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This paper presents the test results of four types
of ductile, moment-resisting precast concrete
frame connections and one monolithic concrete
connection, all designed for use in high seismic
zones. The performance of the precast concrete
connections subject to displacement control
reversed cyclic loading is compared with that of
the monolithic connection. The precast concrete
connections tested may be subdivided into three
groups, namely cast-in-place, composite with
welding, and bolted. The cast-in-place connections
were located in either the beam or the column of
the precast concrete subassemblies. The composite
connection is a common detail used in the Turkish
precast concrete industry. Two bolted specimens
without corbels were also tested. Through these tests,
the responses of different connection types under
the same loading pattern and test configuration were
compared. Comparisons of performance parameters,
such as energy dissipation and ease of fabrication,
revealed that the modified bolted connection may
be suitable for use in high seismic zones.

ments, construction efficiency, and savings in time
and overall cost of investment. In order to validate
these benefits, and to expand the market for precast concrete
structures in seismic regions, the performance and capacity

Precast concrete provides high-quality structural ele-
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of specially designed connections were evaluated. Many pre-
cast concrete structures were heavily damaged by the recent
earthquakes (Adana—Ceyhan in 1997 and Koaceli and Duzce
in 1999) that hit the industrial heartland of Turkey, and the
poor performance of their connections may be the primary
reason for the widespread damage.

As a result, a two-phase research program on the perfor-
mance of ductile beam—column connections of precast con-
crete was developed in the Bogazici and Kocaeli Universi-
ties after the 1999 earthquakes. This program was funded
by the Scientific and Technical Research Council of Tur-
key (TUBITAK) (Project No: ICTAG I589) and the Turk-
ish Precast Concrete Association. In Phase I of the research
program, cast-in-place, composite, and bolted connections
were investigated and compared with a monolithic connec-
tion counterpart. The Phase I connection types were chosen
from the most widely used types according to construction
practices in North America, Europe, and Japan. In Phase 1II,
post-tensioned hybrid connections with different mild steel
reinforcement ratios were examined. Only Phase I test results
and proposed recommendations are presented in this paper.
Performance comparisons are made according to strength
predictions, stiffness degradation, and energy dissipation of
the connections. All test specimens in this research program
are detailed according to the governing building codes or the
available literature.

LITERATURE SURVEY

The detailing and location of precast concrete connections
has been the subject of numerous experimental and analyti-
cal investigations. In the study by Restrepo et al.,' six dif-
ferent cast-in-place (CIP) connection details with different
reinforcement configurations and connection locations were
studied. Specimen Unit 5 in Restrepo’s research consisted of
precast concrete beams placed between columns and a CIP
concrete joint core that was constructed between the beam-
joining ends. The beams were seated 1.2 in. (30 mm) into
the column gap, and the test results revealed that there was
no need for special detailing at the vertical cold joints, such
as shear keys. Alcocer et al., Rodriguez, and Blandon also
performed some CIP connection tests.”* They reported that
plastic hinging developed at the column face. Although the
type of connection tested did not fully emulate monolithic
construction, it is reported that this type of connection can be
used with precast concrete frame systems or in hybrid sys-
tems, provided that the strength and stiffness of the system
are taken into account.

The use of steel fiber—reinforced concrete in the CIP con-
nections was reported to be very effective in improving the
displacement ductility and energy dissipation of the speci-
mens and in leading to slower stiffness degradation. The ad-
dition of steel fibers also improves the bond strength of the
reinforcing bars within the connection region.>®

Bhatt et al and Seckin et al developed some welded con-
nections for use in precast concrete structures.”® Although the
behavior of the connections under consideration was satisfac-
tory, the construction of these specimens requires significant
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welding of the beam and column reinforcement. The cost and
quality-control measures associated with excessive welding
may offset some inherent advantages of the precast concrete
construction if applied in the field. Moreover, the heat gener-
ated from welding may cause damage to the bond of steel
bars and result in cracking of the adjacent precast concrete.
Therefore, field welding needs to be minimized in precast
concrete construction.’"!

