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EXECUTIVE SUMMARY

This research addresses the challenges associated with designing external socket
connections used in Accelerated Bridge Construction (ABC) within seismic regions. These
connections involve embedding a precast column into a preformed void in a cap beam or
foundation, with the gap between the elements filled with grout. The primary objective of this
study was to develop a robust design methodology and a mechanical model capable of relating key
design parameters, such as socket height, to critical stresses within the connection and adjoining

structural members.

A strut-and-tie model (STM) was developed to evaluate the influence of socket height on
stress distribution within the connection and adjoining structural members. The STM provides
detailed insights into stress on the connection's different components, including the column's
longitudinal reinforcing steel, the reinforcement of the external socket wall, the concrete of the
external socket wall, and the grout used to fill the gap. The model is based on equilibrium
principles and incorporates the effects of compression and tension forces acting throughout the

connection.

Eight large-scale reverse cyclic tests were conducted on column-to-cap-beam connections
to validate the proposed STM. These tests varied socket heights and structural configurations,
considering both Reinforced Concrete (RC) and Reinforced Concrete Filled Steel Tube (RCFST)
systems. The experimental setup applied lateral loads at the top of the column, and an axial load
was maintained constant throughout the experimental test. Data was collected using advanced
instrumentation, including the Optotrak system, Digital Image Correlation (DIC), and string
potentiometers during the test. This data was subsequently used to calculate moment-displacement
relationships, axial and shear strain profiles, energy dissipation, and displacement components and

to identify different failure mechanisms for external socket connections.

The experimental results provided essential insights into the behavior of external socket
connections under seismic loads: 1) Socket height emerged as a critical design variable. Shorter

socket heights were shown to require higher grout strengths and greater shear capacity to prevent

xXxxiii



failure, as they increase the stress demands on the grout and shear forces acting on the embedded
portion of the column. 2) For columns to develop a full plastic hinge above the socket interface,
socket height must be carefully optimized. The tests confirmed that well-designed sockets could
achieve this behavior, with plastic strains confined to the column and preventing damage to the
foundation or cap beam. 3) The experiments also revealed enhanced energy dissipation compared
to traditional cast-in-place (CIP) columns. The external socket connections demonstrated higher
elastic damping, which can be attributed to early cracking in the grout and socket walls. 4)
Displacement components were dominated by strain penetration and rocking, accounting for more
than 65% of total displacements, particularly for shorter sockets. This behavior differed from that
of CIP columns, where strain penetration and rocking account for around 35% of the total

displacements.

The developed STM successfully correlated socket height with the applied moment and
critical stresses. It predicted stress distributions in the connection components with high accuracy,
typically within a conservative error margin of less than 10% compared to experimental results.
The STM highlighted the significance of shear and compressive forces, demonstrating that critical
stresses in the grout and external socket wall increased with shorter socket heights. The model also
identified potential failure modes, such as grout crushing, column shear failure, or the column's

flexural failure above the external connection.

Using the STM, design equations were derived so that practitioners could calculate the
necessary socket height and material strength requirements. The equations consider factors like
grout strength, column diameter, and the required shear capacity to ensure safety.
Recommendations include using reduction factors for material strength and providing a safety
margin in the design process. This research provides a comprehensive understanding of the seismic
behavior of external socket connections and presents a validated analytical model to guide design.
The findings emphasize the critical role of socket height and the need for higher material strengths
with shorter socket heights. The developed methodology enhances the safety and performance of

ABC in seismic regions, offering practical tools and guidelines for bridge engineers.
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Chapter 1: Introduction

The design and construction of bridges using innovative technologies and practices in the
United States is increasing. One emerging technique that has gained popularity in recent years is
Accelerated Bridge Construction (ABC). According to the Federal Highway Administration [1],
ABC enhances site constructability, reduces total project delivery time, improves material quality
and product durability, and increases work-zone safety for the traveling public and contractor
personnel. Additionally, ABC offers benefits such as minimized impacts on traffic patterns,
reduced on-site construction time, fewer weather-related delays, and diminished environmental
impacts. ABC employs various methods (e.g., grouted connections, bar coupler connections,
socket connections) to improve bridge construction, often involving prefabricated elements like
foundations, cap beams, and columns. An important aspect of ABC component design is the

connection of these elements, particularly in regions subjected to significant seismicity.

This report focuses on socket connections. In this type of connection, a precast column is
embedded into a voided opening within elements such as a cap beam or foundation. The
components are bonded using cast-in-place concrete or grout without the need for additional
reinforcement. The connection primarily relies on ‘socket’ action rather than conventional bonding

with reinforcement and concrete. Figure 1-1 illustrates a socket connection.

Extended Column
Precast Cap Beam

Steel Pipe

Fully
cast
Column

___‘I\___

Figure 1-1. Socket connection between column and cap beam [2]



Socket connections can be either internal or external to the joint. However, the National
Academies of Sciences, Engineering, and Medicine [2] indicated that multiple experimental
studies had been conducted on internal connections. On the other hand, as noted in Chapter 2 of
this report, there have been limited analytical and experimental studies for external socket

connections.

1.1. Research Need

External sockets provide several advantages over internal sockets, such as (1) Simplified
adjoining member construction as there is less steel congestion and (2) Reduced plastic strain
demands from the column into the adjoining member since the interface between the adjoining
member and the column is connected with a socket that is designed to remain elastic. However,
accurate assessment and design of external socket connections require determining various design
parameters, such as the required socket height (Hs), the thickness of the external socket wall, and
grout strength. While internal socket connections have been proposed in the past, no mechanical
model has been proposed to define the demands on the different components of a socket
connection. Furthermore, internal sockets benefit from the surrounding footing or cap beam to
develop a force transfer mechanism. In contrast, Figure 1-2 shows that the thickness of the socket

wall limits the force transfer mechanism of an external socket connection.

The socket height must be sufficiently large to allow the development of the full plastic
moment of the column. The typical approach used to define the socket height is to consider a
fraction of the column diameter (Dc), thus normalizing the definition of this design variable.
Several researchers [3], [4], [5], [6] have studied the response of internal socket connections
considering different socket heights ranging between 1.0 Dc to 1.5 Dc. These researchers indicated
that the socket height was sufficient to develop the plastic hinge in the column just outside the cap
beam or foundation, maintaining structural integrity during the test. While some experimental
work has been conducted, there is limited understanding of the fundamental behavior of socket

connections, resulting in little guidance for their design.
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Figure 1-2. External socket connection

1.2. Research Scope and Objectives

This research aims to understand the fundamental behavior of external socket connections
comprehensively. The research focused on investigating the influence of different design
parameters (e.g., column type, socket heights, grout strength, external wall thickness) on the
behavior of these connections and their corresponding structural components. The research intends
to develop a robust design methodology applicable to various scenarios for the different structural

components of the connection.

A key aspect of this research is introducing a strut-and-tie model (STM) that illustrates the
impact of socket height on stresses within the connection. This model is used to analyze and design
the different components of the external socket connection. The proposed analytical model was

applied to design eight large-scale specimens of a column-to-cap beam connection.



The research involved large-scale specimens comprising six Reinforced Concrete (RC)
columns and two Reinforced Concrete Steel Tube (RCFST) columns. These specimens varied in
socket height and incorporated the connection details derived from the proposed STM. Advanced
non-contact instrumentation techniques, including digital image correlation and an optical
measurement system, were employed to establish strain demands within the external socket and
the adjacent structural member. The data obtained from these techniques validated the proposed
STM and investigated key variables, such as displacement response, damping, and degradation

rate, essential for characterizing the seismic behavior of the external socket connection.

By analyzing the outputs of the proposed STM and the results from the large-scale tests,
this research aims to identify the feasible boundaries of external socket connections and determine
the various failure modes associated with this type of connection. This comprehensive analysis
will significantly enhance our understanding of the seismic behavior of the connection and provide

a clear relationship between socket height and the stresses within the connection.

1.3. Report Layout

This report is structured to address the research objectives systematically. Chapter 1
introduces the study, highlighting the research need, scope, and objectives. Chapter 2 provides a
comprehensive literature review, summarizing key parameters influencing socket connection
design and performance, as well as existing analytical models. Chapter 3 details the experimental
setup, describing test details, construction process, and instrumentation. Chapter 4 describes the
global response of the eight large-scale tests and provides observations on damage progression,
while Chapter 5 presents the data analysis and experimental results. Chapter 6 introduces the strut-
and-tie model and compares it with experimental results. Chapter 7 offers design recommendations
for external socket connections, including design equations and an applied example for engineers.
Finally, Chapter 8 concludes the report with a summary of the findings of the experimental
program and analytical model and outlines future work, including potential publications and

further research directions.



Chapter 2: Literature Review

Despite the extensive study dedicated to ABC, there is limited information on design
criteria for connections between columns and adjoining members (i.e., pockets and sockets) and
even less information for external socket connections, which is the primary focus of this research.

Figure 2-1 depicts an example of internal and external socket connections.
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Figure 2-1. Socket connection. (a) Internal connection, (b) External connection

Socket connections have been employed in steel structures and have performed well,
including when subjected to seismic conditions [7]. Previous studies have indicated that socket
connections in reinforced concrete structures may be a promising ABC alternative in moderate and
high seismic zones [3], [8]. Prior studies have demonstrated that if the connections are designed
appropriately, they exhibit good seismic performance and can achieve the performance of cast-in-
place (CIP) connections [2], [3], [8], [9]. Good seismic behavior ensures the plastic hinge develops
in the columns, keeping the cap beams or foundations elastic. The National Academies of Sciences
[2], [8] noted that multiple experimental studies have been conducted, but there have been limited
analytical studies, especially for external socket connections. The following sections summarize

the key parameters that influence the design and performance of socket connections.



2.1. Socket height

The socket height is defined as the length of the void into which a structural element, such
as a column, is inserted within the internal or external socket (see Figure 2-2). The NCHRP report

[2] indicated that socket height significantly influences socket connection performance.
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Figure 2-2. Socket height. (a) Internal connection, (b) External connection

The socket height is a design variable that influences the performance of socket
connections and is particularly important to ensure that the full plastic moment can be developed
in the column at the interface with the connection. As a result, numerous studies have examined
this design parameter [3], [4], [10], [11], [12]. The approach commonly used to define the socket
height is to consider a fraction of the column width, thus normalizing the definition of this
parameter. Previous studies have investigated the response of various embedment length to column

diameter (Dc) ratios, ranging between 1.0 Dc and 1.5 Dc.

Restrepo et al. [3] tested two 0.42-scale columns that utilized pocket connections with a
cap beam. The columns were subjected to quasi-static reverse cyclic loads and were tested until
failure. These columns were detailed to exhibit high and low ductility and were labeled CPFD and
CPLD, respectively. The dimension for the socket height was 1.2 Dc for both specimens. Figure

2-3 shows the plastic hinge formed near the cap beam and governed the response of the structural

6



member. Since the plastic hinge formed in the column, the performance of the pocket connection

was considered sufficient and at least as good as the cast-in-place (CIP) member.

o i
Figure 2-3. Specimen response at 4.2% drift ratio (u8) — CPFD [3]

Furthermore, the CPFD specimen achieved a drift of 3.3% (nominal displacement ductility
of 6, with minimal loss of strength), as shown in Figure 2-4. The strength loss was almost 20% at
4.3% drift. A model of the CIP companion specimen also gave good predictions (through a drift

of 3.3%) for the load-displacement response of the column with the pocket connection.

