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ABSTRACT

Accelerated bridge construction (ABC) has been practiced in the United States
because of the efficiency it offers as a bridge construction method. Prefabricated
reinforced concrete components have been frequently used as part of ABC. The
connections between such precast components may be subjected to large earthquake-
induced deformations resulting in a considerable permanent damage. The present study
investigates the seismic performance of grouted splice sleeve (GSS) connections with the
connectors placed in the column, footing, or cap beam of bridge subassemblies. Quasi-
static cyclic loads were used to test five half-scale precast subassemblies and two cast-in-
place control specimens. Two different GSS connectors were used; the column-to-footing
connections incorporated one type of GSS with the bars grouted at both ends, whereas the
column-to-cap beam connections used another type where one bar was threaded into one
end and the other bar was grouted into the opposite end. Experimental results show that
the precast subassemblies had similar strength but lower displacement capacity compared
to the control specimens. Improved seismic response was observed when the location of
the connectors was changed or when debonding was applied to dowel bars adjacent to the
connectors.

Computational models were developed and validated with the experiments to
further investigate the application of such precast connections in bridge bents with full-

size configurations. Force-based beam-column elements with fiber sections were used to



construct the computational models based on plastic hinge weighted integration. The
modeling strategy is based on transformation of the model for the precast column with
GSS connectors, to an idealized equivalent cast-in-place column with a fictitious plastic
hinge length that is capable of simulating both the global and local response. Bond-slip
effects as well as low-cycle fatigue were included to address the performance differences
between the precast and cast-in-place alternatives. Prototype precast bridge bent models
designed with GSS connections were subjected to scaled ground motion records
compatible with the earthquake demand in downtown Salt Lake City. Comparing the
capacity and demand levels, the GSS connection was found to be promising for

applications in high-seismic areas.
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CHAPTER 1

INTRODUCTION

Accelerated bridge construction (ABC) refers to a bridge construction type that
incorporates innovative techniques, methodologies, and materials to efficiently reduce
construction time and traffic disruptions. ABC also provides a higher level of work-zone
safety for workers and commuters, and improves environmental-friendly procedures.
Prefabrication of bridge structural components is highly effective and is one of the ABC
methods under the category of prefabricated bridge elements and systems (PBES)
promoted by the Federal Highway Administration (FHWA).

Many bridges have been built or rehabilitated following ABC standards. Local
examples include the I-15 CORE Provo Center Street Interchange, the Riverdale Road
over I-84, and the I-15 South Layton Interchange. Precast concrete deck panels,
substructures, and superstructures have been frequently utilized as effective ABC
methods. Connections between such precast elements are among the most critical
components of the structure. Researchers are in the process of investigating the suitability
of various connection configurations, especially in moderate-to-high seismic regions.
These connections not only have to conform to ABC standards in terms of the overall
construction delivery time, but also must resist high levels of earthquake-induced

deformations and stresses. Lateral load capacity, ductility capacity, and reparability are



three significant acceptance criteria for any bridge connection considered in earthquake-
prone regions.

To achieve a moment-resisting column connection, continuity of column
reinforcing bars is essential for the integrity of the structure. Therefore, splicing of
reinforcement is used following one of the conventional splicing techniques available in

the construction industry.

Development and Splicing of Reinforcement for Bridge
Components
Reinforcing bars are spliced to achieve structural continuity or a greater length
when maximum available length of reinforcement is limited due to transportation
restrictions. According to AASHTO LRFD Bridge Design Specifications (2012),
splicing of reinforcement may be implemented using lap splices, mechanical connections,
and welded splices, as long as respective code provisions are met. Tension lap splices are
not permitted for bars larger than No. 11. Therefore, a full-mechanical connection or full-
welded splice may be used for No. 14 and No. 18 bars. A full-mechanical connection
must develop 125% of the specified yield strength of the bar in tension or compression;
moreover, the slip of bar within the splice region after loading to 30.0 ksi and unloading
to 3.0 ksi should not be more than 0.01 in. for bars up to No. 14, and 0.03 in. for No. 18
bars. A full-welded splice must develop 125% of the specified yield strength of the bar in
tension; welding needs to comply with the Structural Welding Code—Reinforcing Steel

(AWS 2011).



Lap Splices in Tension

The length of a lap splice in tension specified by the AASHTO LRFD is the larger
of 12.0 in. or the tension development length for a Class A splice, 1.3 times the tension
development length for a Class B splice, or 1.7 times the tension development length for
a Class C splice. The splice class is determined using the ratio of provided to required
reinforcement and percent of spliced bars at a particular section. The basic tension
development length (1;;) is defined in Eq (1.1) for No. 11 bars and smaller, Eq (1.2) for
No.14 bars, and Eq (1.3) for No. 18 bars. The basic tension development length should be
multiplied by proper increasing and decreasing modification factors as instructed by the

AASHTO LRFD.

1.254pfy

ldb = \/f_’c

2.7fy

lap = N (1.2)

> 0.4d,f, (1.1)

_ 35f,

lap = N (1.3)
where, A4, is the cross-sectional area of bar (in.?), fy is the specified yield strength (ksi),

and f', is the 28-day specified compressive strength of concrete.

Splice of Column Reinforcement in Seismic Zones

Seismic bridge design guides such as AASHTO Guide Specification (2011) and
Caltrans Seismic Design Criteria (2010) prohibit splicing of column longitudinal bars in
plastic hinge regions of bridge columns located in seismic zones. This corresponds to
Seismic Design Category (SDC) C for which the 1-sec period design spectral acceleration

for the design earthquake is equal or greater than 0.3 and smaller than 0.5, along with



SDC D with a 1-sec period design spectral acceleration equal to or greater than 0.5. It is
noted that the design earthquake is characterized using a probabilistic ground motion and
the spectral response for 7% probability of exceedance in 75 years.

The plastic hinge region within which splicing of reinforcement is prohibited is
the larger of 1.5 times the gross cross-sectional dimension in the direction of loading, the
region of column with a moment demand larger than 75% of the plastic moment, or the
analytical plastic hinge length (Lp) as defined in Eq (1.4) (Priestley et al. 1996):

Lp = 0.08L + 0.15f,.d}; = 0.3f,,dy, (1.4)
where, L is the length of column from the point of maximum moment to the point of
moment contraflexure (in.), f,. is the expected yield strength of longitudinal column steel

bars (ksi), and d},; is the nominal diameter of longitudinal column steel bars (in.).

Research Motivation

Considering the current no-splice zone provisions for ductile columns in high-
seismic regions, prefabrication of bridge substructure components as part of ABC cannot
be implemented easily. Hence, numerous research studies have been investigating various
forms of moment-resisting connections between precast bridge substructure components.
One such connection type, grouted splice sleeve connection, was studied experimentally

and analytically as presented in subsequent chapters.

Common ABC Connection Types for Seismic Regions
Various emulative connections have been studied for potential application in

seismic regions. An emulative connection is a connection type that results in a precast



structural system with equivalent performance to the conventional monolithic

construction (ACI 550).

Grouted Duct Connection

The grouted duct connection has been introduced as a viable ABC technique for
both column-to-footing and column-to-cap beam connections. In this method corrugated
steel ducts are accommodated in a footing or cap beam, and column reinforcement
dowels are inserted and grouted inside the ducts.

A series of monotonic and cyclic tests on No. 8§ bars grouted in ducts was reported
in the work of Raynor et al. (2002). The experimental study investigated the bond-slip
behavior of the confined bars, and provided data for further analytical and parametric
studies. Failure of each specimen initiated by crushing of the grout adjacent to the
reinforcing bar lugs, with no radial bond-related cracking as observed for bars embedded
in unconfined reinforced concrete.

Brenes et al. (2006) investigated the response of reinforcing bars grouted in
galvanized steel and plastic ducts under monotonic tension loading. The effect of
different embedment length of bars grouted in the ducts was studied in addition to the
group effect on the overall response. The duct clear spacing in the group tests, bar
eccentricity, and epoxy coating were among the experimental parameters investigated in
this research. No. 11 reinforcing bars were grouted in 4-in. diameter ducts for 32
experiments. Test results indicated that the response was not highly dependent on the
variation of the embedment depth considered in the experimental program (8dv, 12ds, and

16dp). On the other hand, the duct material was found to affect the failure mode of the



test specimens.

