes have clearly shown that continuous repetition of accepted practice
without proper engineering review can lead to disaster. It is important to understand how different
parameters of the connection influence the behavior and performance of the frame against seismic
loads. The present study helps structural engineers and researchers with a detailed review of hybrid
post-tensioned connections. This review is focused mainly on precast beam-to-column connections,
studies on the development of hybrid connections, performance evaluations of hybrid connections,
and the performance evaluation of precast frames with hybrid connections.

Keywords: beam-to-column connection; post-tensioned frame; self-centering; industrial building
structures; ductile connections; precast hybrid connection

1. Introduction

Precast concrete frame structures are elements prefabricated in the factory and then
erected at the site. Precast concrete structures are widely used as an alternative to con-
ventional cast-in-situ structures, mainly due to the speed of construction, better quality
control, lower manpower requirements, and less activity at the site [1]. According to an
Armenian earthquake report, numerous poor connections have contributed to the collapse
of precast frame buildings, as they were insufficient to resist the seismic loads [2]. The poor
performance of precast structures in the 2012 Emilia-Romagna earthquake was also due
to an insufficient understanding of connections [3,4]. The connection between different
precast elements is important, and it significantly governs the response of the structure [5].
To address this issue, the Precast Seismic Structural Systems (PRESSS) research program
began in 1989 for the development of efficient precast connections in seismic zones [6].
The program was initiated to provide design recommendations for precast structures [7].
The hybrid connection was successfully developed during this program, and contained
unbonded post/tensioning steel and bonded mild steel bars.

The performance of precast concrete frame structures subjected to earthquake loads
depends on the beam column connection strength, stiffness, energy dissipation, and ductil-
ity [8]. A comprehensive review of the performance of hybrid post-tensioned connections
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based on various parameters is presented. This will help structural engineers and re-
searchers to develop an in-depth knowledge of connection behavior of precast frames
under seismic loads. Previous earthquakes [2,9] showed that connections should not be
used without a proper understanding of their complex behavior. In the present study,
the code requirements of precast structures in seismic zones are discussed. Further, the
development of hybrid connections by the PRESSS is also mentioned. This will serve as a
real example for researchers to develop more efficient connections. Hybrid connections
have self-centering capabilities if post-tensioning steel remains elastic [10]. Since the plas-
tic hinge is in the connection region, damage to the structural components is minimal.
Moreover, dry connections provide optimum speed in precast construction [11].

The major drawback in hybrid connections is energy dissipation. Post-tensioning
steel does not provide enough energy dissipation [12]. Mild steel was first used by Cheok
and Stone [13] as an energy dissipator. Experimental results showed that with mild steel
bars, the energy dissipation was low compared to that of their monolithic counterparts.
With low energy dissipation, the drift of the structure increases [14]. Several attempts were
made to improve energy dissipation to reduce displacement demands [15]. The unique
gap opening phenomenon at the beam—column interface of hybrid connections allows the
use of several types of energy dissipators. Some of the energy dissipators in literature
include metallic yielding devices [16,17], friction devices [18], bracing systems [19], and
smart materials [20]. Hybrid connections with different energy dissipators are evaluated
based on performance.

Apart from performance, connections are also examined based on their feasibility in
the precast construction industry. A connection that is simple, economical, and efficient
will help the precast industry to benefit from precast construction technology. A lack of
feasibility is the main reason that few connections found in the literature are put to practical
use. One example is the connection proposed by Yang et al. [21], which contained several
components, including column plates, steel I sections, friction devices, and beam plates.
Englekirk [11] states that the connection must be economical or else it will not be used.
Connection feasibility includes a simple assembly process, easy and economical production,
the accommodation of production, and erection tolerances. The connection should not
interfere with the function and aesthetics of the structure. Due to the achievement of both
performance and feasibility requirements, the developed hybrid connection was not only
was included in code [22] but has also been widely used in the precast industry. Most of the
latest research [23,24] has been focused on performance and not feasibility requirements.
As a result, the connections are not used in the precast industry. The study highlights the
importance of both performance and feasibility requirements, and will help researchers to
improve or develop practical and efficient solutions.

In past two decades, several researchers have published work on precast connections.
The literature highlights the importance of understanding the behavior of connections and
the effect they have on the global performance of various types of structures. Therefore,
the main objective of study is to present a comprehensive review on the performance of
hybrid post-tensioned connections based on various parameters. The effect of various
energy dissipators on the performance of hybrid connections is also discussed. The energy
dissipation of the hybrid system can be improved with the use of various energy dissipators
to reduce displacement demands. Apart from performance, the connections are reviewed
based on their feasibility in precast construction. Feasibility is an important aspect of con-
nections which cannot be ignored in the precast construction system. The study discusses
the current state of research on hybrid connections. Accordingly, recommendations and
suggestions are provided for future research.