Haraldsson ef al. [13] evaluated the seismic performance of three socket connections
considering different values of socket height. The first two specimens had socket height values
equal to 1.1 Dc. The damage from the lateral load appears on the structural element and not the
foundation. The third specimen was tested with 0.5 Dc, and while it experienced additional damage
in the connection, the behavior was very similar to the companion specimens with larger socket

heights. Figure 2-5 shows the lateral behavior of the three specimens.



Mehrsoroush, A., & Saiidi, M. S. [4] performed a column and cap beam assembly test
utilizing a socket connection with a socket height of 1.2 Dc. The assembly performed as well as
the CIP companion specimen. Figure 2-6 presents the force-drift response of the column with the
socket connection. Figure 2-7 shows the plastic hinge appearing below the cap beam. The cap
beam did not present any damage other than minor spalling of the grout at the edges of the

structural element.
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Motaref et al. [5] tested socket connections with embedment lengths of 1.5 Dc. This study
found that the plastic hinge occurs in the structural element, preventing any inelasticity in the cap
beam or foundations. Mohebbi et al. [6] also tested a socket connection using 1.0 Dc for the
embedment length. The study indicated that the socket height was sufficient to develop the plastic
hinge in the structural member just below the cap beam, maintaining structural integrity during the
test with a 5% drift ratio. A 15% strength loss was reported at 9% drift, leading to a nominal

displacement ductility of twelve.
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Figure 2-6. Lateral force-drift response of the column with a 1.2 Dc socket height [4]

Wang et al. [14] performed two tests; the first was a CIP to compare with the test results
of the second specimen which had a socket connection. The socket height examined was 1.13 Dc.
As can be seen in Figure 2-8, the specimens with ABC connections presented similar hysteretic
behavior compared with the CIP reference test. The specimen utilizing the socket connection did
not present any damage in the footing. For further comparison, the study divided the seismic
performance into five phases as proposed by Hose et al. [15] (1) cracking, (2) yielding, (3)
initiation of a local mechanism, (4) full development of a local mechanism, and (5) strength

degradation.



Figure 2-7. Damage on the column with a 1.2 Dc socket height at a 10% drift ratio [4]
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Figure 2-8. Lateral force-displacement response. a) CIP specimen, b) Socket connection [14]

Zhang et al. [16] tested three column-foundation specimens using socket connections in
reinforced concrete elements and one CIP reference experiment. The socket height for the first two
specimens was 0.8 Dc, while the third specimen used 1.0 Dc. It was reported that the damage
evolution, failure modes, and hysteretic responses of the precast bridge column were similar to

those of the CIP bridge column, as can be observed in Figure 2-9.
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To describe the damage evolution, the authors [16] categorized the test into five phases:
(1) flexural cracking, (2) yielding of the longitudinal reinforcement bars, (3) spalling of concrete
cover, (4) buckling of the longitudinal reinforcement bars, and (5) rupture of the longitudinal
reinforcement bars. The final failure mode of all specimens was buckling of the longitudinal
reinforcement bars followed by rupturing. Visible cracks were not identified in the footing after
the tests were completed. Additionally, as shown in Figure 2-10, the energy dissipated by all the
specimens was similar. Thus, the study concluded that having a socket height of 0.8 Dc is sufficient

to ensure the ABC connection performed as well as the CIP companion specimen.
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Figure 2-9. Force-displacement hysteretic response. a-c) Socket connections, d) CIP [16]

Although not explicitly mentioned above, nearly all of the tests conducted show some
gradual reduction in strength with increasing ductility that appears to be more substantial than
conventional detailing. This is especially evident for socket connections (see Figure 2-9, for

example).
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Figure 2-10. Accumulated energy dissipation for specimens [16]
A summary of the information collected for the socket height variable is provided in Table
2-1. Included in Table 2-1, is an overview of the connection performance presented in the NCHRP

report [2].

Table 2-1. Summary of available test data evaluating socket height for socket connections

Type of Socket
Author Connection performance
connection height
Plastic hinging of the column near the cap
Restrepo et al. Internal .
1.2 Dc beam. The connection performed as well
[3] pocket . )
as the CIP companion specimen
The damage from lateral load appears on
Haraldsson et al. Internal
1.1 Dc the structural element, and the foundation
[12] socket ) )
was without any considerable damage
Experienced damage in connection, but
Haraldsson et al. Internal 05D the lateral behavior was identical to
.5 Dc
[12] socket companion specimens with larger socket

height
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Table 2-1. Summary of available test data evaluating socket height for socket connections

(continued)
Type of Socket
Author Connection performance
connection height
Mehrsoroush, A., The plastic hinge developed in the
L Internal )
& Saiidi, M. S. . 1.2 Dc structural element, and the cap beam did
socket
[4] not exhibit any damage
A plastic hinge occurred in the structural
Internal '
Motaref et al. [5] y 1.5 Dc element, and the cap beam or foundation
socket
remained elastic
) Development of the plastic hinge in the
Mohebbi et al. Internal '
1.0 Dc structural member just below the cap
[6] socket
beam
Similar hysterical behavior compared
Internal
Wang et al. [14] . 1.13 Dc with the CIP reference test. No damage
socket
was reported on the footing
The damage evolution, failure modes,
Internal 0.8 Dcand and hysteretic response of the precast
Zhang et al. [16] . '
socket 1.0 Dc bridge column were equivalent to the CIP
bridge column
o Socket  connections  exhibited a
Kavianipour and Internal o . . _ .
L 1.5 Dc significant drift ratio capacity with no
Saiidi [17] socket '
apparent damage to the connection
Many column longitudinal bars fractured,
Thonstad et al. Internal o
1.8 Dc which indicates that bars were fully
[18] socket ' _
anchored in the pocket connections
Damage occurred outside of the
External 2.0 Dc and ) o
Canha et al. [10] embedment region. Both tests exhibited
socket 1.6 Dc

similar behavior
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2.2. Gap size, shape, and filling materials

Given that a socket connection requires at least one precast element, there is always a space
between the adjoining elements, which will be filled with cast-in-place material. Figure 2-11
illustrates the gap between adjoining elements for socket connections. The filling material, such
as grout or cast-in-place concrete, is intended to join the two members so they act as a single unit.
The gap size, shape, and filling material used within the connection help ensure that a moment

connection develops and allows for element tolerances that may be needed during field installation.

Culmo, M. P. [9] describes how the distance between the connecting elements should be
determined based on the maximum specified element tolerance. Specifically, Culmo suggests that
the space between elements should be approximately one inch but may increase depending on the
size of the elements being connected. The study described that the purpose of the grout is to

contribute to the transfer of forces between the adjoining elements.
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Figure 2-11. Gap between adjoining elements. a) Internal connection, b) External connection

Additionally, Restrepo et al. [3] recommended that the gap size for the socket connection
should be limited to 3 inches. To ensure the grout is not the weak link in the connection, the filling

material should have a compressive strength of at least 500 psi higher than the adjoining members.
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It was also recommended that for socket connections, the clear spacing between the reinforcing
bars and the formed surfaces of the socket should be at least three times the aggregate maximum

size to ensure adequate concrete flow.

Motaref et al. [5] considered using an octagonal shape for the internal socket with a gap
size of 1.5 inches between the circular column and socket, as shown in Figure 2-12. The gap was
filled with high-strength grout with a compressive strength of 7,000 psi. No damage was found in

the foundation when the column was subjected to lateral loads.

Mehrsoroush, A., & Saiidi, M. S. [4] used a gap size of 2 inches and high-strength non-
shrinkage grout as the filling material in their circular socket connection. The test exhibited minor
spalling of the grout near the edges of the interface between the column and foundation when the

plastic moment was reached in the column.

Figure 2-12. Octagonal shape for a socket connection [5]

Mohebbi et al. [6] evaluated a square socket connection using high-strength non-shrinkage
grout as the filling material with a compression strength of 8,600 psi and a gap size of 1 inch. No
damage was reported in the socket connection after achieving a drift ratio of 9.6%. Figure 2-13

shows the square pocket connection.
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Figure 2-13. Cap beam with square socket connection [6]

Wang et al. [14] performed two tests on ABC connections. The first test was a square
socket connection with a gap size of 0.8 inches, and the filling material was a high-strength grout
of 10,100 psi. The compressive strength of the CIP concrete was 5,000 psi. The second test was a
circular pocket connection where concrete with a compression strength of 9,000 psi was used
instead of high-strength grout. At the final stage of the test, it was reported that the column
exhibited concrete crushing and buckling of longitudinal bars. Still, the ABC connections and cap

beam or foundation experienced almost no damage.

Zhang et al. [16] used ultra-high-performance concrete (UHPC) with a compressive
strength of 17,400 psi as the filling material for an internal socket connection. The test examined
a square shape for the internal socket and a 1.2 inches gap size between the precast members (see
Figure 2-14). After the test, the foundation had no visible cracks or damage for any of the
specimens. However, the column had some bar fractures near the foundation. It was reported that
the damage evolution and failure modes of the socket connection utilizing UHPC as filling material

were similar to that of the CIP connections.
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Figure 2-14. Foundation with a square socket connection [16]
A summary of the information collected for the gap size, shape, and filling material is

provided in Table 2-2. Included in Table 2-2 is an overview of the connection performance

presented in the NCHRP report [2].

Table 2-2. Summary of available test data for gap size, shape, and filling material for socket

connections
Type of Shape of Gap Connection
Author Filling material
connection connection size performance
Conventional The failure was due to
L concrete with at  buckling and fracture of
ess
Restrepo et Internal ) least 500 psi two-column reinforcing
Circular  than o
al. [3] pocket 3 higher strength  bars. The connection did
than adjoining not lose anchorage
members
Motaref et al.  Internal High-strength No damage to the
Octagonal  1.5" _ _
[5] pocket grout (7,000 psi) foundation
Mehrsoroush, High-strength Minor spalling of the
Internal
A., & Saiidi, . Circular  2.0"  non-shrinkage grout near the edges of
socket
M. S. [4] grout (7,710 psi) the socket
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Table 2-2. Summary of available test data for gap size, shape, and filling material for socket

connections (continued)

Type of Shape of Gap Connection
Author Filling material
connection connection size performance

‘ No damage was reported
High-strength
Mohebbi et Internal ‘ in the socket connection
Square 1.0”  non-shrinkage o )
al. [6] socket after achieving a drift

rout (8,600 psi
8 psi) ratio of 9.6%

The column had concrete

High-strength ~ crushing and buckling of

Wang et al. Internal o
Square 0.8"  grout (10,100 longitudinal bars. No
[14] socket _
psi) damage to the ABC
connections
A similar response to
Zhang et al. Internal UHPC (17,400 .
Square 1.2" ) companion CIP
[16] socket psi) _
connection tests
Conventional Yielding of column
Canha et al. External . ‘
Square 2.0"  concrete (7,800  reinforcement outside of
[10] socket

psi) the socket connection

2.3. Shear mechanism between adjoining elements

An important consideration when examining the seismic behavior of a socket connection
is the development of shear forces at the interface of the adjoining members and how these internal
forces influence the socket height or the choice of filling material. Furthermore, experimental
studies [3], [4], [10], [16], [19] have been performed to understand this shear transfer mechanism
and the variables that may influence the performance of the socket connection. Uniaxial tests are
beneficial for identifying friction forces developed at the interface of adjoining members. Tests
with lateral load and constant axial force at the top of the column simulate the moment, axial force,

and shear force the connection will experience in real-world conditions.
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Socket connections are subjected to complex stresses, including combinations of shear
forces, axial loads, and bending moments. Uniaxial tests isolate the axial load and help better
understand the connection performance under simplified conditions. This facilitates the study of
the fundamental bond characteristics of socket connections. A precise knowledge of this behavior
provides a basis for understanding a more complicated arrangement of loads for socket

connections.