Bolted connections, or ductile links, where the precast
concrete beams are connected directly to the column faces
in precast concrete structures, may be the most cost-effective
construction practice. In these types of connections, the fric-
tion force created by the flexural moment resists the vertical
shear at the beam-column interfaces.'> French et al presented
the response of various types of beam-column connections;
some of the connections developed plastic hinges outside the
connection region.”*'* French’s research revealed that the
threaded reinforcing bar connections with tapered, threaded
splices proved to be the most favorable solution in terms of
performance, fabrication, and economy. In the PRESSS Pro-
gram, similar connection details, called tension-compression
yield (TCY) connections, with mild steel were tested, and the
performance of TCY connections was reported to be simi-
lar to that of monolithic specimens. The disadvantage of the
TCY system may be the high residual displacement and the
low residual stiffness after inelastic seismic response.’

Ghosh et al presented a paper about a strong connection
concept developed with the 1997 International Conferences
of Building Officials’ Uniform Building Code: V. 2, Structur-
al Engineering Design Provisions for precast concrete struc-
tures located in high seismic zones.'®!” A strong connection
is designed to remain elastic while inelastic action takes place
away from the connection. Because a strong connection must
not yield or slip, its design strength in both flexure and shear
must be greater than the bending moment and shear force,
respectively, corresponding to the probable flexural or shear
strengths at the nonlinear action location.'® In addition to the
greater cost of strong connections, the overstrength required
in the connectors becomes quite large as the hinge location is
moved away from the column face. Also, the hinge relocation
approach, where the hinge is relocated away from the column
face, increases the rotational ductility demand of the probable
hinge for a given story drift. It should be noted that satisfac-
tory seismic performance requires an overall system that is
able to sustain large lateral deformations without significant
loss of strength.'

TEST SPECIMEN AND
CONNECTION DETAILS

Phase I test specimens were modeled as exterior joints of
a multistory building. They were designed according to the
strong column and weak beam design philosophy and scaled
down approximately to half the size of a prototype structure
in geometry. It should be noted that the minimum scaling fac-
tor for test specimens is given as one-third in ACI’s T1.1-01
Acceptance Criteria for Moment Frames Based on Structural
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Fig. 1. Dimensions and reinforcement detail of monolithic
specimen. Note: 1 in. =25.4 mm; 1 ft=0.3048 m.

Testing.*® The cross section of the beams was 11.8 in. x
19.7 in. (300 mm x 500 mm), and the beam clear span
was 5.25 ft (1600 mm). Hence, the shear span-to-beam
depth ratio (a/h) was about 3.2. The reason for such a
low a/h was to make the precast concrete connection gov-
ern the design at higher shear forces. The height of the
column was 6.3 ft (1920 mm), and it had a square cross
section with 15.75 in. (400 mm) dimensions. The cover
thickness in the precast concrete beam and column was
0.8 in. (20 mm). Figure 1 shows the dimensional detail
of the subassembly.

Monolithic Specimen

The reference monolithic (M) specimen was designed
according to the Turkish Civil Engineering Cham-
ber code provisions for high seismic regions.?! For
all specimens (monolithic and precast concrete), the
column longitudinal reinforcement ratio was 2%, and
spacing of the closed stirrups was approximately 4 in.
(100 mm) at the beam-column joint core. As shown in
Fig. 1, four and three */,-in.-diameter (20 mm) reinforc-
ing bars were placed at the top and the bottom of the
beam, respectively. The bottom reinforcement in the
beam was less than the top reinforcement due to the
gravity load effect.

For all specimens, except specimen GOK-W, the same
grade 3/,-in.-diameter (20 mm) bars were used as longitu-
dinal reinforcement and */g-in.-diameter (10 mm) reinforc-
ing bars were used as lateral reinforcement. The yield and
ultimate strength of the 3/,-in.-diameter (20 mm) reinforc-
ing bars were 68.5 ksi (472 MPa) and 83.3 ksi (574 MPa),
respectively, and the elongation at ultimate strength was
14%, measured on a gage length of 10 bar diameters. The
compressive strength of the concrete for specimen M was
5800 psi (40 MPa).