Steuck et al. (2009) described a series of pullout tests on 14 large-size reinforcing
bars grouted into 8-in. diameter corrugated steel ducts. An anchorage length range of 2 to
14 bar diameters was considered in the experimental program. A monotonic displacement
protocol was applied up to failure of each specimen. Polypropylene fibers which were
utilized in the grout mix of only four specimens were not found to be advantageous in the
overall response. A grout cone failure was observed for each test at the opening end of
the duct due to an unsupported strut formation in the vicinity of the unconfined rebar
outside the duct. The test results were used to develop a nonlinear model for this type of
connector. According to both the test results and the analytical model, the required
anchorage length in the grouted ducts was found to be 6 and 10 times the bar diameter to
achieve bar yielding and fracture, respectively.

Pang et al. (2010) investigated the cyclic response of four 40% scale column-to-
cap beam specimens in which the precast columns and cap beams were connected using
grouted ducts. The corrugated steel ducts were located in the precast cap beam. The
control specimen was constructed monolithically with 16 No. 5 longitudinal reinforcing
bars in the column and no grouted duct, while the three precast specimens had 6 No. 8
column longitudinal bars and 12 No. 3 discontinuous bars which did not extend into the
cap beam. The response of all models was comparable in terms of initial stiffness and
lateral load capacity. A pinched hysteretic behavior was evident for the precast
specimens. This resulted in a slightly lower energy dissipation capacity when compared
to the control specimen. The intentional partial debonding of bars which was

implemented over a length of 8 times the bar diameter within the ducts was found to be



ineffective under the applied cyclic loading. Bar fracture occurred for all four test
alternatives due to low-cycle fatigue.

An experimental research study on one grouted duct connection was carried out
by Matsumoto (2009a). The 20-in. diameter column was reinforced with 16 No. 5
longitudinal bars and No. 3 transverse hoops at 2 in. in the plastic hinge zone. The dowel
bars protruding from the column end were grouted into ducts which were cast previously
in the cap beam. Comparing the cyclic quasi-static test results from the grouted duct
specimen with those of the cast-in-place specimen, the grouted duct connection was
emulative of the monolithic construction in terms of strength, but a compromised
displacement capacity was noted from the load-displacement response.

Tazarv and Saiidi (2015a, b) conducted experimental and analytical studies on
two half-scale precast bridge column-to-footing subassemblies connected by means of
grouted ducts. The 4-in. diameter corrugated steel ducts were cast 28 in. into the footing,
and column dowel bars were grouted inside the ducts using ultra-high performance
concrete (UHPC). A partial debonded bar region was considered for both test models to
provide a superior strain distribution and prevent the concentration of strain at the
column-to-footing interface. Shape memory alloy (SMA) bars were incorporated in the
plastic hinge zone of one of the test specimens to study the self-centering effects and
consequent minimal residual drift. The response of both test models under cyclic quasi-
static lateral loading suggested that the grouted duct connection with the implemented
detailing was viable in terms of strength, displacement capacity, and hysteretic

performance.



Pocket Connection

The pocket connection was studied and implemented to connect bridge columns
to cap beams. It is constructed by placing a circular corrugated steel duct inside the cap
beam. Projected column bars are inserted into the pocket that is filled with concrete at the
end.

Matsumoto (2009b-2009d) conducted an experimental study on two 42% scale
precast column-to-cap beam joints utilizing the pocket connection method. One of the
specimens had a higher level of joint detailing and was expected to achieve full ductility
under quasi-static lateral loading, while the second test model was designed for a limited
ductility by eliminating the stirrups within the joint and reducing the cap beam main and
transverse reinforcing bars to a minimum required amount. An identical column
configuration was incorporated in both tests, that is, 20-in. diameter column with 16 No.
5 longitudinal bars and No. 3 hoops at 2 in. on center. Compared to the control cast-in-
place specimen, the performance of both precast test models was acceptable and met the
objectives of the design. The control specimen had a nominal displacement ductility of 10
while the two precast specimens with pocket connections reached a nominal
displacement ductility of 8. Plastic hinging was dominant for the full ductility specimen
and column bar slip was similar to the control specimen. On the other hand, considerable
joint shear cracking developed for the limited ductility specimen which resulted in
softening of the joint. Also, decomposition of displacement revealed that the bar slip
contribution was 11 times larger than the control and the full ductility test specimens.

Weinert (2011) evaluated several ABC connection types for precast bridges in

seismic regions. According to this study, the pocket connection was considered feasible



for column-to-cap beam joints, while it could be utilized for the column-to-footing and
pile-to-pile cap connections as well. However, this connection type achieved the lowest
rank among all other precast connection types of bar coupler, grouted duct, socket
connection, and hybrid connection. This was mainly because the time saving feature
offered by this method was not great due to a relatively long curing time for the pocket
concrete. In addition, there has not been sufficient research on the seismic performance of

the pocket connection.

Socket Connection

The socket connection is another type of ABC connection that has recently
become popular. A socket foundation was studied at the University of Washington and
later used to connect columns to spread footings in a bridge constructed in the State of
Washington over I-5 (Khaleghi et al., 2012). In this method, the bottom end of the precast
column is roughened and embedded in the footing which is commonly cast-in-place, after
which the footing concrete is cast around the column base. This connection type could be
incorporated for column-to-cap beam joints as well as pile-to-pile cap joints, while it has
mostly been utilized for column-to-footing joints (Weinert, 2011). Special detailing is
required for column-to-cap beam and pile-to-pile cap joints connected with the socket
connection. A comprehensive evaluation of this connection type was carried out in the
work of Weinert (2011). The socket connection achieved the highest rank among other
common precast connection types for applications in seismic zones, including the bar
coupler, grouted duct, pocket connection, and hybrid connection. All connection types

were evaluated relative to equivalent cast-in-place construction based on constructability
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advantages, seismic performance and reparability, durability, technology readiness, and
time savings potential. There have been many seismic experimental studies on this
connection type which greatly helped to develop the fundamental understanding of the
load transfer mechanism and the overall response under simulated seismic loads. Some of
the most relevant experiments are briefly discussed in the following.

The force transfer mechanism in a socket was studied in the work of Osanai et al.
(1996) using eight half-scale specimens along with an analysis based on the equilibrium
of forces generated under combined axial and lateral loading. The two most significant
test parameters were: (1) socket embedment depth, and (2) application of shear keys to
the surface of the column base and socket. The authors found that an embedment depth of
1.5 times the dimension of the column was required for a rigid connection, in case shear
keys were not used. When shear keys were used on the surface of the two connecting
components, an embedment depth equal to the dimension of the precast column was
found adequate because of higher friction forces at the interface plane.

Belleri and Riva (2012) conducted experimental tests on connections of four
precast subassemblies, one of which was a socket connection for a 15 %4-in. square
column and a 23 5/8-in. deep footing. The column was reinforced with four No. 7
longitudinal bars and No. 3 closed hoops at 2 in. and at 4 in. up to 47 in. above the
column base. The surface of the column base and interior surface of the socket were not
roughened. Column main bars were bent inward at the base of the column. The socket
connection showed a stable force-displacement response, compared to the control
specimen which was a cast-in-place component. A slight strength deterioration was

observed for the socket specimen at the 3% drift ratio, only for the pull direction. The
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energy dissipation capacity of the socket connection was found slightly higher than the
dissipation capacity of the control specimen in almost every drift ratio. Overall, the
performance of the socket connection was found promising to be used as a connection
between precast components.

Haraldsson et al. (2013) studied three socket foundations with varying test
parameters including the socket depth and footing reinforcement. The precast specimens
were scaled to 42% scale of the prototype bridge with headed longitudinal bars used for
the column main reinforcement. The column and socket interface were roughened to
achieve a higher level of shear-friction force transfer. An embedment depth equal to 1.1
times the column diameter was used for two specimens, while the third specimen had a
socket depth equal to 0.5 times the column diameter to force failure to occur in the
column-footing joint instead of the column base. The second specimen had a more
simplified footing reinforcement layout than the first specimen. This was carried out by
reducing the number of shear-friction reinforcement in addition to reduction of the
footing ties down to 50% of the code specified numbers. This reduction was implemented
as previous studies revealed that the original number of footing ties would have been
needed if the main bars were bent outward. Cyclic quasi-static lateral loading was applied
to the column under a constant axial load representing the gravity load effect on the
subassemblies. Spalling occurred at drift ratios of 2.2% to 2.6%, and bar buckling
occurred at the 7% drift ratio for all three specimens. Column bars fractured at 10.5%
drift ratio for the first two specimens with the same footing depth, while the third
specimen failed due to punching shear at 10.7% drift ratio, which implies an overall

ductile performance for all three subassemblies. The first two specimens underwent pure
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axial load up to failure, after completion of testing. Axial load test results showed that the
axial load capacity of the columns was 3.5 times the factored tributary gravity load.
Measurements obtained from strain gauges indicated that the heads of the column bars
were most effective in the specimen with shallower footing, compared to the other two
specimens. In addition, the low strain values in the shear-friction reinforcement plus the
undamaged footing for the first two specimens implied that the diagonal shear-friction
reinforcement was ineffective in the force transfer mechanism.