Cheng, Z., & Sritharan, S. [19] conducted a uniaxial compression force test in a socket
connection. Figure 2-15 shows the test configuration. The authors indicated that some parameters
significantly influence the seismic behavior of the socket connection, especially for the shear
transfer mechanisms. These parameters included surface preparation along the socket height for

the socket walls and the precast structural element, gap size, and the filling material strength.

“Jack P
Load cell Bl I

Column
segment

e

[Fount{lz’ltionl"‘.“ .:'

Figure 2-15. Test configuration for uniaxial compression test in socket connection [19]

Cheng, Z., & Sritharan, S. [19] also indicated that the variable that controls the bond
strength in the socket is the surface preparation of the precast structural element. Thus, having a
smooth surface will deliver a lower bond strength increasing the likelihood of sliding between the
adjoining elements. Specifically, this study considered four different surface preparations for the

precast structural element, such as 13 mm fluted fin (F1GIM), 19 mm fluted fin (F2G1M),
19



Exposed aggregate (EG1IM), and Smooth (SGIC). Figure 2-16 depict the different surface

preparations.

e,

[19-mm fluted fin] osed aggregate

[13-mm fluted

Figure 2-16. Different surface preparation for embedded elements [19]

Figure 2-17 demonstrates that surface preparation influences the behavior of the connection
because roughness is necessary to develop bond strength between the filling material and the

precast element.

In their experiments, several researchers, such as Restrepo et al.[3], have considered a
lateral load and constant axial ratio to examine the external actions that act on a socket connection
in seismic conditions. Figure 2-18 shows the test setup of the socket connection, considering a 16-

gage corrugated steel pipe to form the socket and to help as hoop reinforcement.

Restrepo et al. [3] found that the reinforcement bars inside the socket had only minor bar
slips, indicating that the column bars were well anchored. Additionally, the stirrups placed within
the connection reached a maximum of 25% yielding, and the strains developed on the corrugated
steel pipe reached a maximum value of 37% yield at the mid-height of the socket. A supplementary
hoop on the connection at each end of the steel pipe was included to avoid unraveling; this

reinforcement reached 52% yield, indicating its contribution to the joint performance.
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Figure 2-17. Column-to-grout interface displacements with different surface preparations [19]
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Figure 2-18. Test setup for lateral load and constant axial load [3]
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Canha et al. [10] tested an external socket connection considering smooth interfaces
between the structural and socket elements. The test setup was arranged to transmit only axial
forces and bending moment and was achieved by applying an axial force with an eccentricity, as

shown in Figure 2-19.

Joint with
cast-in-place -
concrete e

%,

Socket
foundation

Steel structure

Figure 2-19. Test setup for external socket connection [10]

The bending moment and the strains developed at the reinforcement bars on the tension
side of the precast column inserted on the socket connection are shown in Figure 2-20 and Figure
2-21. Strains increase from the bottom of the column to the upper part of the socket connection,
indicating the transfer of forces from the column to the socket. In the test with a socket height of
1.6 Dc, the longitudinal bars experienced a slip in tension at the bottom of the socket. Strain

patterns in both specimens were observed to be similar.
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Figure 2-21. Bending moment versus strain of longitudinal bars of the column, with socket

height of 1.6 Dc [10]

Mehrsoroush, A., & Saiidi, M. S. [4] performed a quasi-static reverse cyclic test on a socket
connection to investigate the influence of additional reinforcement on the shear transfer between
adjoining precast elements. Hence, a threaded rod was embedded in the connection. Figure 2-22
shows how the threaded rod was placed inside the top of the column passing through the cap beam.
The maximum strains measured in the threaded rod were much less than the yielding strain,
indicating that the forces were mainly transferred by shear mechanisms between the column and

the cap beam at the socket interface.
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Figure 2-22. Socket connection with a threaded rod for enhancing the transfer of forces [4]

Zhang et al. [16] tested a socket connection considering a tooth on both surfaces between
the columns and the socket wall to act as a shear key, shown in Figure 2-23. In addition, a specimen
without shear keys was tested to compare the behavior of both scenarios. The strains on the
longitudinal bars were measured at different lateral displacement levels, as shown in Figure 2-24.
The strains are lower at the bottom of the column inside the socket connection, and the maximum

strain values are near the socket connection interface.
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Figure 2-23. Shear keys on the socket connection surfaces [16]
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Figure 2-24. Strain profile of longitudinal reinforcement. (a) With a shear key, (b) Smooth

surfaces [16]

It was determined that the shear keys provide greater load transfer, which helps to reduce
the strain on the longitudinal reinforcement of the column near the interface with the socket. The
members tested with shear keys also reduced the strain penetration length inside the socket
connection. Zhang et al. [16] indicated the shear key’s importance in reducing the longitudinal bar
strain penetration inside the socket connection. While there were observed benefits using shear

keys, the global behavior of the connection was similar for both specimens.

2.4. Analytical Models for Socket Connections

The researchers mentioned earlier in this chapter have been working to understand the
behavior of socket connections by studying parameters such as socket height, material properties,
and shear mechanisms through experimental programs. However, only a few proposed analytical
models can predict the transfer of forces and stresses acting on socket connections and their

components. Furthermore, no existing analytical model comprehensively relates the forces acting
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on different components and the impact of these forces on the various variables such as required

grout, required concrete strength, or socket height.

The analytical model proposed by Osanai et al. [20], shown in Figure 2-25, is a significant
contribution to understanding socket connections. This model, based on the equilibrium of forces,
has been verified through experimental tests. Applying axial and lateral forces at the top of the
columns generates shear and moment forces on the foundations, leading to internal friction forces

and horizontal reactions.

MR
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- -,
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Figure 2-25. Force transfer model for socket connections [20]

Osanai et al. [20] observed that the load-strain curves for the foundation reinforcement
closely match the predicted values near the ultimate load when friction coefficients between 0.5
and 1.0 are used. Specimens with embedment depths of 1.5 Dc and 1.25 Dc, provided with shear
keys, yielded results comparable to calculations with a friction coefficient of 1.0. Similarly,

specimens with an embedment depth of 1.0 Dc with shear keys produced results similar to those
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with a friction coefficient of 0.5. In conclusion, the model accurately predicted the forces acting
on the footing and columns, leading to a conservative reinforcement design for the structural

elements.

Canha ef al. [10] have proposed an analytical model for the portion of the column
embedded in the socket connection, as shown in Figure 2-26. This model, which is based on the
results of two experimental tests with socket heights of 1.6 h and 2.0 h for a square column, has
practical implications. It represents the behavior of the base of a precast column in socket
foundation connections with smooth interfaces, providing a safe estimate of the transverse

reinforcement required for these connections.
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Figure 2-26. Analytical model of the column inside a socket connection. [10]
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2.5. Discussion and knowledge gaps

While previous studies have explored the use of different socket heights for socket
connections, there is no consensus on how this variable should be designed. Additionally,
comparing socket heights across different studies can be challenging since multiple variables often

change, and it cannot be easy to attribute performance differences to a single variable.

The studies in this chapter considered different filling material types, demonstrating that
materials with higher compressive strength than precast elements can protect the socket. However,
there is no information on determining the required filling material strength to have a similar
behavior compared to the CIP structures while varying the socket heights. While different shapes
and gap sizes for socket connections have been examined, there is no direct relationship between

these design parameters and the global response of the structure.

Examining different approaches to enhance the transfer of forces from the structural
element to the adjoining member leads to reduced strains on the column reinforcement inside the
socket. However, the global behavior remains similar to an interface without additional shear
transfer mechanisms such as shear keys. Additionally, there has been little effort to quantify the
load transfer mechanisms to delineate what proportion of the load is transferred through contact

stresses (socket action) or shear stresses at the column-connection interface.

Despite the existence of different analytical models to predict the forces acting on the
column and the socket connection, no model currently relates different variables of the connection.
For example, there is no model that describes how varying socket heights impact the required grout

strength needed to develop the plastic hinge outside the connection.
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Chapter 3: Experimental Program

This chapter discusses the experimental program, which consisted of eight large-scale tests
on external socket connections. The program included six tests on circular reinforced concrete
(RC) columns and two tests on circular reinforced concrete-filled steel tube (RCFST) columns.
The experiments were conducted at the Constructed Facilities Laboratory (CFL) at North Carolina
State University (NCSU). This chapter outlines the experimental details of the columns and
external socket connections, including specimen construction and the instrumentation used for data

analysis in each test.

3.1. Column Test Matrix

The experimental program utilizes large-scale specimens comprising six RC columns and
two RCFST columns. These specimens are at a 'z scale, with column detailing representative of
common bridge construction practices. An analytical model, presented in Chapter 5, was used to
design the eight specimens, focusing on investigating the influence of different design parameters,
such as socket height and the concrete strength of the column portion inside the socket connection.

Table 1-1 outlines the key design parameters considered for the eight columns of this experimental

program.
Table 3-1. Column test matrix
Socket Concrete strength of
Test Diameter Longitudinal  Transverse
height the column inside the
number (in) steel steel (spirals)
(in) socket (ksi)
SJIS'1 24 24 #6 #3 @ 2"
24 6.0
(RC) (1.0 Dc) (p1=2.34%) (ps =1.04%)
SJS 2 18 24 #6 #3 @ 2"
24 6.0
(RO) (0.75 Dc) (p1=2.34%) (ps =1.04%)
SJS 3 20.4 24 #6 #3 @ 2"
24 8.3
(RC) (0.85 Dc) (p1=2.34%) (ps =1.04%)
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Table 3-1. Column test matrix (continued)

Socket Concrete strength of
Test Diameter Longitudinal Transverse
height the column inside the
number (in) steel steel (spirals)
(in) socket (ksi)
SJS 4 20.4 24 #6 #3 @ 2"
24 8.6
(RC) (0.85 Dc) (p1=2.34%) (ps =1.04%)
SJS 5 15.3 20 #5 #3 @ 2"
18 6.7
(RC) (0.85 Dc) (p1=2.40%) (ps =1.30%)
SJS 6 15.3 20 #5 #3 @ 2"
18 9.2
(RC) (0.85 Dc) (p1=2.40%) (ps =1.30%)
SJS 7 15.3 20 #5
18 5.6 no spirals
(RCFST) (0.85 Dc) (p1=2.40%)
SJS 8 22 20 #5
18 7.0 no spirals
(RCFST) (1.22 Dc) (p1=2.40%)

3.2. Column Test Details

The specimens SJS 1 to SIS 4 had a clear height of 7°-6" and a diameter of 24", resulting
in a height-to-diameter aspect ratio of 3.62, with a concrete cover of 1”. The columns were
reinforced with 24 Grade 60—A706 #6 longitudinal bars (pl = 2.34%), and the transverse steel
consisted of #3 spirals spaced at 2.0” intervals (ps = 1.04%). Figure 3-1 and Figure 3-2 show the

plan and elevation views of the column reinforcement, respectively.