2. Types of Precast Frame Connections

To evaluate the connections, it is important to know the code classification of connec-
tions and the performance acceptance criteria. ACI-318-19 [25] defines two types of precast
moment resisting frame connections:
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2.1. Rigid Connections

In precast frames, when the plastic hinge is formed outside the connection region, it
is called a rigid connection. The connection will have greater strength when compared to
beam elements; hence, a plastic hinge forms in the precast beam away from the connection.
In this type of connection, energy is dissipated as in the case of monolithic concrete frames.
The current paper does not focus on this type of connection.

2.2. Ductile Connections

In precast frames, when the plastic hinge is formed inside the connection region, it
is known as a ductile connection. The connection is weaker when compared to beam ele-
ments; hence, a plastic hinge forms in the connection and beam element remains relatively
undamaged. The current paper is focused on this type of connection.

2.3. Comparison of Rigid and Ductile Connections

Rigid and ductile connections have distinct performance and behaviour charecteristics.
Table 1 summarises the difference between these connections. For design, it is important to
know how the connections are classified based on their behaviour.

Table 1. Comparison of Rigid and Ductile Connections.

Rigid Connection Ductile Connection

Does not require ductile
detailing of beams.
Energy dissipation takes place in frame Energy dissipation occurs in the
members connection region

1 Requires ductile detailing of beams

Emulates monolithic frame behavior

Usually dissipates more energy

The plastic hinge forms away from
connection
The structure is very difficult to repair
after earthquake events due to damage to
frame members
There are fewer displacements in
structure due to good energy dissipation

The code requirement is to emulate
monolithic construction

Does not emulate monolithic
frame behavior
Dissipates less energy compared to
rigid connections

The plastic hinge forms in the connection

Structures can be easily repaired due to
damage concentrated in the
connection region.
Displacements in structure are high due
to less energy dissipation
The code requirement is to perform
analytical and experimental testing

according to ACI 374.1

2.4. Types of Ductile Connections
2.4.1. Tension/Compression Yielding

In this type, connection elements yield in both tension and compression, through
which energy is dissipated. A gap is left between the beam and column, as shown in
Figures 1 and 2, to allow yielding in tension and compression; hence, it is also known as a
gap joint connection [26].

2.4.2. Friction

In this type of connection, energy is dissipated through friction when a slip occurs
between connecting elements [26]. Figure 3 shows a gap which is provided to allow the
slip to occur in both directions.
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Figure 1. Vertical dog bones with threaded rebar [26].
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Figure 2. Cast-in-situ structural screed with a gap joint [26].
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Fiber Reinforced Grout

Figure 3. Example of connection with friction plates [26].
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2.4.3. Nonlinear Elastic

In this type of connection, post-tensioning steel is used (as shown in Figures 4 and 5),
which is unbonded up to certain length and is partially stressed so that it always stays
elastic [26]. A crack opens at the beam and column interface when flexural stress exceeds
the precompression stress provided by strands. The nonlinearity is not related to material
but is related to geometry. The energy dissipation is much lower in this connection, but
self-centering capability of the frame is good due to the post-tensioning steel behaving
like elastic.

Column
PT Steel
/
Beam Beam
= g
Horizontal / \ Fiber Reinforced Grout
Dog-Bone

Figure 4. Horizontal dog bones with PT steel [26].

Column
Debonded PT Steel

PT Steel

L/

Beam Beam

Figure 5. PT connection with unbonded strands [26].

3. Hybrid Frame Concept Description

The frame is described as hybrid because it is a combination of post-tension and
precast concrete construction. The hybrid frame and its deformed and undeformed shapes
are shown in Figures 6-8. The precast columns are erected first and then beams are erected
on temporary corbels. Mild steel bars are placed in the beam troughs and are passed
through column sleeves. The interface gap between the beam and column is grouted with
fiber-reinforced grout. The steel bars are also grouted at same time. After the grout has
gained strength, post-tensioning steel is installed and stressed. The columns behave as rigid
bodies and deformation occurs only in the beam-to-column joint. The post-tensioning steel
is partially stressed and debonded to always remain elastic. Hence, the post-tensioning
steel acts as a restoring force and re-centers the structure, with no residual displacement
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after an earthquake event. Mild steel bars dissipate energy by yielding in tension and
compression. They are debonded up to certain length to avoid fracture.

Mild Steel Bar .
At Top and Bottom it:sé;?s&c;\“setrrand
— ! ——
[
Figure 6. Precast hybrid frame [27].
Debonded Energy dissipatin
Debonded Length Reinfgg]rcemeﬂt & Trough
Length
7
PT Strand

L

Fiber Reinforced Grout

Figure 7. Undeformed hybrid connection [27].
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Figure 8. Deformed hybrid connection [28].

