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Abstract: An experimental investigation was conducted to study the performance of precast beam-column concrete
connections using T-section steel inserts into the concrete beam and joint core, under reversed cyclic loading. Six 2/3-scale
interior beam-column subassemblies, one monolithic concrete specimen and five precast concrete specimens were tested.
One precast specimen was a simple connection for a gravity load resistant design. Other precast specimens were developed
with different attributes to improve their seismic performance. The test results showed that the performance of the monolithic
specimen M1 represented ductile seismic behavior. Failure of columns and joints could be prevented, and the failure of
the frame occurred at the flexural plastic hinge formation at the beam ends, close to the column faces. For the precast
specimens, the splitting crack along the longitudinal lapped splice was a major failure. The precast P5 specimen with double
steel T-section inserts showed better seismic performance compared to the other precast models. However, the dowel bars
connected to the steel inserts were too short to develop a bond. The design of the precast concrete beams with lap splice is
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needed for longer lap lengths and should be done at the beam mid span or at the low flexural stress region.
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1 Introduction

Earthquakes are natural disasters that have the
potential to devastate and destroy cities. Efforts are being
made to mitigate or minimalize this damage. Earthquake
resistant buildings are imperative to prevent buildings
from collapsing and causing subsequent financial losses.
The northern, western and middle regions of Thailand
have been designated as seismic zones equivalent to a
moderate seismic zone; specifically, seismic zones 2A-
2B according to UBC design provisions (1997). The
region has been declared a seismic zone based on the
geological evidence and past earthquake records. Mid-
year 2014, an earthquake with a magnitude of 6.3, the
biggest earthquake to have occurred in Thailand, struck
the Chiang Rai province located in northern-Thailand,
causing severe damage to numerous concrete buildings.

Most buildings in Thailand have been constructed
using a traditional cast-in-place system. However, the
system is being replaced by one that is prefabricated
due to the reduction of construction time. The precast
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construction offers several advantages, such as better
quality control and lower overall construction costs.
Normally, the performance of precast concrete structures
is influenced by the quality of their connections. From
previous studies, most damage and abrupt failures
of precast concrete structures during earthquakes
was mainly due to the failure of joint assembly and
inadequate ductility. There were several investigative
studies showing the importance of ductile connections in
precast structures (Arslan et al., 2006; Chayanon et al.,
2017; Giilkan, 1998 and Park, 2002). To design a precast
connection, PCI standards have been widely adopted as
a standard design guideline. However, the most explicit
precast connection detailing from the PCI manual
(1973) and handbooks (2010) was designed specifically
to support the gravity load rather than the lateral load.
The current precast connections used in seismic areas
have been adopted from in-house research information.
Hence, despite the many advantages of precast concrete,
it has not been widely adopted due to concern about its
seismic performance and building stability during strong
ground motions.

The NEHRP Provision (1998) described two
alternative precast connection designs for a lateral load
resisting system. One is a monolithic reinforced concrete
emulation exhibiting rigid-elastic behaviors, while
the other is a precast concrete connection with unique
performance that allows certain deformations. Gosh et
al. (1997) illustrated precast concrete connection designs
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based on the high seismic regions described in the 1997
UBC provisions. The connections were designed to
remain elastic, while the connecting elements behaved
nonlinearly. To avoid connection failure, the connection
capacity must be higher than the plastic moment capacity
of the beams. When the location of the plastic hinge on
the beam moved further away from the connection they
exhibited better seismic performance.

There have been several researchers who have made
new discoveries about precast concrete connections in
the last decade. Kormaz and Tankut (2005) investigated
the seismic behavior of the precast concrete beam-to-
beam connections with welded plates, and concluded
that the improved connection details could be suitably
used for seismic structures. Yang et al. (2010) developed
hybrid precast concrete beams with H-steel beams at
both ends to create a simple ductile connection, which
is particularly useful for precast concrete structures.
Three precast concrete beams were tested under two-
point concentrated loads to explore the effectiveness
and limitations of the developed hybrid beam system in
transferring an applied load to a supporting column. The
results showed that the introduction of a pre-stressing
force in longitudinal tension reinforcement significantly
improved the flexural capacity and ductility of the hybrid
precast concrete beams.