The longitudinal reinforcement of the external socket for specimens SJS 1 to SJS 4
consisted of 24 Grade 80-A706 #7 bars. Steel sleeves-A36, 1/4" thick, were used to enclose the
concrete, and the socket wall thickness was 3 inches. Figure 3-3 and Figure 3-4 show the
reinforcement plan of the external socket wall. The external socket height varied, as shown in

Table 3-1.
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Figure 3-2. Column reinforcement for SJS1 to SJS4 - elevation view
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Figure 3-4. External socket reinforcement for SJS1

The specimens SJS 5 and SJS 6 had a clear height of 7°

to SJS4 - elevation view

-6" and a diameter of 18", resulting

in a height-to-diameter aspect ratio of 5.0, with a concrete cover of 1”. The columns were

reinforced with 20 Grade 60-A706 #5 longitudinal bars (pl = 2

4%). The transverse steel consisted

of #3 spirals spaced at 2.0" intervals (ps = 1.3%). Figure 3-5 and Figure 3-6 show the plan and

elevation views of the column reinforcement, respectively.
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The specimens SJS 7 and SJS 8 had a clear height of 7°-6" and a diameter of 18", resulting
in a height-to-diameter aspect ratio of 5.0. The columns were reinforced with 20 Grade 60-A706
#5 longitudinal bars (pl = 2.4%) and an external steel tube to confine the concrete, resulting in an
RCFST column. The clear distance between the longitudinal reinforcing steel and the inner surface
of the steel tube was 1”. The RCSFT has two cross-sections with varying steel thicknesses. The
portion of the column inside the external connection has a reduced steel thickness to minimize the
forces transmitted to the external socket. Figure 3-7 and Figure 3-8 show the plan view of the
RCFST column inside and outside of the external socket connection, and Figure 3-9 shows the

elevation view of the RCFST column reinforcement.

Steel tube A606-4 T

e=1/8" \ £ 0.9 ef @18 in
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Figure 3-7. Column reinforcement for SJS7 and SJS8 (inside socket connection) - plan view

e=3/8"

20 #5
longitudinal bars

Figure 3-8. Column reinforcement for SJS7 and SJS8 (outside socket connection) - plan view
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Figure 3-9. Column reinforcement for SIS7 and SJS8 - elevation view

The longitudinal reinforcement of the external socket for specimens SJS 5 to SJS 8
consisted of 20 Grade 80-A706 #6 bars. Steel sleeves-A36, 1/4"” thick, were used to enclose the
concrete, and the socket wall thickness was 3-1/4 inches. Figure 3-10 and Figure 3-11 show the
reinforcement plan of the external socket wall. The external socket height varied, as shown in

Table 3-1.
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Figure 3-11. External socket reinforcement for SJS5 to SJS8 - elevation view

The footing and cap beam were designed as capacity-protected components, and the same
detailing was used throughout all the specimens. Figure 3-12 shows the footing dimensions while
Figure 3-13, Figure 3-14, and Figure 3-15 show the plan and lateral views of the footing

reinforcement, respectively.
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Figure 3-13. Footing reinforcement - plan view

37



‘. #8 U-bars

7 #5 straight bars
A / a B
e 4/ o Ao 0 TENGe 6 @a as ﬂ/{%
] < al . )
ﬂ_ 4 l‘,"‘i R . . P ) < '
yal <t e e 40| #5 J-hooks
1 < / - - A
2 4 4 ./1. ¥ . B X e . )
A | I | IR . “| #5 straight bars
[ a’ o
. ! E . A ,‘/
oL U U .Q DOy @ 070
5!
Figure 3-14. Footing reinforcement — front view
4 #9 Z-bars
#5 J'm\ / #8 U-bars Top and
/ bottom
\i I’.ﬁ’
2 4-;‘7.. _'__‘\'. A . L - , ay a. '7<4‘7
| A AT e L T s B I Y || #5 straight bars Top
2 . L . o - '/ﬁd z: ‘A“. - A_. . - . : ‘ and bottom
N t T . A : 4 ag
81

Figure 3-15. Footing reinforcement - side view

3.3. Construction Process

This section describes the construction process for the footings, external socket wall, RC
columns, and RCFST columns. Notably, SJS 2, SJS 3, and SJS 5 did not sustain significant damage
(as explained in Chapter 4), allowing for the repair of the column portions inside the sockets, which
led to the tests SIS 3, SJS 4, and SJS 6, respectively. Schematics of the construction processes are
provided: Figure 3-16 for the footing and external socket, Figure 3-17 for the RC column and cap-
beam, Figure 3-18 for the RCFST column and cap-beam, and Figure 3-19 for the repair process.
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Footing and external socket construction

Place the
steel sleeves
for the socket
wall

Tie the
footing and
socket wall
steel

Cast the
concrete for
the external
socket wall

Cast the
concrete of
the footing

Figure 3-16. Construction sequence for footing and external socket

RC column and cap-beam construction

Tie the
column and
cap-beam
steel

Cast the
concrete of
the column

Block out of
concrete
cover

Cast the
concrete of
the cap-beam

Place the
sonotube

Figure 3-17. Construction sequence for RC column and cap-beam
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RCFST column and cap-beam construction

Tie the
column and
cap-beam
steel

Place steel

Cast the
concrete of
the cap-beam

Cast the
concrete of
the column

Figure 3-18. Construction sequence for RCFST column and cap-beam

RC column repair

Remove the Cast the
damaged concrete of

concrete the repair

Place the
sonotube

Figure 3-19. Construction sequence for RC column repair
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3.3.1. Footing and external socket

To start the footing construction process, a steel formwork was assembled with one wall
left open to facilitate the placement of the footing reinforcement, as shown in Figure 3-20. Four
PVC pipes of 3 inches and a 4"x10"” foam block were placed in the formwork to allocate post-
tension bars and axial load bars, respectively. The longitudinal Z-bars and U-bars were tied
together before being placed in the formwork (see Figure 3-21) and set on 1.5-inch slab bolsters,
with temporary bars at the top to maintain the correct position of the reinforcement, as shown in

Figure 3-22.

Next, the rest of the longitudinal steel and the bottom layer of the transverse steel were
placed in the formwork, as shown in Figure 3-23. Afterward, the top layer of transverse steel was
added, and J-hooks were positioned near the pipes (see Figure 3-24). The longitudinal steel for the
external socket was placed using a wooden template, as shown in Figure 3-25, and the remaining

J-hooks were positioned around the external socket reinforcement, as shown in Figure 3-26.

Figure 3-20. Formwork assembly for the footing
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Figure 3-22.

Placement of PVC pipes and foam block-outs
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Figure 3-24. Placement of J-hooks near the PVC pipes
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Placement of longitudinal reinforcement of the external socket wall
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26. Placement of J-hooks around the external socket reinforcement

Figure 3-
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Finally, the remaining formwork wall was added, and the footing was ready for casting.
Figure 3-27 shows the footing ready to be cast with the reinforcement for the external socket
connection. Figure 3-28 and Figure 3-29 show the footing after casting and after removing the

formwork.

Figure 3-27. Formwork and reinforcing steel ready for casting

The next step was removing the mill scale from the external sleeve for instrumentation.
The cleaned sleeve can be seen in Figure 3-30. Then, the two sleeves were placed around the
external reinforcement of the socket, as shown in Figure 3-31. As shown in Figure 3-32 and Figure
3-33, the external sleeve was painted with primer, and silicone was applied at the bottom of both

sleeves to prevent concrete leakage during casting.
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Figure 3-29. Footing concrete after removing the formwork
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Figure 3-31. Placement of steel sleeves for external socket connection
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Figure 3-33. Placement of silicone on the external socket sleeve

After the silicone dried, the external sleeve was wrapped in plastic to facilitate cleaning
after casting. Figure 3-34 shows the external socket wall after casting. Finally, the external sleeve
was cleaned, and a final coat of paint was given (see Figure 3-35). Additionally, it was speckled

for Digital Image correlation (DIC), as shown in Figure 3-36.
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Figure 3-34. External socket wall after casting

Figure 3-35. Final coating of external socket sleeve
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Figure 3-36. Speckle pattern on external socket sleeve

3.3.2. RC column and cap-beam

The longitudinal bars of the RC column were placed through a continuous spiral and tied
to two wooden exterior supports in a circular configuration, as shown in Figure 3-37. As shown in
Figure 3-38, wooden spacers were used to maintain a clear spacing of 1.625 inches for the
transverse reinforcement, and interior circular wooden supports were used at two locations to
ensure the column circular shape remained consistent throughout its height, as can be noticed in
Figure 3-39. The spirals were then tied to the longitudinal steel at a uniform spacing of 2 inches
from center to center. Each spiral and longitudinal bar intersection was tied diagonally to prevent

slipping, as can be noticed in Figure 3-40.
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Figure 3-39. Internal wood template for the longitudinal steel of the RC column

Next, the formwork for the cap beam was constructed using 2x4 wood and 3/4"” plywood,
as shown in Figure 3-41. Holes were drilled in the cap beam box for 2-inch diameter horizontal
PVC pipes used for the actuator connection. Care was taken to ensure the cap beam was square

and level.

52



Figure 3-41. Cap beam formwork
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Once the cap-beam formwork was ready, the longitudinal steel cage was removed from the
wooden templates. The reinforcing steel cage for the cap beam was then tied to the column steel
(see Figure 3-42) and was located inside the cap-beam formwork. The PVC pipes were inserted,
and the cap-beam formwork was closed in preparation for casting. Figure 3-43 shows the PVC
pipes and the steel of the cap beam inside the formwork. The column reinforcement and cap beam
formwork were moved to a flat casting slab for the casting process, as shown in Figure 3-44, where
it can be noticed that the column was leveled using straps attached to the formwork. A photo of

the cap beam after removing the formwork is shown in Figure 3-45.

For instrumentation purposes, foam strips were tied to the transverse and longitudinal bars
to block the concrete cover at the expected location of the plastic hinge on the column. The foam
was wrapped in plastic to ensure easy removal of the concrete paste after casting. Figure 3-46 and
Figure 3-47 show the block-outs on the column. As shown in Figure 3-48, a Sonotube (heavy-duty
cardboard formwork) was placed around the reinforcing steel to give the circular shape to the

column.

Figure 3-42. Cap beam reinforcement and steel cage of the RC column
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Figure 3-43. Cap beam reinforcement inside the formwork

With the Sonotube in place, the final step was casting the column. Figure 3-49 shows the

column after casting, and Figure 3-50 shows the columns after removing the Sonotube.