\\

4. Code Requirements for Moment Frames
4.1. Emulative and Non-Emulative Precast Concrete Frame Structures

Emulative precast concrete frames are classified as those frames which behave like
cast-in-situ concrete frames. The hybrid precast frame is classified as non-emulative precast
frame because it does not behave as a monolithic cast-in-place frame. Hybrid frames
are special precast frames whose connections are ductile, where yielding takes place in
connections. Hybrid moment frames do not satisfy the requirement of Chapter 18 of
ACI-318-19 [25] for frames of monolithic construction. According to section 18.2.1.7 of
ACI 318-19, such frames are accepted if it is demonstrated by experiments and analysis
that the proposed system have the strength and toughness equal to or exceeding that pro-
vided by a reinforced concrete structure, satisfying chapter 18 of ACI-318-19. The hybrid
frame does not satisfy the prescriptive requirements of Chapter 18, but its performance has
been demonstrated by experimental studies, satisfying the seismic performance require-
ments [13]. Hybrid frames are included in ACI 550.3M [22] as a type of special precast
concrete moment frame for use based on experimental evidence. In ACI 374.1-05 [29] the
experiment procedures and performance acceptance criteria are described. The drift ratio
is calculated as shown in Figure 9.

—— Un deformed

— — — Deformed

Drift Ratio = X/h

Figure 9. Drift ratio calculation as per ACI 374.1-05 [29].
4.2. ACI 374.1-05 Requirements for Experimental Validation
Experiment requirements, guidelines, and procedures

1.  Design procedures should be developed before testing to estimate the preliminary
size of test specimens.
2. Atleast one specimen must be tested for each characteristic configuration.
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3. The test specimen should be scaled large enough to represent all characteristics of the
actual size of specimen.

4. The specimen should be subjected to displacement-controlled cycles according to
their drift ratios.

5. Three equal and cyclic displacements should be applied at each drift ratio.

6.  The drift ratio should be gradually increased until a 3.5% drift ratio is reached.

4.3. Acceptance Criteria

According to ACI 374.1-05, the following criteria must be met for the satisfactory
performance of a test specimen:

1.  The lateral resistance should be equal or greater than the nominal lateral resistance.

2. For the frame to behave as a weak beam strong column, the maximum lateral resis-
tance of the specimen should not exceed the nominal lateral resistance multiplied by
the overstrength factor.

3. For the targeted drift ratio, at the completion of the third cycle the lateral resistance
in both loading directions should not be less than 0.75 times the maximum lateral
resistance of the specimen.

4. The energy dissipation ratio should not be less than 1/8 (that corresponds to 12.5%
damping).

5. Secant stiffness from targeted peak positive and negative drift ratio should not be less
than 0.05 times the initial stiffness.

5. Testing and Development of Hybrid Connections (PRESSS Research Program 1989)

Priestley [6] reported an overview of the Precast Seismic Structural Systems (PRESSS)
Research program. This research program was started in 1989 as part of the United
States—Japan protocol on large-scale testing for the seismic response of precast concrete
buildings [6]. The purpose of this program was to develop recommendations for the
seismic design of precast buildings. The hybrid precast connection was developed during
the four phases of this program (I, II, III, IV (A and B)).

During Phase I, Cheok and Lew (1991) [30] experimented with precast concrete beam
column assembly using high-strength post-tensioning bars fully grouted as shown in
Figure 10. The specimens failed because of their inability to carry higher loads due to the
yielding of post-tensioning bars at the column—beam interface. A plastic hinge formed in
the interface region. The gap opening at the interface was roughly 13 mm. The yielding
occurred at this interface, which resulted in loss of post-tensioning force. The precast
column beam assembly was found to be as strong as the monolithic sub-assembly. The
post-tensioning force contributed to strength. Precast assembly was found to be ductile in
a similar manner to monolithic sub-assembly. The yielding and gap opening at the column-
beam interface provided ductility. The energy dissipated per cycle by the post-tensioned
specimen was 30% compared to its monolithic counterpart. Total energy dissipation to
failure was 80%. Overall, the assembly performed well, but energy dissipation, which is
very important factor for seismic resistance, was very low on per cycle basis.

In Phase II, Cheok and Lew (1993) [31] experimented with a precast assembly using
two beam specimens. For specimen 1 (Figure 11), strands were used. For specimen
2 (Figure 12), PT bars were used and moved closer to the center. Both specimens were fully
grouted. The failure was similar for both specimens. They failed due to the yielding of
post-tensioning steel, the crushing of concrete, and a gap opening at the column and beam
interface. The width of the opening increased as the post-tensioning steel moved closer to
the centroid. The type of post-tensioning steel did not affect the width of the gap opening.
The precast specimen strength exceeded that of their monolithic counterpart. Moving the
post-tensioning steel closer to the centroid did not have any adverse effect on connection
strength. It reduced strain in the post-tensioning steel. The precast assembly was found
to be more ductile than its monolithic counterpart. The energy dissipated by the strand
post-tensioned specimen was greater than that of post-tension bar specimen. The energy
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dissipated per cycle was less than that of the monolithic specimen. Total energy dissipation
for the precast post-tensioned specimen was higher than that of the monolithic specimen
because of the higher displacement ductility achieved by the precast specimen. Overall,
the precast connection performed well but the energy dissipation per cycle was still low.