As part of experimental research on substructure connections for precast bridges,
White (2014) discussed the response of four half-scale specimens, denoted as high
damage (HD) connection type. This designation was used because a plastic hinging
mechanism in the column base was expected to be severe in such a connection type; in
another category of experiments, White (2014) presented the results of a controlled
damage (CD) connection in which posttensioning and energy dissipative devices were
incorporated to mitigate damage progression in the system. Two half-scale test specimens
(out of four HD specimens), comprised of a precast column and a precast footing, were
constructed and later connected during installation of the subassemblies using the socket
connection. Both specimens had an identical dimension and configuration, but one was
tested under uniaxial lateral loading and the other specimen was tested under biaxial
lateral loading protocol. The footing depth was set to 20 in. which was equal to the
diameter of the circular precast column. Since both column and footing were precast, the
gap between the roughened column base and socket was filled with grout. A
posttensioned bar was cast in a corrugated duct in the center of the column to apply the

scaled axial load on the test assembly. Both specimens were tested until failure which
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occurred because of column bar fracture during the 6% drift ratio. Well-distributed
flexural cracks, concrete spalling, and buckling of the column bars were observed during
application of lateral loads.

An application of the socket connection could be found under the category of
concrete-filled steel tube (CFST) research studies, where a socket connection was utilized
to achieve a moment-resisting base connection. One such study was presented in the
work of Marson and Bruneau (2004). Four CFST columns were tested under constant
axial and cyclic lateral loading. The column diameter and tube thickness were different to
study the effect of diameter-to-thickness ratio on the response. The socket foundation was
made by welding the steel tube end of the column to steel plates and channels. The socket
was then encased in the concrete foundation. Test results showed that the foundation
details were adequate and damage progressed away from the foundation. All four
specimens performed well up to a 7% drift ratio which implies a ductile response under
reversed cyclic quasi-static loads.

Lehman and Roeder (2012), and Moon et al. (2013) evaluated a series of
experimental studies on CFST columns which were conducted at the University of
Washington and presented in technical manuscripts from 2005 to present. The results of
such experiments were used to evaluate the base connection for such components in
seismic regions. As a result of this investigation, a simple design procedure was proposed
for the base connection including all significant parameters such as embedment depth and
required depth of concrete underneath the column to resist punching shear. A finite
element model was developed and validated with the experiments, in the aforementioned

study.
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Grouted Splice Sleeve Connection

The grouted splice sleeve (GSS) connection and other types of bar splicing
devices are considered to be an effective connection type for ABC. Such connections
have been frequently used, specifically in nonseismic regions, because they offer ease
and speed of construction. In this connection type each individual reinforcing bar in
connecting precast components is spliced by means of a mechanical coupler which is
located within one of the components, normally the precast component that is built at the
precast plant. Two common types of the GSS connectors which are used in this research
are shown in Fig. 1.1. The shorter GSS connector is referred to as FGSS in which the
threaded factory dowel is fastened to one end while the field dowel is grouted in the other
end of the sleeve (fastened/grouted splice sleeve). The longer GSS connector is referred
to as GGSS indicating that reinforcing bars are grouted at both ends of the sleeve
(grouted/grouted splice sleeve). Tensile and compressive force transfer between the two
spliced bars occurs by means of bond stress between the bars, the high-strength grout,
and the grouted splice sleeve connector. Fig. 1.2 shows a schematic of the interaction
between reinforcing bar, grout, and connector. Sources of bond stress are: (1) chemical
adhesion between bar and grout; (2) frictional forces due to roughness of the interface,
forces transverse to the bar surface, and relative slip between the bar and the surrounding
grout; and (3) mechanical anchorage or bearing of the ribs against the concrete surface,
which is the main component after initial slip (ACI 408 2003). The relatively high level
of confinement provided by sleeve connectors prevents splitting failure by restraining
dilation of the splitting cracks. Therefore, reinforcing bars will develop sufficient strength

in much shorter embedment lengths compared to the unconfined anchorage condition.
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For instance, the embedment length required for spliced bars using the GGSS connector
is about 25% of the code prescribed development length, for materials with typical
properties. Bar embedment length, bar deformations (ribs), and grout strength are the
most effective parameters for achieving a viable GSS connection.

The evaluation of several ABC connections in moderate-to-high seismic regions
was conducted and summarized in NCHRP Report 698 (Marsh et al. 2011). Verified
connection types include bar couplers, grouted ducts, pocket connections, socket
connections, hybrid connections, integral connections, and emerging technologies, such
as shape memory alloys and elastomeric bearings. These connections were either utilized
in actual practice, or are being developed in research studies. The aforementioned ABC
connections were then ranked according to technology readiness, performance, and time
savings potential, relative to cast-in-place construction for the same connection type. One
of the significant outcomes of this synthesis study was the prioritization of more research
studies essential for each connection type in order to fully understand their behavior
under seismic actions.

A bar coupler was defined as a mechanical coupler used to splice two bars
together. This synthesis report addressed several types of couplers, such as threaded
sleeves, headed bars with separate sleeves, external clamping screws, and GSS
connectors. Application of the GSS connector, which is typically used in bridges,
provides the benefit of larger tolerances in comparison with other types of couplers.
Despite extensive use of such connections in regions of moderate seismicity, in-depth
knowledge of their inelastic behavior has not been achieved, necessitating more research

and experimental investigation. The need for further studies discussed in NCHRP Report
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698 was based on the urgency level of the unknown aspects of this connection type. First
priority was given to the cyclic performance of the couplers with the bars in their plastic
range of stress, and strain distribution for the bars being spliced; second priority studies
included the investigation of strength details, such as magnitude of stress that each bar
can develop, together with verification of bar coupler placement. The latter refers to the
proper location of the coupler (e.g., in the column or footing), so it does not affect the
overall response to earthquake loads, but could still be a constructible detail. The effect of
surrounding concrete and level of provided confinement on the coupler is the third
category of priorities, as the last necessary study to be conducted on this type of ABC
connection.

As part of a comprehensive research study on the seismic performance of next
generation bridge components for ABC, researchers at the University of Nevada, Reno,
investigated the behavior of four column-to-footing connections under cyclic lateral
loading, utilizing two different proprietary couplers (Haber et al. 2014). The research
program also considered a cast-in-place specimen as the control test. GSS connectors and
HRC 500 Up-Set Headed Couplers (HC) were used to connect the longitudinal
reinforcement in the column and footing. For each coupler, two specimens were
constructed and tested under cyclic quasi-static load. A precast pedestal was incorporated
in one specimen for each category to reduce the moment demand over the coupler region.
Considering the hysteretic behavior of all specimens, it was noted that the HC connection
showed a similar response to the cast-in-place detail and withstood a relatively large
amount of drift. In spite the ease of construction achieved by the grouted couplers, their

ductility capacity was found to be less than both the cast-in-place and HC connections.
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Comparing the results of the cyclic tests, it was noted that all specimens exhibited similar
performance in terms of ultimate load capacity and energy dissipation, but the ductility
capacity was different. Tazarv and Saiidi (2014) described a remedial procedure to
improve the ductility capacity of the columns with the GSS connectors embedded in the
pedestal. The footing dowel bars were debonded within the pedestal to allow for spread
of plasticity along the bars and to postpone rebar fracture.

Haber et al. (2015) described a series of connector tests on the two
aforementioned splicing systems. The tests were conducted to obtain results necessary for
numerical modeling focusing on the connector region. To study the stress-strain behavior,
strain gages were used on the spliced bars and mid-section of the coupler. Results showed
that the bar fractured away from the coupler region. Results also showed that the imposed
displacement rate made a slight difference in the overall performance of the systems.