Regarding studies of beam-column precast
connections in moment-resisting frames, Ertas et al.
(2006) studied the performance of four ductile precast
concrete connections, and a monolithic connection for
moment resisting frames under reversed cyclic loading.
The test results showed that the strength and energy
dissipation could be suitable for high seismic zones.
Li et al. (2009) studied the seismic performance of
precast hybrid-steel concrete connections under cyclic
loading. The experimental observations showed the
precast connections without abrupt damage within the
joint core region, exhibiting adequate ductile behavior
and were considered acceptable in comparison to the
monolithic one. Embedment of the steel sections in
the joint greatly enhanced the strength of the joint-core
leading to an increase of the ductility factor to 3.50.
Ketiyot and Hansapinyo (2012) studied the seismic
resistance of the exterior precast concrete beam-column
frame using a combined welded-bolted connection. The
seismic performance was compared to the monolithic
one under cyclic loading. The precast beam was
connected to the precast column at the column face. The
test results indicated that the precast specimen showed
better seismic performance including; ultimate capacity,
ductility, and energy dissipation capacity. Hansapinyo
(2012) observed an experimental investigation of the
exterior cast-in-place and welded precast concrete frames
under cyclic loading; one precast and two monolithic
specimens were tested. The difference between the
two monolithic specimens was the reinforcement in
the beam—column joint regions; e.g. with and without
transverse reinforcement. Test results showed that
the precast specimens performed better hysteretic

responses, higher stiffness, and lower joint distortion.
This was due to the additional embedded steel plates.
The connecting purpose increased the resistance of the
diagonal crack growth in the joint area. Vidjeapriya and
Jaya (2013) presented the experimental results of two
precast concrete beam-column connections compared
to the monolithic connection under cyclic loading. The
precast beam was connected to the column with a corbel
using a cleat with a single stiffener for the first precast
specimen, and double stiffener for the second specimen.
The test results revealed that the ultimate loading of the
monolithic specimen was better than the other precast
specimens. The energy dissipation and ductility of both
precast specimens exhibited satisfactory behavior. In
a similar study, Shariatmadar and Zamani Beydokhti
(2014) investigated the seismic response of three precast
interior subassemblies to compare with a monolithic
connection. All precast joints were assembled by using
cast-in-place connections with different details; namely
straight sliced, U-shaped, and U-shaped with a steel
plate. Comparisons of seismic performance showed
that the seismic performance of the precast specimen
with straight sliced and the monolithic specimen were
similar and can be suitable for use in high seismic
zones. Wongmatar ef al. (2015) proposed the detailing
of these reinforcements in the interior beam—column
connections, aiming to relocate the plastic hinge of the
monolithic reinforced concrete, and precast concrete
frames with T-section steel inserts embedded into the
concrete connection. Four specimens, including two
monolithic specimens, and two precast ones, were tested
under cyclic loading. The test results showed that the
crack patterns of the precast specimens were generated
at the end of the steel insert connections. However,
slipping of the lap splices at the top of the beam section
were observed before the yielding of the bars, which
ultimately led to the brittle fracture. Furthermore, the
diagonal bars inserted into the precast joint improved
the seismic performance; i.e. initial stiffness and energy
dissipation.

Xue and Yang (2010) reported the results of their
experimental investigations on four full-scale precast
concrete beam—column connections, and a half-scale
moment-resisting frame. The frame was two-bay, two-
story high precast concrete, which included exterior
connections, interior connections, T-connections
and knee connections. The test results revealed that
the precast concrete connections and frames could
perform effectively in seismic conditions with respect
to strength, ductility, and energy-dissipation capacity. A
new ductile moment-resisting beam-column connection
was developed by Parastesh et al. (2014) for precast
reinforced concrete frames to be used in high seismic
zones. Six full-scale interior and exterior precast
connections, and two monolithic connections, were
subjected to a reverse cyclic loading. It was concluded
that the proposed precast connections proved to be
effective at improving the seismic performance, and
also provided adequate flexural strength, strength
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degradation, and drift capacity. Moreover, Tsonos et al.
(1992), Au et al. (2005), Chalioris et al. (2008) and Lu
et al. (2012) conducted experimental investigations of
diagonal reinforcement embedded into the beam-column
concrete joints to reduce the force transferred to the joint
core. The test results showed that joints, with crossed
and inclined reinforcements, demonstrated improved
seismic performance. Furthermore, in terms of overall
cracking observations, the specimens with diagonal bars
showed fewer cracks in the column when compared to
the specimens without them. Regarding bond behavior of
deformed bar to concrete, there was a study (Soroushian
et al., 1991) describing the effect of compressing
strength of concrete to bond splitting behavior. The bond
strength increases with increasing compressive strength.
For the bond stress and slip values of the bond stress-slip
relationship, the test result showed that the bond stress
of strength concrete over 50 MPa rapidly decreased after
peak bond strength. However, this characteristic was
not consistently influenced by variations in concrete
strength. That was similar to a study by Diab et al
(2014), which investigated the bond behavior of normal
and high strength concrete. The test results revealed
that high strength concrete specimens failed in a brittle
mode. Furthermore, failure of the specimens was abrupt
due to forming longitudinal splitting cracks.