Width
1

Depth

|
s

Beam

High Strength PT Bar
In Duct (Fully Grouted)

Figure 10. PT bar (fully grouted).

Width

7 7 o)

T <)
O +

© 2

i) 2
) Y.
- . — >
N ol "5
Beam -

Specimen 1

Figure 11. PT strand fully grouted.

In Phase III, Priestley and Tao (1993) [32] performed a numerical analysis of a column
and beam assembly with partially unbonded post-tensioned tendons (Figure 13). Tendons
were unbonded along the column length and extended 48 in (1.22 m) into the beam. The
tendons were placed closer to the beam centroid, as shown in Figure 13. Priestley and
Tao [32] performed a dynamic nonlinear analysis to study the concept of partially un-
bonded frames. They predicted that the debonded system would result in the maintenance
of prestress compression after seismic displacement. Residual displacement would be
negligible. They suggested special spiral reinforcement at the beam ends to ensure satisfac-
tory performance in the plastic hinge regions. Ductility demands of partially debonded
and fully bonded tendons would be the same; however, for short period structures high
displacement ductility demands can be expected. They suggested experimental research to
confirm the numerical results.
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Figure 12. PT bar placed closer to the center and fully grouted.
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Figure 13. PT strand placed closer to the center and partially unbonded.

Cheok and Lew (1994) [33] experimented using two specimens (Figures 14 and 15),
similar to in phase II. The only change was that the prestressing steel was unbonded at the
joint region. Both specimens failed in same way. Failure was due to post-tensioning steel
yielding, crushing of concrete, and a gap opening at the column and beam interface. The
width of the gap opening was not affected by partially debonding prestressing steel. The
specimen strength exceeded that of its monolithic counterpart. Moving post-tensioning
steel closer to the centroid did not have any adverse effect on connection strength. The
precast assembly was found to be more ductile than its monolithic counterpart. The energy
dissipation was improved compared to fully bonded post-tensioning steel. Total energy
dissipation for the precast post-tensioned specimen was greater than for the monolithic
specimen because of the higher displacement ductility achieved by the precast specimen.
Overall, the precast connection performed well, but the energy dissipation was still around
60% compared to its monolithic counterpart.

MacRae and Priestley (1994a,1994b) [12,34] experimented using a 2/3 scale unbonded
post-tensioned precast concrete column beam assembly, with details as shown in Figure 16.
The behavior of specimen was characterized by the gap opening and closing at the column-—
beam interface. They reported that the provision of suitable calculated unbonded length
was sufficient to prevent yielding of the tendons. However, it should be ensured that the
anchorage details of the post-tensioned tendons and compression zones in the column
beam contact area are detailed satisfactorily. The strength of the connection was found to be
satisfactory. No significant stiffness degradation was noticed even at a 4% story drift. The
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sub-assembly behaved well and attained large lateral drifts without significant damage.
The energy dissipation was very little. The residual displacement after unloading was
found to be negligible, indicating self-centering capability.

Width
T T

7N

Depth

o o

Beam
Specimen 1

PT Strand
Partially Unbonded

Figure 14. PT strand (partially unbonded).
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Beam T 8
Specimen 2

[

Figure 15. PT bar (partially unbonded).

In Phase IV-A, Cheok and Stone (1993) [13] experimented with precast assembly
(Figure 17) using five beam specimens, as shown in Figure 18. The variables were the type
of post-tensioning steel and the type and amount of low-strength steel and partially and
fully bonded PT steel. The fully bonded strand and mild steel specimen failed prematurely
due to bond failure of the mild steel at 1.7% story drift. The unbonded PT bar and fully
bonded mild steel specimen failed due to the fracture of the mild steel bar at 3% and 3.6%
story drift, respectively. Specimens A and B were not tested to failure. The purpose of this
test was to determine which type of PT steel behaved best (bar or strand). The strand type
lost 30% of the initial force, while the bar type lost 80% of the initial force. Loss of force in
the strand type was due to reseating of the chunks, while that lost in PT bars was due to
yielding and crushing of beams. Failure of specimen C was due to the shear cracks that
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formed at the interface of the T section and dog bone region. All specimens performed
well in terms of connection strength. The low drift for the bonded strand and the mild
steel specimen was due to premature bond failure. The location of PT steel in the center
improved the cyclic energy dissipation. Energy dissipation dropped after the fracture of
mild steel.

Wldth

Depth

ey
-
oD

Y
PT Strand (Partially
Unbonded)

Spiral
Reinforcement

Figure 16. PT strand placed closer to the center and partially unbonded.