Figure 3-51 shows the column after the block-outs were removed. The exposed reinforcing
steel bars were cleaned with a wire brush to remove the excess cement paste, as shown in Figure
3-52. After cleaning the reinforcement, the column was ready to be inserted into the external socket

connection.
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Figure 3-44. Cap beam formwork and steel reinforcement for RC column ready to cast
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Figure 3-46. Foam block-outs attached to the longitudinal and transverse reinforcement
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Figure 3-48. Sonotube placed around the longitudinal reinforcement of the RC column
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Figure 3-50. Concrete column after removing the Sonotube
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Figure 3-52. Concrete column after cleaning the reinforcing bars
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3.3.3. RCFST column and cap-beam

The longitudinal bars of the RCFST column were tied to two wooden exterior supports in
a circular configuration, with interior circular wooden supports used at two locations to ensure the
column circular shape remained consistent throughout its height, as shown in Figure 3-53. Circular
hoops were placed along the column height to maintain the longitudinal steel position until the cap
beam was cast. The reinforcing steel cage for the cap beam was then tied to the column longitudinal

steel. Figure 3-54 shows the cap beam reinforcement tied to the column reinforcing steel.

Figure 3-53. Setup for building the steel cage of the RCFST column
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Figure 3-54. Cap beam reinforcement and steel cage of the RCFST column

The formwork for the cap beam followed the same procedure as that used for the RC
column (see Figure 3-41 and Figure 3-43). Once the cap-beam formwork was ready, the
longitudinal steel cage was removed from the wooden templates and placed inside the formwork.
Straps were used to level and stabilize the column before casting. Figure 3-55 shows the column
and cap beam ready to be moved to a flat slab for casting. A photo of the cap beam after removing

the formwork is shown in Figure 3-56.
The mill scale at the expected plastic hinge region was removed from the two circular steel

tubes for instrumentation purposes. Figure 3-57 and Figure 3-58 show the cleaned steel tubes for

the 3/8" thickness and 1/8" thickness, respectively.
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Figure 3-56. Cap beam of the RCFST after removing the formwork
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The steel tubes were placed around the column longitudinal reinforcing steel, as seen in
Figure 3-59. Silicone was applied where the steel tube touched the cap beam to avoid leakage
during casting, and duct tape was used to seal the interface between the two steel tubes for easy

removal after casting. Figure 3-60 shows the casting of the RCFST column.

Figure 3-58. Circular steel tube (1/8") without mill scale at the expected plastic hinge region
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Figure 3-59. Steel tubes placed around the longitudinal reinforcement of the RCFST column
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Figure 3-60. Casting of RCFST column

After casting, a final coat of paint was applied to the portion of the column where the plastic

hinge is expected, and then a speckle pattern for DIC was added, as shown in Figure 3-61.
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Figure 3-61. Speckle pattern on circular steel tubes for RCFST column

3.3.4. RC column repair

After each experimental test, the column and external socket connection were examined
for damage. For specimens SJS 2, SJS 3, and SJS 5, the damage was concentrated on the portion
of the column inside the external socket connection. However, the column above the connection

interface remained elastic, with only minor cracks in the concrete column. Therefore, it was
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decided to repair only the damaged portion of the column, using higher concrete strength as
suggested by the analytical model (discussed in Chapter 6) to ensure failure occurs above the

external socket connection interface.

Initially, any damaged concrete was carefully removed with a chipping hammer until the
remaining concrete was solid. Figure 3-62 shows the process of removing the loose concrete, and

Figure 3-63 shows the column after the loose material was removed.

Figure 3-62. Removing damaged concrete for repair

After cleaning the column, it was placed vertically, and a Sonotube was positioned around
the repair area. Silicone was applied at the interface with the concrete column to prevent leakage
during the casting of the repaired portion. Figure 3-64 shows the casting of the repaired portion of

the column, and Figure 3-65 shows the repaired column after removing the Sonotube.
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Figure 3-64. Casting of the repaired RC column
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Figure 3-65. Repaired RC column

3.3.5. Integrating Column into external socket

An overhead crane was employed to insert the column into the external socket connection.
The crane brought the column to a horizontal position, as seen in Figure 3-66. The next step

involved placing hooks on the cap beam to lift the column vertically, as Figure 3-67 shows.

70



Figure 3-66. Positioning the column horizontally

The crane was then used to align the column with the socket and slowly lowered into place.
Figure 3-68 illustrates the column positioned inside the external socket connection, and Figure

3-69 shows the leveling of the column once it was inserted into the connection.

After the column was inserted into the socket, grout was used to fill the gap between the
column and the external socket walls. The gap was filled carefully to ensure uniform distribution
of the material around the connection. Figure 3-70 shows the casting of the grout around the
column within the socket while Figure 3-71 depicts the column and external socket connection

after the grout has filled the gap between both structural elements.
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67. Lifting the column in a vertical position

Figure 3
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Figure 3-69. Leveling the column in the external socket
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Figure 3-71. Column and external socket connection after filling the gap with grout
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3.4. Material tests for column and connection components

Material tests were conducted on the concrete, grout, and steel used in each specimen to

assess mechanical properties, including concrete strength, grout strength, and the stress-strain

characteristics of the different types of steel utilized in the experimental program.

Concrete and grout compression tests were performed on 4”x8" cylinders in accordance

with ASTM C39 [21]. We used ASTM C39 for testing the grout material because, in most cases,

coarse aggregate was included in the grout mix, making ASTM C39 a more appropriate standard

for evaluating its compressive strength. As summarized in Table 3-2, concrete casting dates for

each specimen are provided for the footings, cap beams, columns, repaired columns, external

socket walls, and grout. On the test day, material test cylinders corresponding to each structural

component were tested. These cylinders were stored under the same environmental conditions as

the specimens to ensure consistency. The test day strengths for footing and cap beams, columns,

repaired columns, external socket wall, and grout are provided in Table 3-3, Table 3-4, Table 3-5,

Table 3-6, and Table 3-7, respectively.

Table 3-2. Casting dates of structural components

Footing and

Repaired column

Specimen Column (inside socket Socket wall Grout
cap beam
connection)
SIS'1 N/A 31-Aug-2021 22-Dec-2021
SJS 2 N/A 27-Apr-2022  4-May-2022
21-Jun-2021  8-Oct-2021
SJS 3 3-Aug-2022 3-Aug-2022  14-Sep-2022
SJS 4 25-Jan-2023 3-Aug-2022  9-Mar-2023
SIS 5 N/A 15-Sep-2023  9-Oct-2023
12-Jan-2023  31-Mar-2023
SJS 6 30-Nov-2023 15-Sep-2023  15-Dec-2023
SJS 7 28-Aug-2023 N/A 10-Oct-2023  8-Nov-2023
9-Aug-2023
SJS 8 6-Apr-2024 N/A 23-Apr-2024  1-May-2024
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Table 3-3. Test Day concrete compression strength of footing and cap beam

Structural
Cylinder Concrete f’c (ksi)

component
1 5.46
Footing and cap beam 2 5.67
(SJS1to SIS 4) 3 5.69
average 5.61
1 4.22
Footing and cap beam 2 4.23
(SJS 5 and SJS 6) 3 4.33
average 4.26
1 6.16
Footing and cap beam 2 6.21
(SJS 7 and SJS 8) 3 6.28
average 6.22

Table 3-4. Test Day concrete compression strength of columns

Structural
Cylinder Concrete f°c (ksi)

component
1 6.32
RC column 2 5.87
(SJS1toSJS4) 3 5.93
average 6.04
1 6.69
RC column 2 7.04
(SJS 5 and SIS 6) 3 6.61
average 6.78
1 5.53
RCFST column 2 5.71
(SJS7) 3 5.53

average 5.59




Table 3-4. Test Day concrete compression strength of columns (continued)

Structural Concrete
Cylinder
component fc (ksi)
1 6.72
RCFST Column 2 7.30
(SJS 8) 3 6.98
average 7.00

Table 3-5. Test Day concrete compression strength of the repaired portion of columns

Structural Concrete
Cylinder
component fc (ksi)
. . 1 10.07
Repaired portion of
2 9.89
columns
3 9.99
(SIS 3)
average 9.98
. . 1 8.26
Repaired portion of
2 8.50
columns
3 8.03
(SIS 4)
average 8.27
. . 1 8.00
Repaired portion of
2 11.18
columns
3 8.39
(SIS 6)
average 9.19

Table 3-6. Test Day concrete compression strength of external socket wall

Structural Concrete
Cylinder
component fc (ksi)
1 12.97
Socket wall 2 12.93
(SJS1) 3 12.89
average 12.93
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Table 3-6. Test Day concrete compression strength of external socket wall (continued)

Structural Concrete
Cylinder
component fc (ksi)
1 10.39
Socket wall 2 8.90
(SJS 2) 3 9.25
average 9.51
1 12.64
Socket wall 2 11.71
(SJS 3 and SIS 4) 3 11.98
average 12.11
1 14.55
Socket wall 2 12.66
(SJS 5 and SIS 6) 3 14.76
average 13.99
1 11.45
Socket wall 2 11.49
(SJS7) 3 10.91
average 11.28
1 13.86
Socket wall 2 13.39
(SJS 8) 3 14.91
average 14.05

Table 3-7. Test Day grout compression strength

Structural Grout
Cylinder
component fcg (ksi)
1 7.75
Grout 2 8.27
(SJS1) 3 7.64

average 7.89




Table 3-7. Test Day grout compression strength (continued)

Structural Grout
Cylinder
component f’cg (ksi)

1 6.98

Grout 2 6.19
(SJS 2) 3 6.44
average 6.53

1 9.36

Grout 2 8.96
(SJS 3) 3 9.06
average 9.13

1 9.55

Grout 2 9.66
(SJS 4) 3 9.93
average 9.71

1 10.01

Grout 2 10.33
(SJS5) 3 10.65
average 10.33

1 10.10
Grout 2 9.93
(SJS 6) 3 9.93
average 9.99
1 9.05
Grout 2 9.08
(SJS7) 3 9.06
average 9.06
1 5.90
Grout 2 5.97
(SJS 8) 3 5.59

average 5.82




Tension tests were performed to quantify the stress-strain properties of the reinforcing steel
used in the construction of the columns, footings, and external sockets. These tests were conducted
in accordance with ASTM A370 [22]. For reinforcing bars, stress-strain curves were obtained
using Optotrak LED markers, as shown in Figure 3-72, while strain gauges were used for the

sleeves and tubes, as shown in Figure 3-73.

Figure 3-72. Instrumented reinforcing bar with Optotrak LED markers

Figure 3-74, Figure 3-75, and Figure 3-76 illustrate the stress-strain responses of the steel
used for concrete reinforcement, the socket wall’s external and internal sleeves, and the RCFST
column’s steel tube that goes inside the connection, respectively. Table 3-8 summarizes the tension
test parameters for the various components of the specimens. The yield strain of the steel was
determined at the transition point where the linear portion of the stress-strain curve ends, and the

non-linear portion begins.
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Figure 3-73. Instrumented coupon steel with strain gage
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Figure 3-75. Stress-strain curves for steel sleeves used in SJS 1 to SJS 8
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Figure 3-76. Stress-strain curves for steel tubes used in SJS 7 and SJS 8
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Table 3-8. Tension test parameters

Yield Yield Maximum  Strain at
Steel stress strain stress maximum
(ksi) (%) (ksi) stress (%)

Longitudinal steel of the
column and footing 68.4 0.23 97.6 12.6
(Grade 60 - A706)

Longitudinal steel of the socket

86.5 0.37 113.4 9.07
(Grade 80 - A706)
Steel of socket sleeve for SJS 1
42.6 0.21 71.3 17.6
to SJS 4 (A-36)
Steel of socket sleeve for SJS 5
55.0 0.24 71.2 11.5
to SJS 7 (A-36)
Steel of socket sleeve for SJS8
46.6 0.18 63.1 20.1
(A-36)
Steel tube inside the external
60.6 0.23 74.0 15.7
connection (A606-4)
Steel tube outside the external
56.8 — 80.3 234

connection (A709-G50)

3.5. Experimental Test Setup

The large-scale specimens were subjected to lateral loading using a 220-kip hydraulic
actuator with a 40-inch stroke, anchored to a strong wall via a steel plate. The specimen was
positioned at mid-stroke. To apply an axial load ratio of 5% to the column, two 100-kip hydraulic
jacks were used, interconnected with a third jack in a Universal Testing Machine (UTM) to
maintain a constant axial load. The UTM automatically compensated for any pressure variations,
ensuring consistent load application throughout the test. Gypsum cement was cast between the
footing and the strong floor to optimize surface contact and increase friction. Additionally, the
foundation was post-tensioned to the strong floor using four 1-3/8" bars, each stressed to 100 kips.