From the literature above, one may ascertain that
the precast connection details play an important role
in withstanding lateral load and there have been many
types of precast concrete connections, all of which
have been developed for different purposes; to obtain
a seismic capacity of precast concrete connections
compared to traditional monolithic connections, and
to improve displacement ductility factors of precast
structures that have undergone earthquake loading. This
study was also aimed at the development of a precast
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concrete connection suitable for use in Thailand and
for moderate earthquake capacity. A T-section steel
insert in a beam embedded in the precast beam ends is
the system proposed as an extension of previous work
(Wongmatar et al., 2015). It helps the fabrication process
by ignoring the shoring system as the protruded part of
the T-section steel can be seated on the column edge (as
shown in Fig. 1). The depth of the top beam was dropped
to install lap-splice bars for connecting both beams
through the beam-column joint. The study presents test
results for six 2/3-scale concrete beam—column interior
subassemblages, including one monolithic and five
precast connections. The monolithic connection was
seismically designed based on ACI318-14 (2014) as the
reference specimen. The five precast specimens were
designed with different connection details.

2 Experimental program

A 4-6 story building prototype (such as an office
building) was represented in this study. The height of
each story was 3.50 m, and the bay width was 4.50 m.
The beam and column sizes were determined for width/
depth dimensions as 300/450 mm and 200/450 mm,
respectively. NEHRP: Seismic design technical brief
No.1(2008) suggested that a beam flexural reinforcement
in the joint region should be 0.01, stating that it is more
practical for constructability. Furthermore, a column
reinforcement ratio was in excess 0.03. Therefore, the
beam reinforcement ratios at the top and bottom regions
were 0.0116 and 0.0086, respectively. The reinforcement
ratio of the column was also 0.0118.

This study conducted a test on six interior beam-
column concrete specimens, which were divided into
one monolithic and five precast concrete connections
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Fig. 1 Precast beam element with T-section steel insert
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using T-section steel inserts embedded into the core of
the beam-column joint. The strong column-weak beam
theory was applied in the design of all specimens. They
were scaled to approximately 2/3 of the usual beam-
column frame element in the prototype buildings,
because the acceptable minimum limit scaling factor is
1/3 full size in the ACI T1.1-01 document (2001). Test
specimens were planar beam -column subassemblies
representing a portion of the building frame at the interior
joint between the column and beams, as shown in Fig.
2(a). Figure 2(b) demonstrates the bending moments
diagram of a laterally loaded moment resisting frame.
In Fig. 2(c), maximum bending moments occur at the
connection where the shear force is also at a maximum.
Test specimens were subjected to lateral cyclic loads and
concentrated load H at the top of the upper column as
shown in Fig. 2 (d) so that the bending moment and shear
forces were reversed and cycled. Thus, the distribution
of the bending moment in the specimens was the same
as for the moment-resisting frame under cyclic loading.

In this study, both beam ends and the bottom of the
lower column were supported by the mechanical hinges.
Several LVDTs were installed to measure displacements
of the test specimen during the experiment as shown
in Fig. 3 (a). Also, the strain profile of the steel
reinforcement in the test specimens was observed by
strain gauges. The locations of the strain gauges are
shown in Fig. 3(c). Quasi-static cyclic testing was used
to observe the structural response. The quasi-static
lateral loading (H) was applied by a hydraulic actuator at
the top of the upper column. The top column was pushed
forward and pulled backward in a reversed cyclic pattern
according to ACI T1.1-01. The loading history is shown
in Fig. 3(d). A story drift ratio, defined as the ratio of the
lateral displacement at the top of the column to column
height, was used to represent the lateral movement of the
test specimens. The drift level was increased to 0.15%,
0.20%, 0.25%, 0.35% ... drift until the test concluded.
In each story drift level, the peak amplitude was applied
repeatedly for three cycles. The repeated cyclic loading
was done to check the stability of the hysteresis behavior.
Furthermore, a constant axial load of 0.10f" 4, or 235 kN
was applied vertically at the top of the column to satisfy
the strong column-weak beam requirement.