Beam

Mild Steel
Bar
[ ¥ ! PT Strand
[ i /
[ |
\ \
Vertical / \ Fiber Reinforced
Dog-Bone Grout

Figure 17. Precast column beam assembly with vertical dog bones.

In Phase IV-B, Cheok and Stone (1994) [13] experimented with precast beam column
assembly (Figure 19) using four beam specimens, as shown in Figure 20. Unbonded post-
tensioning steel and a bonded mild steel bar were used. The variables were the amount
and type of low-strength steel. Crack widths reported in both the column and beams were
very small. The closure of gap openings at column-beam interface was zero, even at 3.5%
story drift. Specimen M-P-Z4 failed due to the fracture of mild steel bars. PT steel in this
specimen was 0.93 fpu, indicating it remained elastic throughout the test. Loss in PT steel
was 0.06 fpu. Hence clamping force was maintained.
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Figure 18. Five test specimens with various variables.

Energy dissipating

Reinforcement Trough

\ Fiber Reinforced Grout

Figure 19. Precast beam column assembly.

Specimen N-P-Z4 failed due to the bond failure of stainless-steel bars. The assembly
was subjected to 6% story drift, and the authors reported that yielding of PT steel occurred
at 5.9% story drift. Only 25% of initial stress remained in PT steel, but it was still enough to
produce sufficient clamping force to resist the gravity loads. No vertical slip was reported.
Specimen O-P-Z4 failed due to the fracture of mild steel bars at 3.5% drift. PT steel in this
specimen remained elastic, with peak stress of 0.88 fpu with 0.02 fpu total loss in prestress.
Specimen P-P-Z4 failed due to the fracture of mild steel bars. Hawileh et al., 2006 [35,36]
suggested that the bar failure observed in the experiments was due to low cycle fatigue.
The specimen was subjected to 57 cycles before it failed. All specimens performed well
in terms of connection strength. All specimens had slightly lower story drifts than their
monolithic counterparts. However, the precast specimens were subjected to four times
more cycles than monolithic specimens. In that case, precast specimens could have slightly
higher story drifts.
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Figure 20. Four test specimens with various variables.

M-P-Z4, O-P-Z4, and P-P-Z4 behaved like monolithic specimens up to 1.5% story drift.
N-P-Z4 performed poorly due to bond failure of the mild steel. O-P-Z4 had 50% more
mild steel than M-P-Z4, and both performed in same way up to 1.5% story drift. Stainless
steel and the grade 60 reinforcing bar showed no differences in performance in terms of

cyclic dissipation.

5.1. Outcome and Discussion of the PRESSS Program

In total, 18 precast post-tensioned specimens were tested. The variables included
the amount and location of post-tensioning steel, the type of bonding (fully, partial, or
unbonded), and the type and amount of low-strength steel. The strands performed better
than the high-strength bar. The prestressing steel location at the centroid of beam resulted
in more energy dissipation and less strain in PT steel. Low-strength steel was located at
top and bottom, which acted as energy dissipators. This steel was partially debonded to
delay the fracture of the bars.

The experimental studies showed that hybrid connections could perform like mono-
lithic connection in terms of strength, ductility, and energy dissipation, with minimal
damage to the structure because the plastic hinge is in the connection region. The damp-
ing of monolithic specimens was greater compared to that of precast frames. This was
due to complete damage of monolithic beams, whereas in precast specimen failure and
yielding was only in the connection region. Beam and column damage was minimal in
precast specimens. Even with the fracture of energy-dissipating bars, there was no actual
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connection failure. The connection attained 6% drift before failure, indicating that even at
an unanticipated drift level, the structure would survive. Overall, the hybrid connection
performed well against seismic loads.

Column fabrication for the hybrid frame to accommodate connections requires ducts
for mild steel bars and post-tensioning steel, and is an easy process. However, beams
require troughs at the top and bottom and additional shear detailing at this reduced
section, which will increase congestion and costs. Embedment of straight PT ducts during
fabrication is easy. The erection of beams require temporary corbels, and beams can be
easily erected due to large tolerance, reducing the crane time. The weight of mild steel bars
can easily be handled by a single person. The grouting and tensioning process requires a
skilled workforce and can be expensive in some countries. Co-ordination between precast
and post-tensioning contractors is required. PT steel and mild steel bars have sufficient
cover for protection from deterioration. However, the unbonded portion of PT steel and
mild steel at the beam—column interface can be at risk of damage. It is difficult to repair
damaged energy-dissipating bars in hybrid systems. Special consideration needs to be
given to hybrid frames for connecting the floor diaphragm at the beam-column interface
where the gap is designed to occur. The floor diaphragm can either be isolated at the gap
area or connected to the beam where expect local damage is expected.

5.2. Energy Dissipation

Post-tensioning steel did not contribute greatly to energy dissipation. It acted as a
clamping force and contributed to self-centering of the structure. All the energy dissipation
is due to the low-strength bars used. Energy dissipation of the hybrid connection decreased
when these bars failed due to fractures or bond slip. Due to poor energy dissipation, the
hybrid frame will have large displacement or drift demands. Hence, several attempts were
made to improve the energy dissipation of this system to reduce displacement requirement
of the structure.