Cast-in-Place in Column Connection

In the CIP in column (CIPC) connection detail, there
was a gap at midheight of the precast concrete column
(Fig. 2). The height of the gap was 19.7 in. (500 mm) and was

Fig. 2. Detail of cast-in-place in column connection.
Note: 1 in. =25.4 mm.

equal to the beam depth. In the precast concrete beam, three
3/,-in.-diameter (20 mm), U-shaped reinforcing bars were in-
stalled as flexural reinforcement at the connection region due
to anchorage considerations. Additionally, there were three
3/,-in.-diameter (20 mm) reinforcing bars at the top and the
bottom of the beam body as main reinforcement. In the assem-
bly process, the precast concrete beam was seated through the
gap on the precast concrete column. The concrete compres-
sive strength for the precast concrete members was 7542 psi
(52 MPa). In order to eliminate or delay the bond problem at
the joint region where U-shaped reinforcing bars were used,
concrete with 1.57 in. (40 mm) hooked steel fibers (volume
fraction of fiber of 0.5%) was placed in the joint region. The
compressive strength of the CIP concrete in the connection
was 7687 psi (53 MPa). Due to the presence of U-shaped
reinforcing bars, closed stirrups could not be installed; single
leg ties were used in the column joint core instead.

Cast-in-Place in Beam Connection

A design concept similar to the CIPC specimen was also
applied to the CIP in beam (CIPB) connection. The dif-
ference was the location of the connection region, which
was 19.7 in. (500 mm) long and located at the joining end
of the precast concrete beam (Fig. 3). Again, U-shaped re-
inforcing bars protruding from the column (four *,-in.-
diameter [20 mm]) and from the beam (three */,-in.-diameter
[20 mm]) for flexure were used in this region. Concrete
compressive strength for the precast elements was 5800 psi
(40 MPa). During the assembly process, reinforcing bars
in the precast concrete beam were located between the bars
protruding from the precast concrete column at an interlock-
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Fig. 3. Detail of cast-in-place in beam connection.
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Fig. 4. Reinforcement detail and assembly process of
composite connection. Note: 1 in. =25.4 mm.

ing position. Steel fiber-reinforced concrete (with a 0.5%
volume fraction and a compressive strength of 7107 psi
[49 MPa]) was placed at the connection region. Single leg
ties were used in the connection region.

Composite Connection

The composite (GOK-W) connection type en-
sured the continuity of the beam’s bottom reinforce-
ment by welding and the top reinforcement by placing
cast-in-place concrete through the gap in the column.
GOK-W is a common connection used by Turkish pre-
cast concrete producers. This test specimen was designed
and produced by GOK Construction Co. The cross-sec-
tional dimension of the square precast concrete beam
was 11.8 in. (300 mm). The CIP section of the subas-
sembly consisted of a region with a depth of 7.9 in.
(200 mm) along the precast concrete beam and the gap in
the middle of the column (Fig. 4). Three */,-in.-diameter
(20 mm) reinforcing bars acted as the main reinforce-
ment at the bottom of the beam, and they were welded to
a steel plate with dimensions of 11.8 in. x 9.8 in. x 0.6 in.
(300 mm x 250 mm x 15 mm). Additionally, two */,-in.-
diameter (20 mm) reinforcing bars bent up at 20 degrees to
the horizontal were welded to the same plate to secure the
anchorage of the steel plate to the precast concrete beam
(Fig.4).Thisdetailingalsocreated additional positive flexur-
al moment capacity. Moreover, two rows of */,-in.-diameter
(20 mm) U-shaped flexural bars were installed through the
gap in the column as top reinforcement for the beam dur-
ing the assembly process. The center-to-center distance
between these two rows was 1.4 in. (36 mm). Main rein-
forcing bars for the precast concrete corbel were welded
to a steel plate, which was later welded to the bottom
plate of the beam for continuity. Cast-in-place concrete
was placed in the upper part of the beam and in the gap
of the column. All 3,-in.-diameter (20 mm) reinforcing
bars were weldable steel with a yield and ultimate strength
of 73 ksi (503 MPa) and 96 ksi (662 MPa), respectively.
The elongation of the */,-in.-diameter (20 mm) reinforcing
bars at ultimate strength was 13%, measured on a gage
length of 10 bar diameters. The compressive strength of
the precast concrete elements was 8267 psi (57 MPa), and
the compressive strength of the CIP concrete was 7977 psi
(55 MPa) for specimen GOK-W.
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Fig. 5. Connection detail and overall view of modified bolted
connection. Note: 1 in. =25.4 mm.