3 Precast concrete connection
process

installing

The precast frame comprised precast beams and
columns. Beam-to-beam connections used a T-section
embedded into each beam and lap-splices through
the concrete joints. Steel column sockets with bolted
connectors were used for column-to-column connections.
The precast beam generally used was a T-section that
was 355 mm long embedded at the middle beam section
equal to 220 mm; the other part was embedded into
the joint core. Also, 2-DB12 steel bars (500 mm long)
were welded at the end of the T-section with a 50 mm
weld length and a 6 mm weld leg as shown in Fig. 4(a).
The other part of the steel bars was embedded into the
beam. Figure 4(b) illustrates the interior sub-assemblage
installation process with the details of specimen P2, which
were only slightly different from the other specimens.
Both precast beams were setup on the top edge of the
bottom column. Then, steel plates with a thickness of 8
mm (75 mm x 150 mm, width x length) were welded to
connect both beams at the edges of the T-section steel. At
the top beam section, the lap-splices (1300 mm long with
the same top longitudinal reinforcement amount of the
beam) were used to connect between the beam-to-beam
and through the joints. The lap length of the spliced bars
was 500 mm. The top precast column was installed by
the column socket with bolted connectors. Finally, cast-
in-place non-shrink grout concrete was placed into the
joint core and upper part of the beams.

4 Test specimens

This study comprised one monolithic specimen and
five precast concrete specimens with different connection
details. The seismic performance of all precast specimens
was compared to the monolithic control specimen. The
geometries of the structural elements of all specimens
were designed according to the strong-column/weak-
beam design philosophy. The cross section of the
beam was 150 mm x 300 mm. The cross section of
the column was 200 mm x 300 mm. The reinforcement
bars arrangement and concrete cross section are shown
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Fig. 4 Precast assemblage process

in Figs. 5 and 6 for monolithic and precast specimens,
respectively. Table 1 describes the joint detailing and
expected strength capacity of all the specimens. The
expected strength capacities were calculated according
to ACI 318-14 and no bond-slip effect was considered.

4.1 Monolithic connection (M1)

The monolithic concrete specimen was designed
according to ACI 318-14 and ACI 352R-02 (2002) for
moderate-seismic regions. The joint detailing is shown
in Fig. 7 (a). For the concrete beam, the amount of
longitudinal reinforcement ratios was 0.0086 (3-DB12)
and 0.0116 (4-DB12) for the bottom and the top of the
beam section, respectively, and the steel reinforcement
ratio of the column was 0.0118(10-DB12). Six RB6-
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Fig. 5 Detailing of interior monolithic subassemblage frame
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Fig. 6 Detailing of interior precast subassemblage frame

closed stirrups were contained in the concrete joint.
The stirrup spacing of the beams, columns and joint are
shown in Fig. 5.

4.2 Gravity precast concrete connection (P1)

The detailing of the P1 specimen was represented as a
gravity resistive precast specimen. The T — section steels
were located at the middle-depth of the beam section.
For the connecting process, a DB-12 chain-shaped bar
was input in the 15 mm diameter-holed on the T-section.
About the top detailing, 4-DB12 lap-splices with the
same steel ratio as the top reinforcement of the beam
were used to connect the beam-beam through the joint.
There was no transverse steel in the joint as shown in
Fig. 7(b).

4.3 Precast concrete connection (P2)

The T-section steels were shifted down to the bottom-
depth of the beam section. Moreover, the two steel
plates were used to connect the T section steel inserts
by the welding process, as shown in Fig. 7(c). The other
connection parts were the same as the P1 specimen.

4.4 Precast concrete connection specimen (P3)

The precast connection detailing within the joint of
the P3 specimen was very similar to those of specimen
P2 excepting the inclusion of 5-RB6 stirrups in the
column joint, as shown in Fig. 7(d).