5.3. Joint Shear

The shear requirement at the beam column joint is a function of both gravity and
seismic loads. Vertical shear in the joint area is transferred by the friction induced by
post-tensioning for both gravity and lateral loadings [29]. The friction is induced by the
combination of post-tensioning force and the moment couple generated by all the loads [37].
However, to ensure these two mechanisms, post-tensioning force should not be lost, and the
compression segment should have sufficient resistance. Since the plastic hinge is expected
to occur in the joint region, free rotation of the beam at the joint is allowed. There is no
need for permanent corbels. However, if a corbel is used, it will provide extra vertical
shear resistance.

Prestley and MacRae [12,34], through experiments and numerical analysis, showed
that shear forces in the joint area were carried mainly by diagonal compression struts
(Figure 21). The shear resistance of hybrid system was found to be better than in the
conventionally reinforced frame. No degradation of shear strength was observed in the
tests. Hence, less joint and beam shear reinforcement is needed in the hybrid system [38].
However, sufficient confinement steel should be provided to prevent brittle compressive
failure. When the joint undergoes large rotations, high compressive force is concentrated at
top and bottom of the beam. Cheok and Stone used armor angles at the top and bottom of
the beam, which were effective in preventing compression-induced spalling [13]. Priestley
and MacRae [12] used spiral confinement reinforcement, as shown in Figure 22.
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Figure 21. Shear transfer by the diagonal compression strut.
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Figure 22. Spiral reinforcement at the compression zones.

5.4. Dynamic Properties

The strain compatibility equations do not apply to hybrid connections due to combined
nonlinear behavior of unbonded post-tensioning steel and bonded bars. Numerical analysis
to predict connection behavior is a complex process. Hence, the design of precast frames
with a hybrid connection involves the need for precast structural engineers with in-depth
knowledge. According to code, all connections were tested to displacement-controlled
cyclic loading. The actual earthquake scenario is of a dynamic nature. Hence, the dynamic
behavior of the connection should be studied. This can be done either by numerical
nonlinear dynamic analysis or by using shake tables. Several attempts have been made to
study the dynamic behavior or hybrid system.

6. Further Research on Hybrid Connection
6.1. Analytical Research on Hybrid Connection

El-Sheikh et al., 1999 [39] performed a nonlinear push-over static and time-history
analysis of two six-story frames with hybrid connections. Fiber and spring analytical
models were developed. They reported that hybrid frames were adequate for severe
seismic loads in terms of strength, ductility, and self-centering capabilities. Hybrid frames
had large displacements compared to monolithic frames due to the small amount of energy
dissipation, whereas the residual displacement could be smaller.

Cheok et al., 1998 [40] developed a hysteretic model based on hysteretic behavior from
phase IV-B experiments. They modelled the stiffness, strength degradation, and pinching
to characterize force-deformation loops. Their empirical approach is not reliable because of
the complex nonlinear behavior of hybrid frames. The combined behavior of unbonded PT
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and mild steel does not follow the strain compatibility. Hence, it is difficult to predict the
moment curvature of the hybrid frame connection.

Pampanin et al., 2000 [41] developed a method for section analysis of hybrid con-
nections based on member strain compatibility and local strain incompatibility between
steel and concrete. His proposed method correctly predicted the experimental results of
phase IV-B.

Hawileh et al., 2009 [42] performed nonlinear finite element analysis for hybrid
connections to predict behavior under cyclic loads. The model predicted the experimental
behavior with good accuracy. Laboratory experiments are best for studying connection
behavior, but they are tedious and expensive. If carefully modelled, numerical analysis
can be a good alternative to laboratory experiments. They allow the investigation of
connections with different loadings and design parameters. This is particularly the case
with the availability of high-performance computers.

Hawileh et al., 2006 [35,36] developed a non-dimensional design procedure for the
design of hybrid frames. Laboratory results from phase IV indicated that the failure
mode of precast hybrid connections was due to bar fracture and bond failure. Hawileh
et al. developed bar fracture criteria which consider low-cycle fatigue under combined
axial and bending strains. The proposed formulation is simple compared to the iterative
step-by-step procedure.

Chen et al., 2020 [43] developed an automatic optimum design procedure for the
hybrid system using a genetic algorithm in MATLAB. The proposed formulation is simple
compared to the iterative step-by-step procedure.

Ertas et al., 2006 [44] experimented hybrid connections with different percentages
of mild steel, and found that a 30% mild steel contribution to overall flexural capacity
was sufficient for negligible residual displacement. With an increase in the mild steel
percentage, the energy dissipation increased. However, with excess mild steel, residual
displacement may not be negligible due to PT force not being sufficient to yield the mild
bars in compression and bring the system back to the initial position.