Jansson (2008) performed a series of connector tests on FGSS and GGSS
connectors and studied their performance under slip, fatigue, ultimate load, and creep. As
a result of this study, both connectors were approved for bridge applications in the State
of Michigan, by meeting the requirements set by the AASHTO LRFD Bridge Design
Specifications. The results showed that both GGSS and FGSS connectors conformed to
the Type 2 connection requirements of ACI 550, enabling their application even in the
plastic hinge regions of building elements in Michigan.

Aida et al. (2005) reported on experimental testing of three ¥4-scale specimens in
Japan, two of which used GGSS connectors to connect columns to footings. The
specimens, representing railroad bridge column-to-footing connections, were heavily

reinforced and tested under cyclic loading to investigate their inelastic performance. The
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precast specimens showed acceptable inelastic behavior under cyclic loads compared to
the cast-in-place specimen. The maximum load resisted by the two precast subassemblies
was 7% to 11% greater than that of the cast-in-place specimen.

Yoshino et al. (1996) had proposed an innovative shear reinforcing configuration
called the intensive shear reinforcing (ISR) method, for precast concrete elements
connected by means of GGSS connectors. Transverse reinforcement in this configuration
was concentrated at both ends of the sleeves, contrary to the conventional method in
which hoops are placed at a particular spacing everywhere along the member. The ISR
method offers the advantage of better constructability as there is no need to change the
dimensions and arrangement of the transverse reinforcement. According to results from
the experimental phase of the study, including monotonic and cyclic loading of both
systems, the ISR method is comparable with the conventional detail. A strut-and-tie
model was also developed in the analytical phase of the study, depicting load transfer in
the connector zone. This patented technique is used in building construction in Japan.
The Splice Sleeve Company carried out cyclic tests on building column specimens that
incorporated GGSS connectors to splice the column longitudinal bars. Different levels of
axial load, shear reinforcement, existence of shear keys, and ultimately the location of
connectors, were considered as test variables and investigated in this experimental study
that included a total number of nine specimens. Test results indicated acceptable
performance of the connectors in terms of both strength and ductility properties. It was,
however, observed that both the test setup and test specimens were not typical of bridge
substructures.

Matsuzaki et al. (1987) conducted research studies on individual GGSS
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connectors as well as test subassemblies connected by means of such devices. The results
of monotonic and cyclic tests on various sleeve sizes connecting different size steel bars
were presented. A significant contribution of this investigation was the characterization
of slip and pull-out properties of the system, in addition to illustration of the stress
transfer between bars and grouted splice sleeves. Results of this study were utilized in an
analytical effort to replicate the response of precast components connected by means of
such devices, under reversed cyclic load. All specimens showed a similar response under
the applied loading, in terms of strength and displacement capacity up to a displacement

ductility of 6.0.

Layout of Dissertation

The research presented in this dissertation investigates the seismic performance of
GSS connections for reinforced precast concrete bridge piers. The dissertation includes
two main sections: experimental program and computational study. The experimental
section is presented in Chapter 2 and Chapter 3 and describes a series of quasi-static
cyclic tests on three half-scale column-to-cap beam and four column-to-footing
subassemblies, respectively. In addition, tension test results are discussed for both FGSS
and GGSS connectors in respective chapters. The two experimental chapters present
design and detailing of the subassemblies. Cyclic performance of the specimens is
discussed in terms of strength, displacement capacity, and spread of nonlinearity. A cast-
in-place monolithically constructed specimen is included for each category of
experiments to provide a baseline for comparisons. The results show distinct performance

benefits when the location of the GSS connectors is changed.
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The first part of the computational study, which describes the development of a
modeling strategy for monolithic and precast columns, is presented in Chapter 4. This
modeling strategy is based on transformation of the precast column to an equivalent
idealized monolithic column using distributed plasticity elements with a plastic hinge
integration scheme. The computational model is validated with the experiments discussed
in Chapter 3 through both local and global response comparisons. The objective of the
computational study is to develop a predictive model capable of accounting for the
differences between precast and monolithic bridge subassemblies.

Chapter 5 focuses on a parametric study conducted to ascertain the response
sensitivity of the proposed computational model to varying parameters. A monolithic and
a precast cantilever column with similar configuration were studied with two different
levels of reinforcing bar ratio, column height, axial load, and displacement ductility
capacity. Overall, 32 columns were investigated and results are discussed in terms of
strength, displacement capacity, global response, and local response; moreover,
comparisons are made between the monolithic and precast alternatives.

Chapter 6 presents the design and analysis of a prototype multicolumn bridge bent
system in accordance with AASHTO Guide Specifications. The proposed model which
was validated in Chapter 4 and later verified using a parametric study in Chapter 5 is used
to model one monolithic and two precast concrete bridge bents with different GSS
connection configurations. The objective of Chapter 6 is to study the application of GSS
connectors in multicolumn bents and investigate the effects of such a connection on the
response of bridge bents. Furthermore, the strength and displacement capacity of each

bent is obtained by performing static cyclic analyses; subsequently, drift demands are
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discussed using a series of nonlinear time-history analyses.
Concluding remarks on the present research and recommendations for future

research are presented in Chapter 7 and Chapter 8, respectively.

References
AASHTO. (2012). AASHTO LRFD bridge design specification, Washington, DC.

AASHTO. (2011). AASHTO guide specifications for LRFD seismic bridge design,
Washington, DC.

Aida, H., Tanimura, Y., Tadokoro, T., and Takimoto, K. (2005). “Cyclic loading
experiment of precast columns of railway rigid-frame viaduct installed with NMB splice
sleeves.” Proceedings of the Japan Concrete Institute, 27(2).

American Concrete Institute (ACI). (2003). “Bond and development of straight
reinforcing bars in tension.” ACI 408, Farmington Hills, ML

American Concrete Institute (ACI). (2009). “Guide to emulating cast-in-place detailing
for seismic design of precast concrete structures.” ACI-ASCE Committee 550, Farmington
Hills, ML

American Welding Society (AWS). (2011). Structural welding code—reinforcing steel,
Miami, FL.

Belleri, A., and Riva, P. (2012). “Seismic performance and retrofit of precast concrete
grouted sleeve connections.” PCI J., 57 (1), 97-109.

Brenes, F.J., Wood, S. L., and Kreger, M. E., (2006). “Anchorage requirements for
grouted vertical-duct connectors in precast bent cap systems.” FHWA/TX-06/0-
4176-1, Center for Transportation Research, University of Texas at Austin.

Caltrans. (2010). Seismic design criteria (SDC), version 1.6, Sacramento, CA.
Haber, Z. B., Saiidi, M. S., and Sanders, D. H. (2014). “Seismic performance of precast
columns with mechanically spliced column-footing connections.” ACI Struct. J., 111(3),

639-650.

Haber, Z. B., Saiidi, M. S., and Sanders, D. H. (2015). “Behavior and simplified
modeling of mechanical reinforcing bar splices.” ACI Struct. J., 112(2), 179—188.

Haraldsson, O. S., Janes, T. M., Eberhard, M. O., and Stanton, J. F. (2013). “Seismic



22

resistance of socket connection between footing and precast column.” J. Bridge Eng., 18
(9): 910-919.

Jansson, P. O. (2008). “Evaluation of grout-filled mechanical splices for precast concrete
construction.” Report R-1512, Michigan Department of Transportation, Lansing, MI.

Khaleghi, B., Schultz, E., Seguirant, S., Marsh, M. L., Haraldsson, O. S., Eberhard, M.
0., and Stanton, J. F. (2012). “Accelerated bridge construction in Washington State:
From research to practice.” PCI J., 57(4), 34-49.

Lehman, D. E., and Roeder, C. W. (2012). “Foundation connections for circular concrete-
filled tubes.” J. of Construct. Steel Research, 78, 212-225.

Marsh, M. L., Wernly, M., Garett, B. E., Stanton, J. F., Eberhard, M. O., and Weinert M.
D. (2011) “Application of accelerated bridge construction connections in moderate-to-
high seismic regions.” NCHRP Report 698, National Cooperative Highway Research
Program, Washington, DC.

Marson, J., and Bruneau, M. (2004). “Cyclic testing of concrete-filled circular steel
bridge piers having encased fixed-based detail.” J. Bridge Eng.,9 (1), 14-23.