4.5 Precast concrete connection specimen (P4)

The precast connection details within the joint of P4
specimen were developed from those of specimen P3. In
addition, four DB12 diagonally bars were installed in the
joint core, as shown in Fig. 7(e).

4.6 Precast concrete connection specimen (P5)

For the specimen, the lap-splice bars at the top of the
beam section were replaced by using the two reversed
T-section steels to connect the beam across the concrete
joint. Therefore, the beam sections were symmetrical in
terms of the steel reinforcement ratio. In the installation
process, four steel plates were used to connect these
T-sections at both the bottom and top with the welding
process. The detailing of this specimen is shown in Fig.
7(f). The aim of this detailing is to relocate the splitting
crack far away from the beam ends.

5 Material properties

5.1 Concrete

Normal concrete was used for the production of
the test specimens. Uniaxial compressive strengths
were 44.03 MPa for the monolithic one and 42.97 and
45.35 MPa for the beam and column precast elements,
respectively. The mix proportion was as follows:

- Portland cement type 1: 393 kg/m*

- Fly ash: 43 kg/m’

- Water: 174 kg/m®

- Sand: 824 kg/m?

- Coarse aggregate (max size 19 mm): 914 kg/m*

- Additional water reducing agent: 6.53 lite/m?

Moreover, non-shrink grout concrete (Sikagrout

Table 1 Joint detail of the test specimens

Expected maximum

Specimen Designed parameters Strength (kN)

Ml Monolithic 42.44

P1 T-section steel insert at middle layer + lap-splice bars at top beam 40.51

P2 T-section steel insert at bottom layer + lap-splice bars at top beam 50.15

P3 T-section steel insert at bottom layer + lap-splice bars at top beam + Transvers 50.15
reinforcement bars

P4 T-section steel insert at bottom layer + lap-splice bars at top beam + Transvers 50.15
reinforcement bars + Diagonal bars

P5 T-section steel inserts at top and bottom layers + Diagonal bars 53.05
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(e) Connection detailing of specimen P4

(f) Connection detailing of specimen P5

Fig.7 Connection detailing

212-11) with a strength of 57.30 MPa was used in the
precast concrete joint.

5.2 Reinforcing steel bars and steel plate

The reinforcing bars and steel plates to form a steel
T-section insert were used to produce the test specimens.
The uniaxial tension test was performed to investigate
their mechanical properties. Table 2 shows a summary
of the mechanical properties of the steel used in both the
monolithic and precast specimens.

6 Test results

6.1 Crack development and failure mode

Figure 8 illustrates the crack pattern of all specimens
developed from small loading to the final drift level. For
all specimens, flexural cracks on the beams were first
observed at the potential plastic hinge regions located
at distances of d/2 - d (effective beam depth) from the
column faces. As the drift level increased, these cracks

Table 2 Properties of the steel used in test specimens

Yield strength (MPa) Ultimate strength (MPa)
RB6 (6 mm) 542
DB12 (12 mm) 572
DB25 (25 mm) 686
Steel plate and T-section insert 348
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further propagated and a few flexural cracks also
developed on the concrete columns above and below the
joint region. Then, the first diagonal cracks on the beam-
column joint core appeared at 0.50-0.75 % drift level.
The cracking development from the drift larger than 1%
of all the specimens was different due to the different
reinforcement details. For the monolithic specimen M1,
major cracking was the flexural cracks in the beams
near the column faces and there were a few diagonal
cracks within the concrete joint. Only a limited number
of flexural cracks appeared in the columns immediately
above or below the joint as shown in Fig. 9 (a). When
the drift level reached 3.50%, crushing of the concrete
cover at the bottom of the beams began and the beam
bottom longitudinal bars buckled at a 4.00% drift level,
as shown in Fig. 8 (a).

For the gravity precast concrete connection specimen
(P1), at the 0.75% drift level, laterally splitting cracks
running parallel to the T-section steel, installed at the
middle beam depth, close to column face started. When
the drift level was increased to 1.40%, the first splitting
cracks formed at distances of d from the column faces
along the lap-splices of the main longitudinal bars at the
top section of both beams. By increasing the drift level
up to 2.00-3.50%, the splitting cracks were gradually
propagated and opened wider than 2.0 mm. In addition,
the new flexural cracks on both beams were distinctly
observed at the potential plastic hinge regions near the
column face and no cracks appeared in the column.
The splitting cracks at the top and middle of the beam
cross section near the column face resulted in a dramatic
decrease in the shear capacity. Figure 8 (b) shows the
crack patterns of specimen P1 at failure.