Bolted Connection

The aim of the bolted connection types was to minimize
the field work during the assembly process. In the proposed
bolted connection detail, rectangular steel boxes were used
instead of steel pipes for through holes (Fig. 5). Steel boxes
allowed more dimensional tolerance to compensate for
production errors and more space for multiple bolts. This
connection type is more suitable for low level of gravity
load-induced shear forces, where precast concrete members,
such as double tees and hollow-core slabs, were oriented par-
allel to the beam axis.

Figure 5 shows the reinforcement detail and the overall
view of the precast concrete members for the bolted (Mod-B)
connection type. The precast concrete beam has a channel at
the top and bottom of the cross section to allow for instal-
lation of the bolts during the assembly process. The length
of the channel was 39.4 in. (1000 mm) with cross-sectional
dimensions of 5.9 in. x 3.9 in. (150 mm x 100 mm). Rectan-
gular steel boxes, 19.7 in. (500 mm) long with cross-sectional
dimensions of 4.7 in. x 2.35 in. (120 mm x 60 mm), were lo-
cated at the joining end of the beam and through the column
along the same axis. In this region of the beam, closed stir-
rups were installed with 2.8 in. (70 mm) spacing. Moreover,
steel plates were placed at the top and bottom of the beam
cross section to delay crushing of the beam concrete adjacent
to the column face. These steel plates were also connected
to each other by two */,-in.-diameter (10 mm) bars welded to
either plate.

The precast members were produced with a 4060 psi
(28 MPa) design compressive strength concrete. During
the assembly process, the 0.6 in. (15 mm) gap between the
precast concrete beam and the column was filled with a
self-leveling, nonshrink grout. The compressive strength
of the grout was 8412 psi (58 MPa). After 24 hours, three
3/,-in.-diameter (20 mm) reinforcing bars (with machine-
threaded ends) were placed into the steel boxes located at the
top and the bottom of the connection. Then an initial preten-
sioning force of 25.8 1b-ft (35 N-m) of torque was applied with
a torque wrench. Later, the torque was increased to 88.5 Ib-ft
(120 N-m), resulting in a 203 psi (1.4 MPa) clamping stress
at the beam-column interface; the stress developed in the
reinforcing bars was 16 ksi (110 MPa). The bolts were about
2.75 in. (70 mm) from top and bottom fiber of the beam. Fi-



nally, the steel boxes were filled with the same grout.

In the first test of this bolted connection, the steel boxes
were welded directly to the precast concrete beam’s shear
reinforcement and this type of connection was called bolted
(B). During the test, sliding of the steel boxes with respect
to the beam concrete was observed. To solve this problem,
steel bars were welded around the steel boxes to serve as ribs.
In addition, rods passing through the box cross section were
added to eliminate any possible sliding of the infill grout
with respect to the steel box itself. The connection type after
these modifications was called modified bolted (Mod-B). In
this detail, the compressive strength of concrete in the pre-
cast members was 4350 psi (30 MPa) and the compressive
strength of the grout was 5220 psi (36 MPa).

TESTING PROCEDURE

The test setup was designed to apply the procedure and
scheme specified in ACI's T1.1-01: Acceptance Crite-
ria for Moment Frames Based on Structural Testing.*
Figure 6 presents the test setup and the locations of the defor-
mation measurements. The precast concrete column was sup-
ported on a pinned connection at its base, and the top of the
column was free to move and rotate. A roller-supported “free
end” was designed for the beam; hence, the points of con-
tra flexure for both the beam and the column were achieved
within the test setup. An axial load of approximately 10%
of the column compressive capacity was applied to the col-
umns in all specimens with a closed frame and a hydraulic
ram mounted on top of the column (Fig. 6). The lateral load
applied was gradually increased to achieve the predetermined
story drifts. Several linear variable displacement transducers
(LVDTs) were mounted on the test specimens to measure the
net story drift, joint rotation, gap openings, and shear defor-
mations. The net column top displacement (A4,,,,) was calcu-
lated by subtracting the column base lateral displacement and
the vertical beam tip displacement from the lateral displace-
ment measurement at the column top. Top displacement of
the column (4,,) was measured by using two 7.9-in.-capacity
(200 mm) LVDTs mounted at the level of the hydraulic ac-
tuator. Column base displacement (4,,) was measured at the

l backward forward
=D 1 (negative moment)) (positive moment)
=
— hydraulic ram
ﬁ 59ft ! [ — ]
5 L actuator —
H—
|| o I
y 0
B s
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i
Fig. 6. Test setup and mstrumentahon Note: 1 ft=0.3048 m.