Matsumoto, E. E. (2009a). “Emulative precast bent cap connections for seismic regions:
component tests—grouted duct specimen (unit 2).” ECS Report No. ECS-CSUS-2009-02,
Sacramento, CA: California State University, Sacramento.

Matsumoto, E. E. (2009b). “Emulative precast bent cap connections for seismic regions:
component tests—cast-in-place specimen (unit 1).” ECS Report No. ECS-CSUS-2009-01.
Sacramento, CA: California State University, Sacramento.

Matsumoto, E. E. (2009¢). “Emulative precast bent cap connections for seismic regions:
component tests—cap pocket full ductility specimen (unit 3).” ECS Report No. ECS-
CSUS-2009-03. Sacramento, CA: California State University, Sacramento.

Matsumoto, E. E. (2009d). “Emulative precast bent cap connections for seismic regions:
component tests—cap pocket limited ductility specimen (unit 4).” ECS Report No. ECS-
CSUS-2009-04. Sacramento, CA: California State University, Sacramento.

Matsuzaki, Y., et al. (1987). “Effects of sleeves on member properties, study on the
behavior of reinforced concrete beams with grout-filled steel splice sleeves.”
Architectural Institute of Japan.

Moon, J., Lehman, D. E., Roeder, C. W., and Lee, H. (2013). “Evaluation of embedded
concrete-filled tube (CFT) column-to-foundation connections. ” Engineering Structures,
56, 22-35.

Osanai, Y., Watanabe, F., Okamoto, S. (1996). “Stress transfer mechanism of socket base
connections with precast concrete columns.” ACI Struct. J., 93(3), 1-11.



23

Pang, J. B. K., Eberhard M. O., and Stanton J. F. (2010). “Large-bar connection for
precast bridge bents in seismic regions.” J. Bridge Eng., 15 (3), 231-239.

Priestley, M. J. N., Seible, F., and Calvi, G. M. (1996). Seismic design and retrofit of
bridges. John Wiley & Sons, Inc., New York, NY.

Raynor, D. J., Lehman, D. E., and Stanton J. F. (2002). “Bond-slip response of
reinforcing bars grouted in ducts.” ACI Struct. J., 99 (5), 568-576.

Splice Sleeve Japan, Ltd, “Tests on re-bar splices in reinforced concrete columns using
NMB splice sleeves.” Report NPD-024, Splice Sleeve Japan, Ltd., Tokyo, Japan.

Steuck, K. P., Eberhard, M. O., and Stanton, J. F. (2009). “Anchorage of large-diameter
reinforcing bars in ducts.” ACI Struct. J., 106(4), 506-513.

Tazarv, M., and Saiidi, M. S. (2014). “Next generation of bridge columns for accelerated
bridge construction in high seismic zones.” Rep. No. CCEER 14-06, Center for Civil
Engineering Earthquake Research, Dept. of Civil and Environmental Engineering, Univ.
of Nevada, Reno, NV.

Tazarv, M., and Saiidi, M. S. (2015a) “UHPC-filled duct connections for accelerated
bridge construction of RC columns in high seismic zones.” Eng. Struct., (99), 413—-422.

Tazarv, M., and Saiidi, M. S. (2015b) “Low-damage precast columns for accelerated
bridge construction in high seismic zones.” J. Bridge Eng., 10.1061/(ASCE)BE.1943
5592.0000806, 04015056.

Weinert, M. D. (2011). “Substructure connections for accelerated bridge construction in
seismic regions.” MS Thesis, University of Washington.

White, S. (2014). “Controlled damage rocking systems for accelerated bridge
construction.” MS Thesis, University of Canterbury.

Yoshino, T., Kobayashi, K., and Ase, M. (1996). “Intensive shear reinforcing method for
PCA members with splice sleeve joint.” Proceedings of the 11th World Conference on
Earthquake Engineering, Acapulco, Mexico.



24

Factory Dowel

Factory Dowel
(Threaded Rebar)

ol

RN g i i e

NMB Splice Sleeve

/"~ (NMB 8U-X)

L—High-Strength Grout

Threaded En

Lenton Interlok
(LK8)

High-Strength Grout

ield Dowel

Field Dowel

Fig. 1.1. Two types of grouted splice sleeve connectors used in this research, FGSS on
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CHAPTER 2
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Abstract

Connections between precast concrete elements must be able to withstand
significant stresses and deformations in earthquakes. The grouted splice sleeve connector
is being considered for use in accelerated bridge construction. Although the application
of grouted splice sleeve connectors facilitates the construction of precast concrete bridges
and accelerates construction work, seismic bridge design codes inhibit their use in
column plastic hinges. Half-scale bridge column—to—cap beam assemblies were tested to
investigate their response under cyclic quasi-static load. The grouted splice sleeve
connectors were located in the column plastic hinge zone for the first alternative and in
the cap beam for the second. A monolithic cast-in-place concrete specimen with identical
details served as a control. Satisfactory drift capacity and displacement ductility were
achieved when the grouted splice sleeve connectors were inside the cap beam joint. The
research shows that precast concrete joints constructed with the specific type of grouted

splice sleeve connectors in the cap beam should perform adequately in moderate to high
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seismic regions.
Keywords: Accelerated bridge construction; column; connection; cyclic load test; grouted

splice sleeve; joint; mechanical coupler.

Introduction

Accelerated bridge construction is a method that incorporates innovative
techniques and materials to efficiently reduce construction time and traffic disruption. It
also improves work-zone safety for workers and commuters. Prefabrication of bridge
structural components is a highly effective technique and is one of the accelerated bridge
construction methods under the category of prefabricated bridge elements and systems
promoted by the Federal Highway Administration. Several bridges have been built or
rehabilitated with accelerated bridge construction methods. Examples in Utah include the
Interstate 15 (I-15) Core Provo Center Street interchange, the Riverdale Road over
Interstate 84 (I-84) bridge, and the I-15 South Layton interchange. Precast concrete deck
panels, substructures, and superstructures have been frequently used in accelerated bridge
construction. Connections between such reinforced precast concrete elements are among
the most critical components of the structure. Researchers are investigating the adequacy
of various connection configurations, especially in moderate to high seismic regions.
These connections not only have to conform to accelerated bridge construction standards
in terms of construction delivery time but must also resist earthquake-induced
deformations and stresses. Lateral load capacity, displacement ductility, and reparability
are three significant criteria for any connection considered in seismic regions. In this

paper, a column—to—cap beam joint is investigated using grouted splice sleeve connectors
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in either the column or the cap beam to construct precast concrete column—to—cap beam
joints; the performance of the precast concrete joints is compared with an identical cast-

in-place column—to—cap beam joint.

Previous Research

The grouted duct connection is a typical accelerated bridge construction
connection for reinforced precast concrete column—to—cap beam joints; corrugated steel
ducts are cast in the cap beam, and column reinforcement dowels are inserted and grouted
inside the ducts. This connection was found to be a viable technique for accelerated
bridge construction in seismic regions.!

Pocket connections were used to connect bridge columns to cap beams. These are
constructed by placing a circular corrugated steel duct inside the cap beam; projected
column bars are inserted into the pocket that is filled with concrete. Matsumoto reported
that the pocket connection was emulative of conventional monolithic construction in
terms of the overall hysteretic performance, force-displacement response, and plastic
hinging mechanism.*

Prestressing has been incorporated in research studies to improve seismic
performance of bridge subassemblies by providing self-centering. This connection is
identified as a hybrid connection because both prestressing and mild steel reinforcing
bars are used. Residual displacements and overall damage are reduced compared with
nonprestressed connections. >

Grouted splice sleeve connectors and other reinforcing bar splicing devices are

also effective accelerated bridge construction methods. Such connectors have been used
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in bridge construction in nonseismic regions because they accelerate the construction
process. Each individual reinforcing bar connecting precast concrete components is
spliced by means of a mechanical coupler located within one of the components. The
response of such connections to cyclic loading was studied to investigate their
performance in high-seismic regions.”*

Grouted splice sleeve or mechanical reinforcing bar splices are hollow steel
cylinders made of ductile iron. Figure 2.1 shows the grouted splice sleeve used in this
research. One of the steel reinforcing bars from the two components to be connected is
grouted at one end and fastened to the opposite threaded end. Hence, the connector is
denoted here as fastened and grouted splice sleeve (FGSS) (Fig. 2.1 and 2.2).