In specimen P2, at a drift level of 1.00%, visible
lateral cracks were observed at the bottom of both beams
and the joint core at the beam-column interface. A few
splitting cracks appeared parallel to the lap-splices and
main longitudinal bars at the top beam section, which
were initiated at distances of 250 mm away from the
column faces. When increasing to a drift level of 1.40%,
cracks gradually propagated along the lateral directions
as the drift levels were increased. When the drift level
reached to 3.50%, the concrete of the top beam section
close to the beam-column joint started to crush and spall
along the splitting crack. Similar to specimen P1, no
cracks appeared on either the top or bottom columns, as
shown in Fig. 8 (c).

Specimens P3 and P4 also showed similar crack
patterns as P2 as shown in Fig. 8 (d-e). The main failure
modes were initiated from the bond splitting cracks that
occurred along the lap-splices at the top beam section in
the cast-in-place grout concrete regions.

For specimen PS5, as the drift level increased to
1.40%, the splitting cracks appeared parallel to the steel
T-section and the main longitudinal bars were initiated at
the bottom beam section, close to the column faces. With
the increase in the drift level, the splitting cracks further
propagated. The concrete below the T - section steel at

the bottom beam section close to the beam-column joint
crushed and spalled. At a distance of about the beam
depth from the column face of both precast beams, the
flexural cracks were very large. Figure 8 (f) shows the
crack distribution of the specimens after testing.

For precast specimens P1 to P4, the major failure
mode progressed from tensile splitting-cracks, which
developed along the splice length at the top of the precast
beam section in the non-shrink grout concrete region.
That led to both slippage and strength degradation of
the spliced reinforcement. From previous studies about
bond behavior with high strength concrete, the loading
capacity decreased rapidly after forming longitudinal
spitting cracks.

A number of flexural cracks were distributed over
the precast concrete beams, especially in the potential
plastic hinge regions near the column, as shown in Fig. 9
(b-e). Diagonal cracks on the beam-column joint were
observed. Nevertheless, no cracks appeared in the
column of both the top and bottom ones of these precast
specimens. Regarding specimen P1 that used a chain-
shaped bar to connect both precast beams, sliding of the
T-sections was observed during testing.

Figure 9 (f) shows the damage at the failure of the
precast specimen P5. The specimen failed mainly by the
flexural cracking in the precast beam; also, little splitting
cracks were observed and both cracks were located at
distances of d away from the precast column face.
Spalling of concrete covers at the end of both beams
were observed and little splitting cracks appeared at a
distance of d from the column face.

6.2 Hysteresis behavior and strength

The relationship of lateral load against displacement
at the upper column for each specimen is shown in Fig.
10. Figure 10 (a) illustrates the lateral story shear and
displacement hysteresis response of the monolithic
specimen. The behavior was good in terms of ductility
and energy dissipation. Furthermore, no pinching effect
was observed on the reversed response. The shear story
showed little strength or stiffness degradation until
the story drift level was up to 4.00%. Plastic hinging
took place in the beams at a distance of d/2 from the
column faces. The ultimate lateral load capacities of
the monolithic one for the push side and pull side were
44.43 kN and -42.08 kN, respectively.

Regarding the P1 to P4 precast specimens, which
have longitudinal lap splice bars at the top beam located
at the end regions of the beams, a distance of 2d from
column face, the hysteretic load-displacement relating to
the precast specimens P1-P4 are shown in Fig. 10 (b-e).
As can be seen, the hysteresis’s response results in the
pinching effect due to the splitting crack in the top of
the longitudinal lap splice bar and bond deterioration,
indicating low energy dissipation. The widening of the
splitting cracks in the high strength non-shrink region
resulted in the dramatic degradation of the story shear
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(a) Specimen M1 at 4.00 percent story drift ratio

(e) Specimen P4 at 2.50 percent story drift ratio

(b) Specimen P1 at 3.50 percent story drift ratio

/

(f) Specimen P5 at 3.50 percent story drift ratio

Fig. 9 Crack distribution of test specimens at the end of testing

capacity after peak loading. These specimens showed a
limited ductile response as shown in Fig. 10 (b) to Fig. 10
(e). The maximum lateral loads of these precast ones are
presented in Table 3. The maximum loads of specimen
P1 were lower than all the other precast specimens
because the depth between the main longitudinal bars
and steel T-section were lower compared with the other
precast specimens.