pin support level. At this level, lateral displacement readings
should be zero in the ideal test rig. Also, the vertical dis-
placement (A4,,) of the beam tip should be zero. There-
fore, these displacement readings were monitored contin-
uously and the net column top displacement, which will
yield the level of story drift, was calculated according to
Eq. (1). A 6.3/5.9 ratio is used because of the geometric
compatibility.

Acnel =Act_Acb _(%XAIJV) (1)

Figure 7 shows the loading protocol that was taken
from ACI’s T1.1-01: Acceptance Criteria for Moment
Frames Based on Structural Testing.?® The first cycles
(0.15% and 0.20%) were in the elastic range. Three
fully reversed cycles were applied at each drift level.
All data were collected with a 50 Hz data acquisition
box. Cracks, gap openings, and failures were monitored
in successive three-cycle intervals. All test specimens
were loaded ultimately until the 4% interstory drift
ratio. The test was terminated before the 4% drift level
only in cases of a premature failure of the connection,
mainly due to the rupture of flexural reinforcing bars.
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Fig. 7. Loading history of cycles.

Fig. 8. Damage in monolithic specimen at 4% drift level.
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TEST RESULTS

Monolithic Specimen

The response of specimen M was nearly elastic dur-
ing the first two successive cycles. At the 0.25% story drift
level, minor flexural cracks were observed on the beam at
a distance of 10 in. (250 mm) from the column face. At the
0.75% story drift level, the first hairline diagonal crack was
observed at the beam-column joint core. The first diagonal
cracking in the beam was observed at the 1.4% story drift
level. Spalling of concrete at the end of the beam joining the
column started at the 3.5% drift level, and the beam bottom
flexural reinforcement buckled at the 4% story drift level
(Fig. 8). Cracks were well distributed over the beam end
region. Figure 9 presents the lateral load versus story drift re-
sponse of specimen M. Behavior of specimen M was good in
terms of ductility and energy dissipation. No evident pinching
effect was observed on the reversed cyclic response, and there
was no significant strength degradation until the 4% story drift
level. The ultimate lateral load capacities of the specimen
for forward and backward cycles were 25.6 k (114 kN) and
-33.5 k (-149 kN), respectively.

Cast-in-Place in Column Connection

The first flexural crack in specimen CIPC was observed at
the 0.25% story drift level at the beam column interface. No
diagonal cracking was observed at the joint core throughout
the test because of the steel fiber-reinforced concrete. Most
of the cracks were concentrated on the beam at the column
face. Figure 10 shows the response of specimen CIPC. It is
observed that there is a shift in the drift amplitudes (Fig. 10)
with respect to the predetermined loading history (Fig. 7),
and this shift may be explained by the excessive settlement
that occurred at the column supports due to a defective test-
ing rig design. This problem was eliminated for the rest of the
test specimens. The behavior of specimen CIPC was similar
to that of specimen M, up to the 2.75% story drift level. The
yielding load level in both specimens was reached around
the 1.0% drift level. After that level, the strength degrada-
tion was more pronounced in the CIPC specimen than in
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Fig. 10. Lateral load versus story drift response of specimen
cast-in-place in column connection.

specimen M. The reasons for the rapid degradation were the
crushing of concrete at the top and bottom of the beam cross
section and buckling of the reinforcement (Fig. 11). The re-
duction in the beam cross section due to spalling of concrete
resulted in sliding of the precast beam relative to the precast
column. This type of response was first observed at the 2.2%
story drift level and rapidly increased to 0.6 in. (15 mm) at
the 3.5% drift level. No bond problem was observed through-
out the test. The maximum lateral loads attained were 24.1 k
(107 kN) in forward and -25.0 k (-111 kN) in backward cycles.
Plastic hinging took place in the beam near the column face.