NCHRP report 698 includes an evaluation of several accelerated bridge
construction connections in moderate to high seismic regions.” Verified connection types
include bar couplers, grouted ducts, pocket connections, socket connections, hybrid
connections, integral connections, and emerging technologies, such as shape memory
alloys. These connections were either used in actual projects or were being developed in
research studies. One of the outcomes of this study was the prioritization of more
research, considered essential for each connection type, to fully understand its behavior
under seismic actions. For the bar coupler which is in the general category of mechanical
couplers, including the grouted splice sleeve connectors, NCHRP report 698
recommended further experimental studies to ascertain strength properties of the grouted
splice sleeve along with the displacement ductility of components joined with such
connectors.

Experimental studies have been conducted on various types of mechanical
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couplers comprising only two connecting bars, cast iron sleeves, and high-strength
grout.!%!2 Such experiments, referred to as air tests, were conducted to study the strength,
reinforcing bar slip, bond characteristics, and fatigue life of the mechanical couplers.
Jansson (2008) reported a series of air tests on fastened and grouted splice sleeve
connectors for no. 6 (19M) and no. 11 (36M) steel bars.'? Test results showed acceptable
performance in terms of reinforcing bar slip and fatigue life. Tensile test results indicated
that all no. 6 assemblies failed due to fracture of the reinforcing bar in the threaded
region, thereby reaching the nominal tensile strength of the bars.

Cyclic tests were conducted on large-scale precast concrete specimens joined by

12-17 The presence of grouted splice

means of various grouted splice sleeve connectors.
sleeve connectors in the plastic hinge region did not considerably change the lateral force
capacity of the assembly. However, the displacement capacity was found to be smaller
than that of monolithic specimens. Damage progression and the plastic hinge mechanism
were also different relative to monolithic specimens.

This paper presents experimental results of three quasi-static cyclic tests of half-
scale column—to—cap beam specimens, two of which used fastened and grouted splice
sleeve connectors, to investigate their performance compared with the third specimen,
which was built using cast-in-place concrete construction. Table 2.1 shows the test
matrix, and Fig. 2.3 demonstrates the test configuration alternatives. All specimens were
assembled and tested in an inverted position compared with actual construction for ease
of construction and testing. A second objective of the study was to investigate the

influence of the location of the fastened and grouted splice sleeve connectors within the

precast concrete specimens. Specimen FGSS-1 was composed of a precast concrete
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column and cap beam with the connectors in the column end, whereas specimen FGSS-2
was composed of a precast concrete column and cap beam with the connectors in the cap
beam. Specimen CIP was the cast-in-place concrete alternative, or control specimen, a

monolithic construction without any connectors or bar lap splices.

Monotonic Tensile Tests on Individual Connectors

A series of tensile tests were conducted on six individual fastened and grouted
splice sleeve connectors, referred to as air tests, to ascertain essential information on the
performance of the connectors under monotonic tensile loads. Results from the air tests
were used to assess the strength capacity and failure mode of the fastened and grouted
splice sleeve connectors, in addition to providing an insight into the overall performance,
specifically the stress transfer within the connector.

Two no. 8 (25M) reinforcing bars were connected using a proper size fastened
and grouted splice sleeve connector for each air test specimen. The reinforcing bars had a
nominal yield strength of 60 ksi (400 MPa) and an actual yield strength of 76 ksi (525
MPa). The test-day compressive strength of the high strength grout was 9.4 ksi (65 MPa).
This grout was used to confine the reinforcing bar grouted inside the connector.
Monotonic tensile loading was applied until failure occurred when the bottom reinforcing
bar pulled out from the connector due to bond failure. Strains were monitored on the
rebar portion outside the connector, the rebar portion inside the connector, and on the
connector itself. The average strength achieved by the air test specimens was 1.44 +
0.0488 (SD, n=6) times the nominal yield strength of the reinforcing bar. The strain

gauge located 5 in. (127 mm) from the end of the reinforcing bar grouted inside the
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connector showed that the rebar yielded at that section.

The gradual pull out failure was initiated by a grout cone failure at the opening
end of the connector (Fig. 2.4). A subsequent crushing of the grout in front of the
reinforcing bar deformations formed a shear failure surface with a diameter slightly larger
than the diameter of the reinforcing bar, and therefore the reinforcing bar pulled out from
the connector. Table 2.2 includes the results of the air tests. No sign of damage was noted

on the threaded reinforcing bar and it was well developed beyond the yield point.

Design and Construction of Specimens

Specimen Design

The specimens were designed and detailed to simulate prototype bridges
constructed in Utah, following the American Association of State Highway and
Transportation Officials’ AASHTO LRFD Bridge Design Specifications'® and the
AASHTO Guide Specifications for LRFD Seismic Bridge Design'® in accordance with
capacity-based design principles. A circular configuration of column longitudinal bars
and an octagonal column cross section were adopted for precasting the columns because
this is the method of choice in Utah. The aforementioned design codes in addition to the
Caltrans Seismic Design Criteria (SDC)? inhibit the splicing of reinforcing bar, including
mechanical anchorage devices, in the plastic hinge region of ductile members for bridges
located in moderate to high seismic regions. In the AASHTO LRFD seismic bridge
design, this would apply to seismic design categories C and D. Thus, the preliminary

design and detailing were developed for specimens without fastened and grouted splice

sleeve connectors (the cast-in-place concrete specimen). The design was then adjusted to
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accommodate the fastened and grouted splice sleeve connectors inside the precast
concrete specimens, and essential modifications were considered accordingly.

The specimens were half-scale models of common prototype highway bridges,
specifically the Riverdale Road bridge over 1-84 in Utah. The column and cap beam
dimensions and main longitudinal bars and their configuration were acquired by
considering 50% of the actual properties. The column height for all specimens was 8 ft
6 in. (2.6 m) with a 21 in. (530 mm) octagonal cross section to facilitate casting of the
concrete. The top 18 in. (460 mm) of the column was changed to a 21 in. (530 mm)
square for testing purposes. Six no. 8 (25M) bars in a circular arrangement and a no. 4
(13M) spiral with a pitch of 2% in. (64 mm) made up the column reinforcement. The
longitudinal and volumetric transverse reinforcement ratios were 1.3% and 1.9%,
respectively.

A preliminary nonlinear static analysis and a series of sectional analyses were
conducted to estimate the maximum lateral load and displacement of the CIP test model
and to design the cap beam accordingly. Probable material properties for steel and
concrete were used in addition to beam-column elements to perform the preliminary
analysis. Detailed nonlinear analyses are currently ongoing which include the effect of
the connectors in the system. The cap beam was designed as a 9 ft long x 2 ft wide x 2 ft
deep (2.8 m % 0.6 m x 0.6 m) precast concrete member with no. 8 (25M) longitudinal
bars enclosed by no. 4 (13M) double hoops. The cap beam was designed to remain
linearly elastic and not undergo plastic deformations. The design inhibits shear failure
from occurring in the column by using a shear span-to-depth ratio of more than 5.0

(corresponding to slender columns) along with closely spaced adequate shear
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reinforcement. The desirable column failure mode was set to be either flexural or splice
failure.

Figure 2.5 shows the steel reinforcement without the fastened and grouted splice
sleeve connectors. This could be considered the monolithic joint design for cast-in-place
concrete construction. The design details for each specimen are summarized in the next
section. Dowel bar tails were bent inward to achieve a better performance under lateral
cyclic loads as required for seismic design category D in accordance with AASHTO

LRFD seismic bridge design.

Fabrication of Test Specimens

The three specimens had identical geometric properties and similar details in the
plastic hinge region. Figure 2.6 shows the details of specimen FGSS-1 in addition to the
column and cap beam reinforcing bar cages. Specimen FGSS-1 comprised a precast
concrete column with the fastened and grouted splice sleeve connectors embedded in the
column end and a precast concrete cap beam with dowel bars projecting 7 in. (180 mm).
In the first step of the construction phase, column longitudinal bars were fastened to the
threaded end of the fastened and grouted splice sleeve connectors. All bars were initially
hand tightened to the connectors before being fully tightened using a pipe wrench. A
form mounting fixture was used to fasten the grouted splice sleeve connectors to a
wooden template arranging the column bars in the desired configuration. The spiral over
the fastened and grouted splice sleeve connector region had a 1 5/8 in. (42 mm) larger
diameter than the spiral for the rest of the column due to the larger diameter of the

fastened and grouted splice sleeve connector compared with reinforcing bar. This resulted
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in an overlapping spiral region right above the fastened and grouted splice sleeve
connectors.