However, the precast specimen P5, with a double
T-section installed into the top and bottom beam section,
located within distance d from the column faces,
behaved satisfactorily. The hysteresis behavior of the
specimen showed a little pinching during the reversible
load testing and considerable pinching effect occurred in
the precast specimen due to the observed flexural failure
in the precast beams. The failure mode represents the
successful relocation of the plastic hinge in the beams.
The behavior of this specimen was good in terms of
ductility and energy dissipation when compared with
other precast ones. The peak recorded lateral loads were
40.92 kN and 36.42 kN for the push side and the pull

side, respectively. The column story shear versus drift
ratio of the specimen P5 is shown in Fig. 10 (f); the
envelope curve shows that the strength degradation was
rapid at the post peak strength.

The test results for the ultimate strength of all the
specimens are shown in Table 3. It can be seen that the
maximum strength of the monolithic specimen was
close to the expected ultimate strength. For all precast
specimens, the ultimate strengths were lower than the
expected maximum strength and the average maximum
strength of the monolithic specimen because the splitting
cracks along the splice length in the high strength non-
shrink region appeared during experiment. That led to
both slippage and bond degradation of the overall frame
specimens.

6.3 Strain distribution

All specimens obviously exhibited a strong column-
weak beam mechanism. Therefore, the longitudinal
reinforcement of the beam at the top and bottom of
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Table 3 Ultimate strength and story drift level at peak of story shear
Push Side (H+) Pull Side (H-) Average Expected Ratio of
Specimen Ultimate Ultimate e
P Ultimate strength Ultimate strength Strength (kN) Strength (kN)
(kN) (kN) expect
avg expect
M1 44.43 42.08 43.25 42.44 1.02
P1 36.99 30.09 33.54 40.51 0.83
P2 4091 38.81 39.86 50.15 0.79
P3 38.52 32.63 35.58 50.15 0.71
P4 34.98 42.23 38.61 50.15 0.77
P5 40.92 36.42 38.67 53.05 0.73
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the joint region were a critical location during the
experiment. The strain profiles at story drift levels of
1.00% and 2.50%, the yield point and the ultimate point
of most precast specimens, are explained herein. The
Fig. 11 shows the strain profile of the reinforcement in
the critical region at the story drift levels of 1.00% and
2.50%.

At the story drift level of 1.00% as the yield point of
the test specimens, only the reinforcement of monolithic
specimen M1 rose to the yield strain level. Also, the
strain levels of the top and bottom reinforcement of
specimen M1 were up over the yield level at the beam
plastic hinge zone, at 2.50% story drift. For precast
specimens, the strain profiles of all precast specimens
were under the yield level, at 1.00% drift level. For the
strain levels of the top reinforcement compared to the
yield strain of the steel bar at the story drift level of
2.50%, the P1 and P3 specimens were higher but the P2
and P4 specimens were lower. For the P5 specimen, the
strain levels were climbed to over the yield level at both
the T-section steel and the embedded steel bar at the edge
of the T-section. For the bottom reinforcement with the
T-section steel insert of all precast specimens, the levels
of the reinforcement were higher than the yield level.

6.4 Ductility

The backbone curve of all specimens shown in
Fig. 12 was obtained to determine the strength and
displacement ductility. The definition of equivalent yield
(d,) and ultimate displacement (d,) as proposed by Park
(1989) for the general case of lateral load- displacement
responses was adopted in this study of the ductility factor.
The ultimate displacement was taken as the post peak
displacement with a 15 percent drop off in the maximum
lateral load capacity, or the strength of the second/third
cycle decreased over 15 percent of the first cycle.

The results are shown in Table 4 with a yield point
of all specimens of around 1.00 percent story drift.
Regarding the precast specimens, degradation of story
shear was observed to start at a story drift of 1%-2%.
The strength degradation suddenly decreased due
to bond deterioration from the splitting crack of the
T-section inserts and/or lap-splices in the beam near the
precast column face. The precast PS5 specimen showed
better ductility because the plastic hinge of the beams
was relocated from the beam ends to a distance away
from the column faces.