Figure 3-77 and Figure 3-78 illustrate the experimental test setup.
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Figure 3-77. Experimental test setup — lateral view

.

Figure 3-78. Experimental test setup — actual test setup
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3.5.1. Loading Protocol

During the experiments, the specimens were subjected to a reverse cyclic unidirectional
quasi-static load applied at the top of the column, as illustrated in Figure 3-79. Positive force and

displacement values indicate an applied force pushing the column north, while negative values

signify forces pulling the column south.

Lateral force

= (D)
:: : External socket
Column ILEEES S =iniin /
Footing

Figure 3-79. Loading scheme of the large-scale column test

The loading protocol for the eight large-scale tests included a single cycle at quarter, half,
three-quarters, and yield displacement. Beyond the first yield, the protocol involved three cycles
at increasing increments of displacement ductility. The displacement ductility of one is determined
by extrapolating the experimentally measured first yield displacement to the nominal moment

capacity of the cross-section, as expressed in Equation 3-1. To calculate any displacement at any
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given ductility level "n”, the displacement at ductility one is multiplied by the desired ductility "n”
as described in Equation 3-2. For instance, the displacement at ductility three is obtained by
multiplying the displacement at ductility one by three. This method provides a consistent reference
point for assessing the column inelastic behavior and is a standard approach used in both research

and engineering practice.

. _ My
Equation 3-1 W = i, 2y
Equation 3-2 Wp = N * Py

Displacement ductility is crucial for identifying the inelastic response of the structural
element, which is important for understanding its ability to displace without significant strength
degradation during a seismic event. Figure 3-80 provides an example of a loading protocol for the

experimental program.
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Figure 3-80. Example of loading protocol for the experimental program

The experimental tests were conducted until the recorded force dropped by approximately
40% from the maximum value observed during the experiment. Figure 3-81 illustrates a force-

displacement response, where the force degradation and subsequent force drop can be observed.
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Figure 3-81. Force-displacement response of SJS 1
3.5.2. Instrumentation

Global displacement measurements of the specimens were obtained using two string
potentiometers strategically positioned at the center and edge of the cap beam to monitor potential

twisting of the specimen. Figure 3-82 provides a close-up of the string potentiometer locations.

The longitudinal bars in the external socket wall were equipped with 12 strain gauges to
measure the strains in the reinforcement. Figure 3-83 illustrates the placement of these strain

gauges on the socket longitudinal bars.

To measure the displacement response of the RC columns, the Optotrak Certus HD system
was employed, utilizing 288 LED markers placed on exposed reinforcing steel at the anticipated
plastic hinge locations of the specimens. Calibrated cameras recorded the LEDs, allowing for the

capture of the three-dimensional displacement history of the longitudinal bars and spirals. This
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data facilitated the determination of the axial and bending strain of the column reinforcing steel,
as well as the shear deformation of the specimen. Figure 3-84 shows the distribution of LED

markers on the extreme reinforcing steel of the column.

Figure 3-82. Actual location of string potentiometers

Column_‘
"'\-.._‘k
Dol Legend
\ x - Bar designation (i.e N,S,E,W)
\ S - Socket longitudinal bar
I - Electric resistance strain gage
1| |x S-2
Footing
\
| [x s

Figure 3-83. Typical layout of strain gages for external socket longitudinal bars
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Figure 3-84. Distribution of LED markers on the south face of the column

Additionally, Digital Image Correlation (DIC) was used to monitor displacements and
strains of the external socket sleeve and the steel tube of the RCFST during testing. Two sets of
cameras captured approximately two-thirds of the circumference of both the external socket
sleeves and the RCFST column at the expected plastic hinge region. Figure 3-85 shows the areas
captured by the two sets of cameras for the external socket sleeve. Figure 3-86 depicts the overall

test setup and instrumentation.
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Figure 3-86. Test setup and instrumentation

90



Chapter 4: Global Response and Experimental Observations

This chapter discusses the global response of the eight large-scale tests by using moment-
displacement curves. These curves offer a comprehensive understanding of the column behavior
under cyclic lateral loads, providing insights into key characteristics such as stiffness, ductility,
and strength degradation. The moment-displacement curve enhances our understanding of column
behavior and informs the design process, ensuring that structures can withstand seismic forces and
contribute to overall safety and resilience in earthquake-prone regions. Additionally, this chapter
includes observations on damage progression throughout the tests. To accurately identify damage
to the longitudinal reinforcement, each reinforcing bar was labeled as shown in Figure 4-1. Table

4-1 summarizes the global response and failure modes for specimens SJS 1 through SJS 8.

(b)

Figure 4-1. Label of longitudinal reinforcing bar. a) For SIS 1 to SJS 4. b) For SIS 5y SJS6

Additionally, the external socket wall remained without significant damage, with only
minor radial cracks appearing in the concrete and grout prior to the first yield displacement for all
the specimens. The footing also sustained no visible damage and remained as a capacity-protected

element for SJS1 to SJSS.

91



Table 4-1. Summary of global response of test SJS1 to SJS8

Column Peak moment Ductility Drift at
Failure mode
Test nominal of the column at limit limit
(Reached limit state)
capacity (kip-ft) (kip-ft) state state
SIS 1 Flexural failure of the
598.8 632.9 -u4’ 6.6%
(1.0Dc) column. Bar fracture
SJS2
598.8 476.4 Grout crushing +ul.5? 5.9%
(0.75Dc)
SJS 3
598.8 562.6 Grout crushing +u3? 4.9%
(0.85Dc)
SJS 4
598.8 631.7 Grout crushing +p4! 6.9%
(0.85Dc)
Shear failure of the
SJS 5
2543 256.7 column inside the +u33 5.3%
(0.85Dc)
external socket
SIS 6 Flexural failure of the
254.3 271.7 -u4.4? 7.8%
(0.85Dc) column. Bar fracture
Shear failure of the
SJS 7 o
301.7 315.7 column inside the +us? 6.2%
(0.85Dc)
external socket
SJS 8 Flexural failure of the
308.5 318.6 +u7! 7.5%
(1.22Dc) column. Bar fracture

For tests that include the external socket connection, references to ‘column yield” and
‘ductility increments’ should not be interpreted as indicative of traditional column yielding. This
is because the global displacement includes the effects of rocking and rotation at the external
socket, rather than solely the column flexural displacement. As a result, terms like ‘ductility four’
should not be taken to imply that the column reached four times its flexural yielding displacement.
Instead, it is more appropriate to consider the loading increments in terms of lateral displacement
or drift. However, the term ‘ductility increment’ is retained because of familiarity with engineering

practices.
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4.1. Specimen SJS1

Column test SJIS1 was performed on Friday, January 14, 2022, at the Constructed Facilities
Laboratory at NCSU. A summary of the key parameters for SJS1 is provided in Table 4-2.

Table 4-2. Summary of SJS1 parameters

Column parameters

Longitudinal steel detailing 24#6 A706 (pi=2.34%)
Transverse steel #3 spirals @ 2 inches (ps=1.04%)
Longitudinal steel yield strength 68.4 ksi
Concrete strength 6.0 ksi
Diameter of the column 24 in
Height of the column 90 in
Axial load ratio 5%
First yield displacement 1.08 in
Equivalent yield displacement 1.48 in
Maximum applied moment at )
socket interface 632.9 kap-f
Failure mode Rupture of longitudinal bars N5, N6, and N7
Socket parameters
Longitudinal steel detailing 24#7 AT706
Longitudinal steel yield strength 86.5 ksi
Steel sleeve yield strength 42.6 ksi
Thickness of steel sleeves 1/4 in
Concrete strength 12.9 ksi
Grout strength 7.9 ksi
Height of external socket 24 in (1.0 Diameter of the column)
Internal diameter 26 in
External diameter 321in

93



The column had a clear height of 7°-6" and a diameter of 24", resulting in a height-to-
diameter aspect ratio of 3.62, with a concrete cover of 1”. It was reinforced with 24 Grade 60-
A706 #6 longitudinal bars (pl = 2.34%), and the transverse reinforcement consisted of #3 spirals
with a spacing of 2.0” center to center (ps = 1.04%).

The external socket had a height of 24", resulting in a height-to-diameter ratio of 1.0 (1.0
Dc). The socket longitudinal reinforcement included 24 Grade 80-A706 #7 bars, and the concrete

was confined with 1/4” thick steel sleeves.

4.1.1. Loading Protocol of SJS1

The initial part of the loading history consisted of a single cycle at quarter, half, three-
fourths, and full yield displacement. The experimentally measured first yield displacement was

A’y = 1.08 in.

For cycles beyond the first yield, the loading protocol involved three cycles at increments
of displacement ductility, as determined by Equation 3-1 and Equation 3-2. Table 4-3 presents the
values of the ductility displacements applied to SJS1, and Figure 4-2 illustrates the load history for
SJSI.

Table 4-3. Displacement ductility of SJS 1
Ductility A (in)  Drift (%)

Wi 1.48 1.6
s 2.23 2.5
w2 2.97 3.3
1 445 49
4 5.93 6.6
s 7.42 8.2
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Figure 4-2. Displacement history of SJS1

4.1.2. Global Response of SJS1

Figure 4-3 presents the moment-displacement response of the column at the socket
interface for SJS1. This specimen achieved a displacement ductility of five, with the maximum
applied moment reaching 632.9 kip-ft at ductility three. At this stage, the column concrete core
began to experience crushing. During ductility four, noticeable strength degradation occurred as
bar buckling initiated, leading to the fracture of longitudinal bars N5, N6, and N7 during the third
negative cycle of ductility four. A drop of approximately 40% from the maximum moment was
observed during the first cycle of ductility 5, at which point the test was concluded. Notably, the
plastic hinge successfully formed on the column above the interface of the external socket

connection, with a socket height of 1.0 Dc.

Figure 4-4 compares the predicted response of a CIP column, derived from moment-
curvature analysis using the same material properties as the experimental test, with the envelope
of the moment response for SJS1 during the first and third cycles of each ductility displacement.
The maximum moment reached by SJS1 was 5.7% higher than the nominal capacity of a CIP
column. Strength degradation became evident at a drift of 6.6%, coinciding with the onset of bar

buckling.
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4.1.3. Damage progression of SJS1

The first cracks occurred at half of the first yield displacement, appearing only at the
external socket wall in a radial direction, as shown in Figure 4-5. The cracks marked in red are
related to the positive loading direction, while black cracks represented those that occurred during

the pull direction of loading.