Cast-in-Place in Beam Connection

The first visible cracks were observed along the CIP con-
crete and the precast concrete element interface both in the
beam and the column at the 0.25% story drift level. Gener-
ally, the flexural cracks were concentrated at these interfaces.
A hairline diagonal crack at the beam-column joint core was
first observed at 1.75% story drift. When the story drift level
reached 2.75%, the gap opening width between the column
face and the CIP interface reached approximately 0.3 in.
(8 mm). The crack concentration then relocated to the beam-

bl

Fig. 11. Damage in specimen cast-in-place in column
connection at 4% drift level.



Fig. 12. Damage in specimen cast-in-place in beam
connection at 4% drift level.

CIP interface, and widening of this crack accelerated at high-
er drift levels, eventually leading to the failure of specimen
(Fig. 12). The CIP concrete experienced minimal cracking and
behaved nearly linear throughout the successive load cycles.
Figure 13 shows the response of specimen CIPB, which was
very similar to specimen M. No pinching effect or sliding of
the CIP concrete over the column was observed throughout
the reversed cyclic response of specimen CIPB. The record-
ed maximum lateral load was 31.8 k (142 kN) and -33.9 k
(-151 kN) for forward and backward cycles, respectively.

Composite Connection

During the assembly process, the embedded steel plates of
the corbel and beam were welded together to secure the con-
tinuity of the beam bottom reinforcement. It was observed
that the bond of approaching reinforcing bars in the vicinity
of the weld location was damaged, resulting in hairline cracks
in the concrete parallel to the bar axes. The first flexural crack
in the beam was observed at the 0.5% story drift level and
was located 10 in. (250 mm) away from the precast concrete
column. This distance corresponds to the tip of the precast
concrete corbel. Flexural cracks on the beam were distributed

Fig. 14. Damage in composite connection specimen at 3.5%
drift level.

evenly. At the 1.4% story drift level, a diagonal crack was ob-
served at the corbel-column region. Diagonal cracking at the
beam-column joint core was first observed at 2.2% story drift.
The failure of specimen GOK-W occurred suddenly with the
rupture of the beam’s bottom reinforcement at the 3.5% story
drift level (Fig. 14). Figure 15 shows the lateral load versus
story drift response of the GOK-W subassembly. The ductil-
ity of specimen GOK-W was less than that of previous test
specimens. The early rupture of the reinforcement may well
be explained with the changing mechanical properties of the
steel due to the welding done during the preparation of steel
cages prior to molding. The ultimate loads were 50.9 k (226
kN) for forward and -47.1 k (-209 kN) for backward cycles.
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Fig. 15. Lateral load versus story drift response of composite
connection specimen.
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specimen.

Bolted Connection

The cyclic response of specimen B was unsatisfac-
tory, as shown in Fig. 16. Although the flexural cracks at
the beam-column interface were first observed at the 0.5%
story drift level, the sliding of steel box relative to the
precast concrete beam was accelerated beyond this level
(Fig. 17). Therefore, the bolts could not reach their yielding
load level. The deficiencies of specimen B were highlighted
during and after the test. Hence, specimen Mod-B was de-
signed and constructed. During the test of specimen Mod-B,
no relative slip between the steel boxes and the beam con-
crete was observed. Flexural cracks were concentrated at the
beam-column interface, and there was no diagonal crack ob-
served at the joint core. Steel plates at the face of the beam
(Fig. 5) prevented the crushing of concrete at lower drift lev-
els. At the 3.5% story drift level, top bolts were ruptured and
the experiment was terminated. The behavior of specimen
Mod-B may well be considered satisfactory. Figures 18 and
19 present the response of the specimen Mod-B and the dam-
age accumulation, respectively. The overall performance of
the specimen Mod-B was better than that of specimen M and
other types of connections. Due to the pretensioning applied

1.
ik
)

Kt . i '3
Fig. 17. Damage in bolted specimen at 4% drift

level.

May—June 2006

Fig. 18. Lateral load versus story drift response of modified
bolted connection specimen.

to the bolts, initial stiffness was greater in specimen Mod-B
and the bolts yielded at smaller drift levels compared with
the other subassemblies. Specimen Mod-B behaved similarly
to a friction damper with a fuller hysteresis curve free from
pinching. On the other hand, at higher story drift levels, slid-
ing was observed between the precast concrete beam and
column. The maximum recorded lateral loads were 24.6 k
(110 kN) and -26.0 k (-116 kN) during the last forward and
backward cycles, respectively.