Ozden et al., 2010 [45] proposed a new method for hybrid frame section analysis and
a hysteretic model based on residual deformation because of the strain incompatibility
between concrete, mild steel, and PT steel. The proposed model shows good comparison
with test results.

Kim et al., 2002 [46] studied the beam growth phenomenon in RCC frames. Due to
flexural cracking at the beam column joint, the horizontal distance between the column and
centerlines increases. This is termed as beam growth (Figure 23). He reported an increase
in column shear demands of up to 86% due to beam growth. The phenomenon also exists
in hybrid frames, as PRESSS program experiments reported an up to 13 mm gap opening
at the column-beam interface.

DRIFT BEAM GROWTH COMBINED DRIFT &

BEAM GROWTH

Figure 23. Frame sway including beam growth [46].
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The gap opening in hybrid system may look favorable in terms of ductility, but it
may also lead to undesirable beam growth. Hybrid frame behavior is complex due to non-
linearities. Hybrid frames displacement demands are high due to less energy dissipation
and can undergo large drifts.

6.2. Various Energy Dissipators in the Literature for Hybrid Frame Connections

Several attempts have been made to improve the energy dissipation of the hybrid
connection to reduce the displacement demands.

To address the large displacement that may be expected during earthquakes for certain
frames with hybrid connections, Morgen et al., 2004 [14] developed a friction damper for
hybrid connections. They reported that a large amount of energy dissipation was provided
by friction dampers while maintaining the self-centering capability of the frame. Dampers
can be replaced after an earthquake event. The dampers are visible and may interfere with
the architectural appearance of the structure.

Song et al., 2015 [47] performed experiments using hybrid frames (Figure 24) to study
the behavior of frames under cyclic loading. A friction device was used instead of mild
steel bars. The viscous damping achieved by this system was 11%, whereas the code
requirement was 12.5%. The proposed frame confirmed its self-centering capability.

int G
JointGap . tion
Device
Exell 0ol
G e

Post Tension Strand

Figure 24. Frame drift [47].

Due to the type of dissipators used, the crushing of concrete at the column-beam
interface was greatly reduced. This indicated that research must be done on different types
of energy dissipators to obtain potential benefits and improvements in the hybrid system.

Wang et al., 2018 [48,49] proposed a replaceable energy-dissipating bar placed at
the sides of the beam, as shown in Figure 25. This led to no interference with the
slab connection.

The mild steel bars can be easily replaced after an earthquake event. The main
drawback is the performance of the connection under fire load, as the bars are exposed and
may require fire protection.
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Figure 25. Proposed precast post-tensioned beam column connection [48].

Wang et al., 2019 [50] proposed a replaceable energy-dissipating bar placed at the top
of the beam (Figure 26). The connection performed well in terms of strength, ductility, and
energy dissipation. However, it may not perform well under fire loads since it is exposed,
and the connection may interfere with slab connection.

Column

Energy Dissipating
) / Bar Beam

[ — PT Strand
Fiber Reinforced Unbonded

Grout

Figure 26. Proposed precast post-tensioned beam-column connection [50].

Geng et al., 2020 [24] proposed a new hybrid connection with a damper, as shown
in Figure 27. The connection performed well with regard to seismic loads. The energy
dissipators were placed outside the beam on the sides.

Column

/ Energy Dissipating Beam
/ Device /

() O O
(o
PT Strand
Fiber Reinforced Unbonded
Grout

Figure 27. Proposed precast post-tensioned beam-column connection [49].
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Qian et al., 2020 [51] tested unbonded post-tensioned precast concrete frames with no
mild steel for a sudden column removal scenario. The test indicated that the frame achieved
required a load redistribution capacity to mitigate progressive collapse. Column removal
duration in the test was 0.008 s and 0.005 s, satisfying the DoD requirement that the column
removal duration should be less than 1/10 natural period of vibration. Weights were
attached to the beams, which acted as gravity loads. The test setup accurately replicated
the sudden column removal scenario due to blast load. However, the flooring system was
not considered in the test.

Yang et al., 2021 [21] performed a test on a self-centering single-bay two-story hybrid
frame. This consisted of an RC column with unbonded PT steel bars and steel concrete
hybrid beams with four unbonded PT strands. Self-centering was provided by PT steel, and
energy dissipation was provided by web friction devices at beam ends. Two frames with PT
steel and one frame without PT steel were examined. The PT frames performed better than
the non-PT frame in terms of bearing capacity, ductility ratio, and self-centering capacity,
with values 88%, 62%, and 272% higher, respectively. Energy dissipation was better in
PT frames as compared to the non-PT frame specimen. The beam column connection
in the proposed frame contains too many components, including column plates, steel I
sections, friction devices, and beam plates. The connection is complicated compared to the
bonded mild steel connection. With all those connection components, energy dissipation
mainly took place at the gap opening interface of the friction device and PT steel. In
the proposed beam column connection, the hinge was location away from the column.
Nakaki et al. [52] reported three drawbacks of having a hinge location away from the
column: (a) The overstrength requirement in the connection becomes very large; (b) The
connection relocated 0.91 m from the column face must be twice as strong as the hinge;
and (c) The rotational ductility demand will increase. Hence, the proposed connection
experienced damage not only in the hinge region but also at the steel beam ends, which
is unfavorable in performance-based design. The connection also interferes with the
floor system, and the gap opening area requires special attention when connecting the
floor system.