Figure 4-5. Cracks at external socket connection at half of the first yield displacement

A 0.079” (2.0 mm) gap between the steel sleeves and the concrete of the external socket
appeared at the end of the three cycles of ductility one, as shown in Figure 4-6. The column itself
had crack widths of at most 0.016” (0.4 mm) thickness. Additionally, a 0.039” (1 mm) uplift of
the column relative to the top of the socket was noted. Figure 4-7 shows the crack pattern of the

specimen at the last cycle of ductility one.
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Figure 4-7. Crack pattern on south surface at last cycle of ductility one
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The concrete cover that was in contact with the external socket started to crush at ductility
2 while the gap between the steel sleeve and the concrete of the socket increased to 0.138” (3.5
mm). Additionally, the flexural cracks on the columns near the external socket increased in width
to 0.024” (0.6 mm). Figure 4-8 shows the crack pattern of the specimen at the last cycle of ductility

two.

Figure 4-8. The crack pattern on the south surface at last cycle of ductility two
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Crushing of the core was first observed at ductility 3, while the gap between the steel sleeve
and the concrete of the socket increased to 0.177” (4.5 mm). Figure 4-9 presents the damage of the

specimen at ductility three.

Reinforcing bar buckling occurred during the third positive cycle of ductility four when
bars N4, N5, N6, N7, and N8 experienced buckling, as shown in Figure 4-10. Upon opposite
direction loading (third negative cycle of ductility four), bars N5, N6 and N7 fractured, as shown
in Figure 4-11.

"mul ’ k

Figure 4-9. Damage of the specimen on the south surface at ductility three
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Figure 4-11. Fracture of longitudinal bars on the north surface at ductility four

The last loading cycle was at ductility five. The remaining bars on the north surface

experienced large buckling deformation, as noted in Figure 4-12.
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Figure 4-12. Buckled bars on the north surface of the column at ductility five

The footing did not present any significant cracks through the test. Additionally, the grout
between the column and the socket did not present any damage. The concrete of the external socket
presented only the radial cracks that appeared at the beginning of the test. Figure 4-13 shows the

damage of the footing and external socket connection.

Figure 4-13. Damage on the footing and the external socket
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Figure 4-14 shows the spread of damage on the north face of the column, with visible

concrete crushing extending 10 in (255 mm) from the socket surface.

Figure 4-14. Spread of damage on the column at the north face
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4.2. Specimen SJS-2

Column test SJS2 was performed on Tuesday, May 24, 2022, at the Constructed Facilities

Laboratory at NCSU. A summary of the key parameters for SJS2 is provided in Table 4-4.

Table 4-4. Summary of SJS2 parameters

Column parameters

Longitudinal steel detailing 24#6 A706 (pi=2.34%)
Transverse steel #3 spirals @ 2 inches (ps=1.04%)
Longitudinal steel yield strength 68.4 ksi
Concrete strength 6.0 ksi
Diameter of the column 24 in
Height of the column 90 in
Axial load ratio 5%
First yield displacement 2.58 in
Equivalent yield displacement 3.57 in
Maximum applied moment at socket )
erface 476.4 kip-ft
Failure mode Crushing of grout, rocking of column
Socket parameters
Longitudinal steel detailing 24#7 AT706
Longitudinal steel yield strength 86.5 ksi
Steel sleeve yield strength 42.6 ksi
Thickness of the steel sleeves 1/4 in
Concrete strength 9.5 ksi
Grout strength 6.5 ksi
Height of external socket 18 in (0.75 Diameter of the column)
Internal diameter 26 in
External diameter 321in
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The column had a clear height of 7°-6" and a diameter of 24", resulting in a height-to-
diameter aspect ratio of 3.62, with a concrete cover of 1”. It was reinforced with 24 Grade 60-
A706 #6 longitudinal bars (pl = 2.34%), and the transverse reinforcement consisted of #3 spirals
with a spacing of 2.0” center to center (ps = 1.04%).

The external socket had a height of 18", resulting in a height-to-diameter ratio of 0.75 (0.75
Dc). The socket longitudinal reinforcement included 24 Grade 80-A706 #7 bars, and the concrete

was confined with 1/4” thick steel sleeves.

4.2.1. Loading Protocol of SJS2

The initial part of the loading history consisted of a single cycle at a quarter, half, three-
fourths, and the yield displacement. The experimentally measured first yield displacement was

A’y=2.58 in.

For cycles beyond the first yield, the loading protocol involved three cycles at increments
of displacement ductility, as determined by Equation 3-1 and Equation 3-2. Table 4-5 presents the
values of the ductility displacements applied to SJS2, and Figure 4-15 illustrates the load history
for SJS2.

Table 4-5. Displacement ductility of SJS 2
Ductility A (in)  Drift (%)

Wi 3.57 4.0
wis 5.35 5.9
1 7.13 7.9

105



[ Grout crushing 2

1.5

£ | 1 4
= 3f dj
=] -
P 12 §
A A x o
Q 0 =
a1 V £
@ | -2 Q
Sl
5”1 4
'__ -

-5 1 6

7 + -8

9 — -10

0 2 4 6 8 10 12 14 16 18 20 22
Load step

Figure 4-15. Displacement history of SJS 2

4.2.2. Global Response of SJS2

Figure 4-16 presents the moment-displacement response of the column at the socket
interface for SJS2. This specimen experienced its highest applied moment of 476.4 kip-ft at
ductility one, leading to grout crushing. Strength degradation was observed during ductility one,
accompanied by rocking and grout crushing. A drop of approximately 60% from the maximum
moment was observed during the third cycle of ductility one and a half. The test was concluded at
the first cycle of ductility two. Notably, the column did not display significant cracks during the
test. The external socket wall remained mostly undamaged, but some radial cracks appeared before
reaching the first yield displacement. Additionally, the socket inner and outer steel sleeves
exhibited inelastic deformations, while the footing had no visible damage and remained a capacity-
protected element. However, the connection did not develop a plastic hinge in the column at the

interface with the external socket.

Figure 4-17 compares the predicted response of a CIP column, derived from moment-
curvature analysis using the same material properties as the experimental test, with the envelope
of the moment response for SJIS2 during the first and third cycles of each ductility displacement.

The maximum moment reached by SJS2 was approximately 80% of the nominal capacity of a CIP

106



column. Strength degradation became evident at a drift of 4.0%, coinciding with the grout

crushing.
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Figure 4-17. SIS 2 experimental envelopes compared to an RC column prediction
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4.2.3. Damage progression of SJS2

As shown in Figure 4-18, the first cracks occurred at half the first yield displacement,
appearing only at the external socket wall in a radial direction. The cracks marked in red are related
to the positive loading direction, while black ones represent those that occurred during the negative

loading direction.

Figure 4-18. Cracks at external socket connection at half of the first yield displacement

A 0.118" (3.0 mm) gap between the grout and the concrete column appeared at three-
quarters of the first yielding, as shown in Figure 4-19. The column had cracks thickness that were
at most 0.008"” (0.2 mm). Additionally, Figure 4-20 exhibit a 0.295" (7.5 mm) uplift of the column
relative to the top of the grout. Figure 4-21 shows the crack pattern of the specimen at the first

yielding.
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Figure 4-19. Gap between the steel sleeve and concrete on the south surface of the socket at

ductility one

Figure 4-20. Uplift of the column at three-quarters of the first yielding
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Figure 4-21. Crack pattern on the south surface at the first yielding
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In the first cycle of ductility one, an uplift of the inner steel sleeve of 0.394” (10 mm) with
an additional 0.335" (8.5 mm) uplift between the column and the grout was observed. Additionally,
four gaps were observed between the different materials of the connection. Figure 4-22 shows the

different gaps in the connection, while Figure 4-23 shows the sleeve and concrete column uplift.

S

Figure 4-23. Uplift of steel sleeve and concrete column at the first cycle of ductility one
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The grout between the column and the external socket started to crush at the third cycle of
ductility one, while the gap between the inner steel sleeve and the concrete of the socket increased
to 0.256" (6.5 mm). Figure 4-24 depicts the damage to the external socket connection at the third

cycle of ductility one. There were no additional flexural cracks on the column.

Figure 4-24. Damage of the socket connection at the third cycle of ductility one

At the end of ductility one and a half, the uplift of the column was approximately 2" (50.8

mm). The grout crushing spread around the connection circumference, while the column did not
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present additional damage. Figure 4-25 shows the deterioration of the column and the external

socket connection at the last cycle of ductility one and a half.

_ﬁ
!

Figure 4-25. Damage of the specimen on the north surface at ductility one and a half

The last loading cycle was at ductility two, where no additional damage was observed, and
the uplift of the column was approximately 2.5” (63.5 mm). Figure 4-26 shows the displaced

column and the uplift at the connection surface. The footing did not exhibit any significant cracks
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throughout the test, and the external socket concrete presented only the radial cracks that appeared
at the beginning of the test.
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Figure 4-26. Uplift on the south surface of the column at ductility two

After the test, an inspection was conducted to investigate whether there was additional

damage to the inside portion of the connection on the column. Figure 4-27 and Figure 4-28 depict
the crushing of the portion of the column inside the socket.
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Figure 4-28. Damaged surface of the column inside the external socket connection
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4.3. Specimen SJS-3

Column test SJS3 was performed on Friday, October 21, 2022, at the Constructed Facilities

Laboratory at NCSU. A summary of the key parameters for SJS3 is provided in Table 4-6.

Table 4-6. Summary of SJS3 parameters

Column parameters

Longitudinal steel detailing 24#6 A706 (pi=2.34%)
Transverse steel #3 spirals @ 2 inches (ps=1.04%)
Longitudinal steel yield strength 68.4 ksi
Concrete strength (outside the socket) 6.0 ksi
Concrete strength (inside the socket) 10.0 ksi
Diameter of the column 24 in
Height of the column 90 in
Axial load ratio 5%
First yield displacement 1.59 in
Equivalent yield displacement 2.18 in
Maximum applied moment at socket
. 562.6 kip-ft
Failure mode Crushing of grout, rocking of column
Socket parameters
Longitudinal steel detailing 24#7 AT706
Longitudinal steel yield strength 86.5 ksi
Socket sleeve steel yield strength 42.6 ksi
Thickness of steel sleeves 1/4 in
Concrete strength 12.1 ksi
Grout strength 9.1 ksi
Height of external socket 20.4 in (0.85 Dc)
Internal diameter 26 in
External diameter 321in
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The column had a clear height of 7°-6" and a diameter of 24", resulting in a height-to-
diameter aspect ratio of 3.62, with a concrete cover of 1”. It was reinforced with 24 Grade 60-
A706 #6 longitudinal bars (pl = 2.34%), and the transverse reinforcement consisted of #3 spirals
with a spacing of 2.0” center to center (ps = 1.04%).

The external socket had a height of 20 3/8", resulting in a height-to-diameter ratio of 0.85
(0.85 Dc). The socket longitudinal reinforcement included 24 Grade 80-A706 #7 bars, and the

concrete was confined with 1/4” thick steel sleeves.

4.3.1. Loading Protocol of SJS 3

The initial part of the loading history consisted of a single cycle at a quarter, half, three-
fourths, and the yield displacement. The experimentally measured first yield displacement was

A’y=1.58 in.