Evaluation of Test Results

The M, CIPC, CIPB, GOK-W, and Mod-B test specimens
were compared according to their strength predictions, stiff-
ness degradation properties, and energy dissipation proper-
ties. All specimens were compared with non-dimensional
values to eliminate different connection strengths. Discussion
of specimen B is omitted because of its poor performance
and the existence of its redesigned companion, specimen
Mod-B.

Strength—Prior to testing, yield (M) and ultimate (M)

* AEREES—

B L L e ———— g =

4

Fig.\19. Damage in modified bolted connection specimen at
3.5% drift level.



moment capacities of each connection were calculated for the
positive (M*, M,") and negative (M, M,) cycles through
conventional hand modeling with a rectangular concrete
stress block and yield and ultimate strength of the reinforc-
ing bars. Table 1 gives the experiment results and predicted
capacities. The predictions are very important to define the
connection performance in terms of flexural strength. All
connections reached their calculated yield and ultimate mo-
ment capacities. At high drift levels, the beam’s bottom con-
crete cover spalled off and its bottom flexural reinforcement
buckled. Therefore, the ratios of ultimate moment capacities
to the predicted values for forward cycles were smaller than
those for backward cycles (negative moment). The capacity
prediction for the backward cycle of specimen GOK-W was
less than the experimentally measured value due to the exis-
tence of the corbel, which served as a haunched beam end.
In addition, the test load capacities of specimen Mod-B were
greater than the predicted values. This may be due to the ex-
istence of steel plates located at the surface of the beam and
the confining effect of closed stirrups located in the beam at
the connection region.

Stiffness Degradation—The secant stiffness (K,..) cal-
culated at the last cycle of each successive story drift level
was used for comparison of stiffness degradation among test
specimens. The secant stiffness is defined as the slope of the
straight line between the maximum drift levels of that spe-
cific load cycle. It is also called peak-to-peak stiffness and is
illustrated in Fig. 20. Each secant stiffness value of a specific
specimen was normalized (K,,,,) with respect to the secant
stiffness measured at the 0.15% story drift level for a possible
comparison between the Phase I specimens. The use of nor-
malized secant stiffness allows easy comparison with other
test specimens and avoids subjective assumptions. The stiff-
ness values for specimen GOK-W were computed up to the
2.75% story drift level because it failed during the 3.5% load
cycle. Besides, the stiffness of specimen Mod-B was calcu-
lated for the first cycle of 3.5% story drift because the con-

Table 1. Comparison of Test Results and Capacity Predictions

Fig. 20. Representation of secant stiffness and equivalent
damping ratio.

nection failed during the second cycle of this load step.

It is observed that the stiffness degradation of specimens
M, CIPC, and CIPB are very similar, especially at higher drift
levels. The loss of initial stiffness for these three connections
was approximately 75% to 80% at the end of the last cycle
(Fig. 21). On the other hand, there was no significant stiff-
ness degradation in specimen GOK-W up to the 1.0% story
drift level. At 2.75% story drift, approximately 50% of the
initial stiffness was reserved in specimen GOK-W. The ini-
tial stiffness of specimen Mod-B was greater than that of the
other specimens; however, stiffness degradation was more
pronounced due to the gap opening at the column surface.

Energy Dissipation—To discuss the energy dissipation
characteristics of the test specimens, the equivalent vis-
cous damping ratio ((,,) was plotted against the story drift
(Fig. 22). Energy dissipation of a test specimen was com-
puted from the last cycle of each successive story drift level.
Chopra defined the equivalent viscous damping ratio as the
energy dissipated in a vibration cycle of the actual structure

Experimental (k-in.)* Calculated (k-in.)* Ratio

1) ) 3) “ 5 (6) (7 3) ) (10) ) (12)

Specimen M M M, M, M M M} M, D/S) | @) | NT) | DISB)
M 1692 2248 1942 2537 1664 2230 1956 2469 1.02 1.01 0.99 1.03
CIPC 1652 | 1825 1827 1891 1673 1673 1956 1956 0.99 1.09 0.93 0.97
CIPB 1727 | 1792 1792 1927 1664 1664 1956 1956 1.04 1.08 0.92 0.99
GOK-W 3076 | 3118 3253 3568 3000 2319 3354 2903 1.03 1.35 0.97 1.23
Mod-B 1629 1707 1864 1966 1531 1531 1682 1682 1.06 1.11 1.11 1.17

Note: M = monolithic specimen; CIPC = cast-in-place column connection; CIPB = cast-in-place beam connection; GOK-W = composite connection; Mod-B = modified bolted

connection. 1 k-in. =0.113 kN-m.