Figure 2.7 shows the details of specimen FGSS-2 along with the column and cap
beam reinforcing bar cages. The location of the fastened and grouted splice sleeve
connectors was changed from the column end to inside the cap beam. Such a
modification would make the specimen conform to the bridge design code because the
fastened and grouted splice sleeve connectors would not be located inside the column
plastic hinge region.!?° A second reason for examining this alternative was to investigate
the reduced disruption to the column plastic hinge region compared with specimen
FGSS-1. Such a connection configuration was successfully implemented in the Provo to
Salt Lake Frontrunner rail bridge construction using an alternative grouted splice sleeve
connector in which both connecting bars were grouted inside the splice sleeve. The
precast concrete column reinforcing bar cage was built first for specimen FGSS-2. Dowel
bars measuring 7 in. (180 mm) long protruded from the column end. The joint core was
built and centered in the cap beam. Threaded hooked bars were previously fastened onto
the fastened and grouted splice sleeve connectors by means of a pipe wrench and
arranged in a circular fashion using a template. Horizontal joint reinforcement consisting
of a closely spaced spiral was tied to both the vertical fastened bars and the fastened and
grouted splice sleeve connectors. The tails of the fastened bars were oriented into the
joint core and had a length of 2 ft 4 in. (0.7 m).

Specimen CIP represents monolithic construction without any fastened and
grouted splice sleeve connectors. Figure 2.8 shows the details of specimen CIP and the

reinforcing bar cage before casting the concrete. The column longitudinal bars had no lap
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splice. The spiral reinforcement did not have any splice and extended from the column
top to the cap beam bottom as continuous helical steel reinforcement around the
longitudinal bars. The diameter of the spiral was kept the same as for the spiral around
the column bars in the other two specimens, thus ensuring an identical moment arm for
column longitudinal bars.

A proprietary high-strength and ready-to-mix grout formulated for this particular
grouted splice sleeve was used. One 50 1b (23 kg) bag of grout mixed with 0.7 gal.
(2.6 L) of water was sufficient to fill all six fastened and grouted splice sleeve
connectors and cast the %4 in. (6 mm) bed grout. An electric mortar mixer with a jiffler
paddle attachment was used to continuously mix the grout with water for 5 min. The flow
test conducted after mixing indicated that the grout had a good consistency with an
acceptable spread diameter of 5 in. (130 mm) for specimen FGSS-1. The high-strength
grout was used to complete the installation. A postgrout technique was implemented for
specimen FGSS-1 in which the grout was pumped into the bottom nozzle of the
connector. The grout traveled up against gravity and filled the inside space of the
connector using a hand pump. Both inlet and outlet ports were plugged when the
connector was completely filled with grout. A pregrout technique was conducted for
specimen FGSS-2 to facilitate installation. Both inlet and outlet ports of the six
connectors were sealed during construction of the cap beam reinforcing bar cage. During
erection of specimen FGSS-2 and before lowering and positioning the column, the high-
strength grout was pumped into the wide end opening (Fig. 2.9). The flow test showed an
acceptable grout consistency with a spread diameter of 5.25 in. (133 mm) for specimen

FGSS-2.
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Tension tests of reinforcing bars were conducted along with compression tests on
concrete cylinders and grout cubes for each specimen.?!~2* Table 2.3 presents the results
of tension tests on reinforcing bars. The column bars for specimen FGSS-1 and the cap
beam dowel bars for specimen FGSS-2 had different material properties than the rest of
the steel bars because these were obtained from the manufacturer as threaded bars.

Table 2.4 contains the compression test results for the concrete and grout reported for

both the 28th day of curing and the day of the specific test.

Test Procedure

Instrumentation

Test specimens were instrumented with strain gauges in the plastic hinge region
and the joint area on both longitudinal and transverse steel. For the precast concrete
specimens, strain gauges were placed in the middle section of the fastened and grouted
splice sleeve connectors to obtain the strain on the sleeves. String potentiometers were
used to measure column displacements during the test. They were attached to the column
head at the actuator centerline. The two potentiometers were oriented in two opposite
directions. Column displacements were obtained by taking the average of the two
potentiometer readings. Linear variable differential transformers (LVDTs) were used to
study the curvature distribution and base rotation, bond slip, and global vertical and
horizontal movement of the specimens.

Ten LVDTs were mounted to the column end, over a 30 in. long region to
measure the relative vertical displacements and provide data for curvature analysis.

Figure 2.10 shows an example of strain gauges installed on both longitudinal and
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transverse reinforcement of specimen CIP along with LVDTs attached to fixtures on the

east side of the column.

Experimental Setup

Each specimen was connected to the floor by means of eight high-strength
threaded rods on each side, half of which ran through PVC pipes embedded in the cap
beam. The rods were then bolted to the strong floor to prevent the specimens from
moving or slipping. This support condition was designed to provide limited rotational
restraint simulating a hinged support condition.

The axial load system consisted of a cylindrical 500 kip (2200 kN) hydraulic
actuator, a 4 ft (1.2 m) long stiffened W14 x 90 (W360 x 134) spreader beam, a 3 in.
(76 mm) thick A36 (248 MPa) steel plate, and two 14 ft 6 in. (4.4 m) long 150 ksi
(1030 MPa) all-thread rods. The actuator rested on the column top and applied a
compression force to the steel beam above it, causing the all-thread rods to pull on the
steel plate underneath the cap beam. An axial compressive load of 6% of column axial
capacity was applied to simulate gravity loads. Figure 2.11 shows a schematic and a
picture of the specimen fastened to the floor girders.

A 120 kip (530 kN) servo-controlled actuator with an overall stroke of 18 in.
(440 mm) was used to apply the quasi-static displacement history; however, specimen
CIP was tested using a 250 kip (1100 kN) servo-controlled actuator with an overall stroke

of 24 in. (610 mm).
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Displacement History

A reversed cyclic quasi-static displacement-controlled protocol was applied to the
column at an elevation of 8 ft (2.4 m) above the cap beam. The history comprised
increasing amplitudes as multiples of the predicted yield displacement of the column.**
Two cycles were employed for each displacement cycle to the east and west (Fig. 2.11).
The displacement rate was set to 1.2 in./min (30 mm/min) up to the end of the 3 in.

(76 mm) displacement cycle, after which it was changed to 4 in./min (100 mm/min) and

was kept constant until test completion.

Test Results
Hysteretic Response
Figure 2.12 shows the hysteresis curves of the specimens. They include four
major damage states: concrete cracking and spalling, reinforcing bar pullout, yield

penetration, and reinforcing bar fracture.

Hysteresis Response of Specimen FGSS-1

The pinched hysteresis loops for specimen FGSS-1 (Fig. 2.12) indicate that the
overall force-displacement performance was controlled by the bond-slip characteristics of
the fastened and grouted splice sleeve connectors. In addition to pinching from excessive
slippage of the cap beam dowel bars inside the fastened and grouted splice sleeve
connectors, reinforcing bar slippage introduced another type of disruption in the
unloading branch of the response in the east direction. This was attributed to closure of

the gap originally formed as a result of bond deterioration and bar slip. This gap closure
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phenomenon at the column—to—cap beam interface is visible for the unloading branch of
the hysteresis loops at the 4% to 6% drift ratio in the east direction. The lateral force
peaked at the 5% and 3% drift ratio in the east and west direction, respectively. A gradual
strength reduction or cyclic strength deterioration was noted as a result of bond
degradation between the dowel bar and grout inside the fastened and grouted splice
sleeve connectors. The test was terminated at the end of the 6% drift ratio due to a load
reduction of 20% and 30% for the east and west directions, respectively. Failure of
specimen FGSS-1 was caused by excessive bar slippage and pullout of reinforcing bar
from the fastened and grouted splice sleeve connectors. It is noted that the axial load
applied to this specimen was unintentionally 40% higher than the height of the other two

test specimens. This introduced a slight increase in the lateral force capacity for FGSS-1.