6.5 Stiffness degradation

In this study, stiffness degradation was discussed
based on the secant stiffness. The secant stiffness (K )
of any drift ratio, which was calculated from the peak of
the pulling side to the peak of the pushing side of the last
loading cycle (third cycle) as shown in Fig. 13, divided
by the corresponding lateral displacement (d +d,). The
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Table 4 Ductility, strength and story drift level at peak of story shear

Specimen Ductility Push Side (H+) - Pull Side (H) . Average strength ratio*
Strength (kN)  Story drift (%) Strength (kN)  Story drift (%)
Ml 4+ 44.43 3.50 42.08 3.50 1.00
Pl 2.47 36.99 2.00 30.09 2.00 0.77
P2 221 4091 2.00 38.81 2.00 0.92
P3 1.84 38.52 2.00 32.63 1.40 0.82
P4 2.15 34.98 1.00 42.23 2.00 0.90
P5 2.62 40.92 1.40 36.82 1.40 0.90

* Ratio between strength of corresponding specimen to monolithic control specimen (M1)

Displacement

Fig. 13 Secant stiffness and equivalent damping ratio

secant stiffness value for each drift ratio was normalized
(K,,..) by the secant stiffness at the 0.15 percent story
drift, at the first drift level.

At a lower load, as shown in Fig. 14, the specimen
M1 shows higher stiffness degradation compared to
the precast specimens. However, the degradation rate
is decreased for the precast specimens, the steel inserts
increase the stiffness and control cracking well at a
lower load, especially for specimen P5. However, when
the critical crack was presented, the capacity suddenly
decreased along with stiffness degradation.

6.6 Equivalent viscous damping ratio

In this study, the equivalent viscous damping ratio
(¢,,) proposed by Chopra (2011) was used to explain
the energy dissipation characteristics. The equivalent
damping ratio was computed from the enclosed area
within the hysteresis loop divided by strain energy, which
is calculated from the assumed linear elastic behavior at
corresponding cycles. This definition is formulated in
Eq. (1).

A
Ceq :iixloo (1

The equivalent viscous damping ratio versus story
drift level of all test specimens is shown in Fig. 15. The
equivalent damping of the monolithic specimen M1 was

higher than all the other precast ones. For the precast
specimens, specimen P5 showed the best damping
performance when compared with the monolithic
specimen M1. At the drift level of 2.50%, other precast
specimens P1, P2, P3 and P4 were obviously very
low when compared with the others, especially the
P1 specimen, which was designed mainly for gravity
loading.

1.2
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Story drift (%)

Fig. 14 Stiffness degradation

Story drift (%)
Fig. 15 Energy dissipation

7 Conclusions

The experimental results of a research study on
the seismic behavior of precast concrete connections
designed for earthquake resistance are presented herein.
Six beam-to-column subassemblage frames were tested
under cyclic loading to observe the hysteresis behavior
and seismic performance of these connections. The
following conclusions are drawn:



368 EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION

Vol.17

- The monolithic specimen represented seismic
behavior very well. The column and joint failure was
prevented by forming a potential plastic hinge at the
beam ends, close to the column faces. Shear capacity,
ductility, energy dissipation and stiffness degradation
were very well obtained seismic parameters.

- For specimens P1-P4, the splitting crack was a
major failure mode in the precast specimens. At the joint
region, the top reinforcement composed of a longitudinal
lapped splice with high strength non-shrink grout
concrete was the weakest point. The crack developed
along the splice length at the top of the precast beam
section. This led to both slippage and bond degradation
of the overall frame specimens.

- The maximum strength of all precast specimen
was lower than the expected maximum strength because
the splitting cracks along the splice length in the high
strength non-shrink region appeared.

- The splitting cracks in the high strength non-
shrink region resulted in the dramatic degradation of
story shear capacity after peak loading.

- Regarding the equivalent damping ratio, the
precast specimens with longitudinal lap splices located
on the top of the joint region were obviously very low
due to the formation of longitudinal spitting cracks of
the lap splice.

- The precast specimen without the lap splice
on the top of the joint region (P5 specimen) showed
better seismic performance when compared with the
other precast specimens in terms of ductility and energy
dissipation, and because of that, the plastic hinge was
relocated into the beams. However, the dowel bars
connected to the steel inserts were too short to develop
bonding.

- The design of the precast concrete beams with
lap splices is needed for a longer lap length and should
be done at the beam, mid span or in the low flexural
stress region.
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