* M, and M, are yield and ultimate moment capacities, respectively; M,* and M,*, and M,”and M, are the positive and negative cycles, respectively.
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Fig. 21. Stiffness degradation of specimens.

to an equivalent viscous system.?? For an actual structure, the
resisting force—displacement relation obtained from an ex-
periment under cyclic loading is illustrated in Fig. 20. The
energy dissipated in the actual structure is given by the area
A, enclosed by the hysteresis loop. Area A, is the strain en-
ergy that is calculated from the assumed linear elastic be-
havior of the same specimen. This definition is formulated
in Eq. (2)."

1A,
Ceq(%)zz—XXIOO (2)

In general, equivalent viscous damping increased with
increasing story drift (Fig. 22). The trends of specimens M,
CIPC, CIPB, and GOK-W were very similar. The response
of the Mod-B connection in terms of energy dissipation was
more satisfactory than that of the monolithic specimen M. At
2% story drift, which may be called the design drift level, the
equivalent viscous damping ratio of specimen Mod-B was
about 20% to 25%, while the other connections were expe-
riencing 10% to 15% damping. Also, the damping ratio of
specimen Mod-B reached 35% at the 3.5% story drift level.

)
N
o

L
[e]

o+

X oD+
XOD>+

-
o
X o>+ O

1.5 2 25 3 3.5 4 4.5
Story Drift (%)

(-]

p D>
MO

= 4 O+ O

Fig. 22. Equivalent viscous damping ratios versus story drift
response.
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CONCLUSIONS

Based on the test results, assembly process ofconnection,
and observations made during thereversed cyclic test, the fol-
lowing conclusions are drawn:

e Specimen Mod-B showed the best performance in
terms of strength, ductility, and energy dissipation
in addition to ease and speed of construction.

e All tested precast concrete connections, except
specimen B, are suitable for high seismic zones
in terms of strength properties and energy
dissipation.

e The hysteresis behaviors of specimens CIPC,
CIPB, and Mod-B are similar to those of specimen
M. Specimen GOK-W with welding yielded an in-
ferior performance compared with the other types
of connections.

e The precast concrete connections, except speci-
men B, reached their calculated yield and ultimate
flexural moment capacities.

e Except for specimen GOK-W, all specimens could
sustain up to 3.5% story drift. This means they have
enough ductility for seismic loads. Excessive weld-
ing may adversely affect the mechanical properties
of the reinforcement and is believed to be the cause
of the inferior performance of specimen GOK-W.

e Equivalent damping ratios of the precast concrete
connections are similar or better than the mono-
lithic system.

e Pinching effect and excessive bond deterioration
were not observed in the CIP connections due to
the use of steel fiber concrete and U-shaped rein-
forcing bars.

e For bolted connections, there is a risk of sliding
of the steel box or pipe with respect to the beam
concrete. Therefore, designers should consider
detailing steel boxes or pipes to avoid the sliding
problem by welding ribs to the surface of the steel
boxes or pipes.

e During assembly, CIP connections need extra
formwork on-site and also increase time and cost.
In addition, high quality-control procedures are
needed for welded connection. On the other hand,
assembly of bolted connections is relatively quick.
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APPENDIX: NOTATION

= shear span-to-beam depth ratio

= strain energy stored in the subassembly
through linear elastic behavior

= energy dissipated by the subassembly;
enclosed by the hysteresis loop

= normalized secant stiffness of the subassembly

secant stiffness of the subassembly

ultimate moment capacity of the connection

yield moment capacity of the connection

beam tip vertical displacement

column base displacement

= column top net displacement

column top displacement

= equivalent viscous damping ratio
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