Hysteresis Response of Specimen FGSS-2

Hysteresis loops of specimen FGSS-2 (Fig. 2.12) were relatively wide and stable
compared with specimen FGSS-1, without any considerable strength degradation before
reinforcing bar fracture or pullout, in the last drift ratio of 7%. The peak lateral force of
34.7 kip (154 kN) and 36.3 kip (161 kN) occurred at the 4% and 5% drift ratio, in the east
and west directions, respectively. The column west reinforcing bar fractured in the first
cycle of the 7% drift ratio, while column east bars underwent excessive slippage, which
resulted in considerable strength reduction. Ultimately, the test was terminated after
completion of the 7% drift ratio because a strength drop of 42% and 45% occurred in the
lateral force capacity as a result of west reinforcing bar fracture and east reinforcing bar

pullout. This was a unique failure mode because it included both a ductile failure and a
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bond-slip failure. The gap closure phenomenon at the column—to—cap beam interface
described for specimen FGSS-1 was also observed for this specimen, an indication of

excessive reinforcing bar slip at the 4% drift ratio.

Hysteresis Response of Specimen CIP

The overall response of specimen CIP was satisfactory, and the wide and stable
hysteresis loops implied a high energy dissipation capacity. This desirable performance
represents a ductile response of a well-detailed reinforced concrete flexural component,
under both axial and lateral loading. The peak lateral force was 37.8 kip (168 kN) during
the 2% drift ratio and 33.9 kip (151 kN) during the 3% drift ratio for the east and west
direction, respectively.

This test was terminated at the end of the 10% drift ratio due to the fracture of
both extreme east and west column longitudinal steel bars. The west reinforcing bar
fractured when the column top was close to the peak displacement during the first cycle
of the 10% drift ratio. Subsequently, the bar on the east side of the column fractured
during the first cycle of the 10% drift ratio. The superior hysteretic response of the
control specimen is evident when compared with both precast concrete alternatives in

Fig. 2.12.

Experimental Observations and Damage States
Visual observations made during testing of the precast concrete and control
specimens are summarized in Fig. 2.13 to 2.15. This includes damage progression along

with damage states of the most significant events throughout the response.
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Visual Observations for Specimen FGSS-1

All major cracks developed by the end of the 3% drift ratio. Spalling initiated at
the corners of the octagonal column during the first cycle of the 3% drift ratio. The
largest crack, which had formed previously at the bed grout section, turned into a gap at
the column—to—cap beam interface during the 3% drift ratio. This is evident in Fig. 2.13,
which shows the gap opening while the column was at the peak displacement of the 3%
drift ratio.

Cracks widened and concrete spalling progressed at higher drift ratios. During the
6% drift ratio, the cone shape of the expelled grout became visible; this condition is
presented in Fig. 2.13. This grout failure resembles the air test results shown in Fig. 2.4.
The test was terminated after completion of the 6% drift ratio due to bond deterioration,
and subsequent reinforcing bar pullout. The height of the spalled concrete was 8 in.
(200 mm) and 12 in. (300 mm) on the west and east sides of the column, respectively.
The spiral was partially exposed, and the bed grout was crushed at the column peripheral.
The permanent opening at the bed grout had a residual gap equal to 0.1 in. (2.5 mm). The

cap beam remained intact with only a few scattered hairline cracks in the joint region.

Visual Observations for Specimen FGSS-2

A hairline flexural crack formed at a section 12 in. (300 mm) above the column
base during the 0.5% drift ratio. During the next drift ratio of 1%, this crack had a width
0f 0.002 in. (0.05 mm). Two more flexural cracks developed at 20 in. (510 mm) and
28 in. (710 mm) above the column end during the same drift ratio. More cracks

developed during the 2% and 3% drift ratio including one at the bed grout. There were
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overall seven major flexural cracks that formed along the column by the end of the 3%
drift ratio. The width of the crack formed during the 2% drift ratio at a section 8 in.

(200 mm) from the column base measured 0.03 in. (0.8 mm) at the end of the 3% drift
ratio. Concrete cover spalling initiated during this drift ratio with a height of 8 in. on the
column east side (Fig. 2.14). Cracks opened further and concrete spalling intensified after
the 3% drift ratio up to test termination. Flexure-shear cracks formed on the north and
south sides of the column during the 5% drift ratio, and the representative crack at 8 in.
above the column base had a width of 0.04 in. (I mm). Spalling became deeper and wider
during the 6% drift ratio, and a strength reduction was noted at the end of the second
cycle in the west direction. This was attributed to bond deterioration between the grout
and the embedded column dowel. The column extreme west bar broke at the end of the
first cycle in the 7% drift ratio, whereas the east bar did not fracture; however, the drop in
the lateral force capacity for the west direction implied that a bond-related phenomenon
had caused a sudden reduction in strength. Post-test observations showed that the spiral
became exposed near the column end, and the largest flexural crack was found 4 in.

(100 mm) above the column base measuring 0.06 in. (1.5 mm) wide. The location of the
reinforcing bar fracture was 1 in. (25 mm) above the column base, right below the spiral.
Low cycle fatigue was the cause of reinforcing bar fracture as a result of successive
bending and straightening of the column extreme bars. A permanent gap equal to 0.125
and 0.0625 in. (3.18 and 1.59 mm) remained at the bed grout section on the east and west
sides of the column, respectively. Figure 2.13 shows the damage condition at the 3% and

7% drift ratio for specimen FGSS-2.
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Visual Observations for Specimen CIP

A few hairline flexural cracks appeared at the end of the 0.5% drift ratio over a
40 in. (1020 mm) long region up from the column end. More hairline flexural cracks
developed during the 1% drift ratio, up to 60 in. (1500 mm) above the column end. The
cracks, which had formed within the lowermost 12 in. (300 mm) portion of the column,
grew larger in width during the 2% drift ratio. Also, a 0.03 in. (0.8 mm) wide crack
formed at the column—to—cap beam interface. The crack at 12 in. from the column end
had a width of 0.005 in. (0.1 mm) at this drift ratio. All major flexural cracks developed
by the end of the 3% drift ratio, and concrete cover spalling began at the column corners.
The crack at the column—to—cap beam interface remained unchanged, while the crack at
12 in. (300 mm) from the column end was 0.01 in. (0.3 mm) wide. Figure 2.15 shows the
damage condition at the end of the 3% drift ratio.

Inclined cracks formed on the north and south sides of the column base in the 4%
drift ratio. By the end of the 4% drift ratio, the largest three cracks measured 0.04, 0.06,
and 0.013 in. (1, 1.5, and 0.30 mm) wide for the crack at the column—to—cap beam
interface, 6 in. (150 mm) from the column end, and 12 in. (300 mm) from the column
end, respectively.

Yield penetration was noted around the two column extreme bars at the end of the
6% drift ratio. Spalling became wider and deeper, covering the cracks that developed in
the previous cycles. Figure 2.14 shows the state of damage to the column at the end of the
6% drift ratio. In the 7% drift ratio, the column spiral became visible and the depth of
yield penetration increased to 1 1/8 in. (29 mm). The column extreme longitudinal

reinforcing bar was visible during the 8% drift ratio. The concrete cover was crushed,
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which led to buckling of the reinforcing bar during the next drift ratio.

Low cycle fatigue caused fracture of the column extreme bars on both sides in the
first cycle of the 10% drift ratio. The west column bar fractured first when the load was
applied in the east direction, and then the east column bar fractured when the load was
applied in the west direction. Reinforcing bar fracture occurred in the column end, at 1
and 1 2 in. (25 and 38 mm) from the cap beam surface for the west and east column bars,
respectively. The spalled region had an effective width of 21 in. (530 mm) and height of
8 in. (200 mm), though the maximum height of the spalled area was 16 and 20 in. (400
and 510 mm) for the east and west column sides, respectively. The cap beam horizontal
reinforcing bar was revealed as a result of continuous yield penetration of the column
reinforcing bar. Figure 2.14 shows the damage state for this specimen at the end of the
test. The cap beam remained intact with only two hairline cracks developed in the joint

region during the 2% drift ratio.

Displacement Ductility

Displacement ductility capacity is the ability of a structural component to perform
beyond the yield point without excessive strength deterioration; this was computed based
on the concept of equal energy of an idealized elasto-plastic system.?® The average
backbone curve was first constructed using the peak values of the first cycle for each drift
ratio. To obtain the effective yield displacement of the system, it was assumed that the
ideal elasto-plastic curve intersects the average backbone curve at a force equal to 70% of
the effective yield force.?* The ultimate displacement was tak