Hazaveh et al., 2020 [53] investigated the efficacy of a viscous energy dissipator device
for self-centering rocking structures which have a distinctly different dynamic response
compared to fixed base structures. The system performed well in terms of displacement,
base-shear, and acceleration demands. Viscous dampers can dissipate significant energy.
However, their reaction loads can increase the foundation size and base shear demands.
The study adopted the single degree of freedom (SDOF) method to evaluate the dynamic
response of the structure. Nonlinear dynamic finite element analysis is more accurate than
the SDOF method.

Ponzo et al., 2019 [54] performed experiments and analysis with regard to a post-
tensioned timber framed building with yielding steel angles as dissipators. A rocking
mechanism was created at beam-to-column and column-to-foundation connections. Dy-
namic testing was performed using a shaking table with different specimen configurations
with and without dissipators. The frame with dissipators performed well in terms of story
drifts due to the high energy dissipation provided by steel angles (Figures 28 and 29).
Concentrated yielding was achieved by milling certain portion of steel angle. The frame
experienced no damage under seismic loading. Reversible earthquake loading imposes
fatigue on steel angles, which dissipates energy by yielding. Hawileh et al., 2006 [35,36]
indicated that low cycle fatigue is the reason for bar fracture that occurred in the PRESS
phase IV-B test specimens. Hence, it is important to study the fracture criteria in metallic
yielding devices as they are subjected to low cycle fatigue.

Ponzo et al., 2019 [55] performed tests on post-tensioned timber framed structures
with bracing systems and U-shaped flexural steel dampers. The braced frame experi-
enced a significant reduction in drift (60% less) at the design seismic level as compared to
bare frames.
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Figure 28. The proposed precast post-tensioned beam column connection (undeformed) [54].
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Figure 29. The proposed precast post-tensioned beam column connection (deformed) [54].

7. Recommendations and Suggestions

Based on the current state of research, the following recommendations and suggestions

are presented below:

1.

The connection acceptance criteria of ACI 374.1-05 are based on assumptions. Hence,
nonlinear dynamic analysis with actual ground motion time histories is recommended.
Various frame configurations, including different bays, floors, and beam depths,
should be analyzed using the proposed connections.

The unique gap opening phenomenon of hybrid connection provides ductility. How-
ever, a large amount of shear force acts on columns, and the distance between columns
increases to accommodate this gap. Such an unfavorable response of frames should
be estimated and considered in the design.

Strong column weak beam criteria must be satisfied to ensure the assumed behavior
of the frame.

Connections must be evaluated based on feasibility before experimenting. This
includes ease of fabrication, ease of erection, cost, durability, and architectural aspects.
Detailing in the expected hinge area is important to ensure the gap opening. Connec-
tions should be designed considering this detail.

PT steel remains elastic, but energy dissipators are usually damaged after an earth-
quake. The connections should be developed using smart materials which do not
require repair after seismic events.

To avoid spalling and ensure the shear transfer mechanism, the compression zone
area must be properly detailed with confinement steel or armor angles.
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8. Conclusions

The experimental and analytical studies showed that the hybrid beam column connec-
tion performed well under seismic loads. The following main conclusions can be drawn
from the present study:

1.  The hybrid frames have self-centering capabilities, provided the amount of mild steel
is optimized. With an increase in mild steel percentage, energy dissipation increases.

2. If the post-tensioning force is not sufficient to yield the mild steel in compression, the
frame will not return to its initial state.

3. The strength of precast hybrid connection is almost equal to that of its monolithic
counterpart. Both the mild steel bar and post-tensioning steel contribute to the
strength of connection.

4. Hybrid frames can attain more drift due to the gap opening phenomenon at the
beam-column interface.

5. The energy dissipation of the hybrid frame connection is less than that of
monolithic frames.

6.  The failure of the precast hybrid connection is mainly due to mild steel bar frac-
ture or bond failure. Crushing of concrete in the compression zones at the beam—
column interface was noticed. The experiments showed minor damage in the frame
member even at high drift ratios because the damage was concentrated only in the
connection region.

7.  The gap opening at the interface increases the span between the columns to accom-
modate the gap. This is called beam growth. Even if the connection satisfies code
requirements, it is important to study the performance of the complete frame using
the connection.

8.  Joint shear force is transferred by friction generated due to post-tensioning force.
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