For cycles beyond the first yield, the loading protocol involved three cycles at increments
of displacement ductility, as determined by Equation 3-1 and Equation 3-2. Table 4-7 presents the
values of the ductility displacements applied to SJIS3, and Figure 4-29 illustrates the load history
for SJS3.

Table 4-7. Displacement ductility of SJS 3
Ductility A (in)  Drift (%)

Wi 2.18 2.4
wis 3.28 3.6
1 437 49
1 6.55 7.3
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Figure 4-29. Displacement history of SJS 3

4.3.2. Global Response of SJS 3

Figure 4-30 presents the moment-displacement response of the column at the socket
interface for SJS3. This specimen experienced its highest applied moment of 562.6 kip-ft at
ductility two, initiating grout crushing. Strength degradation was observed during ductility two,
accompanied by rocking and grout crushing. A drop of approximately 65% from the maximum
moment was observed during the second cycle of ductility three. The test was concluded at the
third cycle of ductility three. Notably, the column did not exhibit significant cracks throughout the
test. The external socket wall concrete sustained minimal damage, with radial cracks appearing
before reaching the column first yield displacement. Additionally, the socket inner and outer steel
sleeves did not exhibit inelastic deformations, while the footing had no visible damage and
remained a capacity-protected element. However, the connection did not develop a plastic hinge

in the column at the interface with the external socket.

Figure 4-31 compares the predicted response of a CIP column, derived from moment-
curvature analysis using the same material properties as the experimental test, with the envelope
of the moment response for SIS3 during the first and third cycles of each ductility displacement.
The maximum moment reached by SJS3 was approximately 94% of the nominal capacity of a CIP

column. Strength degradation became evident at a drift of 4.9%, coinciding with grout crushing.
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4.3.3. Damage progression of SJS 3

The first cracks occurred at half the first yield displacement, appearing at the external
socket wall in a radial direction, and hairline cracks at the base of the column, as shown in Figure
4-32. The cracks marked in red are related to the positive loading direction, while black ones

represent those that occurred during the negative loading direction.

Figure 4-32. Cracks in external socket connection at half of the first yield displacement

A 0.032" (0.8 mm) gap between the grout and the steel sleeve of the external socket
appeared at the third cycle of ductility one, as shown in Figure 4-33. The column had crack widths
that were at most 0.008” (0.2 mm). Additionally, Figure 4-34 exhibits a 0.197"” (5.0 mm) column
uplift relative to the top of the grout. Figure 4-35 shows the crack pattern of the specimen at the

last cycle of ductility one.
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Figure 4-34. Uplift of the column at the last cycle of ductility one
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Figure 4-35. Crack pattern on the south surface at the last cycle of ductility one

In the last cycle of ductility 1.5, an uplift of 0.748” (19 mm) between the column and the
grout was observed. Additionally, three gaps were observed between the different materials of the
connection. Figure 4-36 shows the different gaps in the connection while Figure 4-37 shows the
grout uplift and the damage on the column, which started to present damage as flaking of the

concrete at the interface with the external socket connection.
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Figure 4-37. Damage of the column and uplift of grout at the last cycle of ductility one and a half
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The grout between the column and the external socket started to crush at the third cycle of
ductility two. Figure 4-38 depicts the damage to the external socket connection at the third cycle

of ductility two. There was no additional damage on the column.

=Sy A

Figure 4-38. Damége of the socket connection at the third cycle of &ﬁctility two

'y BB

No additional damage was observed after the last loading cycle of ductility three, and the
column uplift was approximately 2.5"” (63.5 mm). The grout crushing spread around the connection
circumference, while the column did not present additional damage. Figure 4-39 shows the column

deterioration and the external socket connection at the last cycle of ductility three.
Figure 4-40 shows the displaced column and the uplift at the connection surface. The

footing did not exhibit any significant cracks throughout the test, and the external socket concrete

presented only the radial cracks that appeared at the beginning of the test.
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After the test, an inspection was conducted to investigate whether there was additional
damage to the inside portion of the connection on the column. Figure 4-41 and Figure 4-42 show

the crushing of the portion of the column inside the socket.
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Figure 4-42. Damaged surface of the column inside the external socket connection
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4.4. Specimen SJS-4

Column test SJIS4 was performed on Friday, May 5, 2023, at the Constructed Facilities

Laboratory at NCSU. A summary of the key parameters for SJS4 is provided in Table 4-8.

Table 4-8. Summary of SJS4 parameters

Column parameters

Longitudinal steel detailing 24#6 A706 (pi=2.34%)
Transverse steel #3 spirals @ 2 inches (ps=1.04%)
Longitudinal steel yield strength 68.4 ksi
Concrete strength (outside the socket) 6.0 ksi
Concrete strength (inside the socket) 8.3 ksi
Diameter of the column 24 in
Height of the column 90 in
Axial load ratio 5%
First yield displacement 1.51 in
Equivalent yield displacement 2.08 in
Maximum applied moment at socket 631.7 kip-ft
interface
Failure mode Crushing of grout, rocking of column

Socket parameters

Longitudinal steel detailing 24#7 AT706
Longitudinal steel yield strength 86.5 ksi
Socket sleeve steel yield strength 42.6 ksi

Thickness of steel sleeves 1/4 in
Concrete strength 12.1 ksi
Grout strength 9.7 ksi
Height of external socket 20.4 in (0.85 Dc)
Internal diameter 26 in
External diameter 32 in
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The column had a clear height of 7°-6" and a diameter of 24", resulting in a height-to-
diameter aspect ratio of 3.62, with a concrete cover of 1”. It was reinforced with 24 Grade 60-
A706 #6 longitudinal bars (pl = 2.34%), and the transverse reinforcement consisted of #3 spirals
with a spacing of 2.0” center to center (ps = 1.04%).

The external socket had a height of 20 3/8", resulting in a height-to-diameter ratio of 0.85
(0.85 Dc). The socket longitudinal reinforcement included 24 Grade 80-A706 #7 bars, and the

concrete was confined with 1/4” thick steel sleeves.

4.4.1. Loading Protocol of SJS 4

The initial part of the loading history consisted of a single cycle at a quarter, half, three-
fourths, and the yield displacement. The experimentally measured first yield displacement was

A’y=1.51 in.

For cycles beyond the first yield, the loading protocol involved three cycles at increments
of displacement ductility, as determined by Equation 3-1 and Equation 3-2. Table 4-9 presents the
values of the ductility displacements applied to SJS4, and Figure 4-43 illustrates the load history
for SJS4.

Table 4-9. Displacement ductility of SIS 4
Ductility A (in)  Drift (%)

Wi 2.08 2.3
s 3.11 3.5
1 4.15 4.6
1 6.23 6.9
4 8.30 9.2
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Figure 4-43. Displacement history of SJS 4

4.4.2. Global Response of SJS 4

Figure 4-44 presents the moment-displacement response of the column at the socket
interface for SJS4. This specimen experienced its highest applied moment of 631.7 kip-ft at
ductility three, initiating grout crushing. Strength degradation occurred during ductility three,
accompanied by concrete core crushing, rocking, and grout crushing. A drop of approximately
55% from the maximum moment was observed during the second cycle of ductility four, leading
to the conclusion of the test after the third cycle of ductility four. Notably, the column exhibited

core crushing at the socket interface during the last cycle of ductility three.

The external socket wall sustained minimal damage, with radial cracks appearing when
reaching the column first yield displacement. The inner and outer steel sleeves of the socket did
not show any inelastic deformations, while the footing had no visible damage and remained a

capacity-protected element.
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However, it is important to note that while a plastic hinge began forming in the column at

the socket interface, damage to the grout caused the column to rock, preventing the plastic hinge

from fully developing.

Figure 4-45 compares the predicted response of a CIP column, derived from moment-

curvature analysis using the same material properties as the experimental test, with the envelope

of the moment response for SJIS4 during the first and third cycles of each ductility displacement.

The maximum moment reached by SJS4 was 5.5% higher than the nominal capacity of a CIP

column. Strength degradation became evident at a drift of 6.9%, coinciding with grout crushing.
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Figure 4-44. Moment-displacement response of SJS 4
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Figure 4-45. SJS 4 experimental envelopes compared to an RC column prediction

4.4.3. Damage progression of SJS 4

Figure 4-46 shows the existing damage to the column and socket wall from SJS3, with no
new cracks observed before reaching the yield displacement. The cracks marked in red correspond
to the positive loading direction, while those in black indicate cracks that occurred during the

negative loading direction.

A 0.138" (3.5 mm) gap between the grout and the steel sleeve of the external socket
appeared at the first cycle of ductility one, as shown in Figure 4-47. The column had crack widths
that were at most 0.008" (0.2 mm). Additionally, Figure 4-48 exhibits a 0.158" (4.0 mm) column
uplift relative to the top of the grout. Figure 4-49 shows the crack pattern of the specimen at the

last cycle of ductility one.
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Figure 4-47. Gap between the steel sleeve and grout on the south surface at ductility one
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Figure 4-48. Uplift of the column at the last cycle of ductility one

In the last cycle of ductility one and a half, an uplift of 0.394"” (10 mm) between the column
and the grout was observed. Figure 4-50 shows a 0.197" (5.0 mm) gap between the grout and the
steel sleeve of the external socket, while Figure 4-51 shows the grout uplift and the damage on the

grout, which started to present radial cracks due to compression.

The grout between the column and the external socket started to crush at the third cycle of
ductility two. Figure 4-52 depicts the damage to the external socket connection at the third cycle
of ductility two. The damage on the column started to present as flaking of the concrete at the

interface with the external socket connection.

In the last cycle of ductility three, an uplift of 0.197" (5 mm) between the footing and the
socket sleeve was observed. Additionally, three gaps were observed between the different
materials of the connection, with a maximum of 0.276" (7 mm). Figure 4-53 shows the gaps in the
connection that developed. Figure 4-54 shows grout crushing and the initiation of concrete core

crushing at the column interface with the external socket connection.
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-49. Crack pattern on the south surface at the last cycle of ductility one

Figure 4
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Figure 4-51. Damage of the column and uplift of grout at the last cycle of ductility one and a half
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Figure 4-52. Damage of the socket connection at the third cycle of ductility two

At the end of ductility four, the grout crushing spread around the connection circumference,
while the column did not present additional damage. Figure 4-55 shows the column and the

external socket connection deterioration at the last cycle of ductility four.
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Figure 4-54. Damage of the socket connection at the third cycle of ductility three
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Figure 4-55. Damage of the specimen on the south surface at ductility four

Figure 4-56 shows the displaced column and the uplift at the connection surface. The

footing did not exhibit any significant cracks throughout the test, and the external socket concrete

presented only the radial cracks that appeared at the beginning of the test.
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Figure 4-56. Displaced column at the third cycle of ductility four

After the test, an inspection was conducted to investigate whether there was additional
damage to the inside portion of the connection on the column. Figure 4-57 and Figure 4-58 show
the crushing of the portion of the column inside the socket and longitudinal bar deformed due to

rocking of the column.

140



Figure 4-57. Damage of the column inside the external socket connection

Figure 4-58. Damaged surface of the column inside the external socket connection
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4.5. Specimen SJS-5

Column test SJS5 was performed on Tuesday, November 21, 2023, at the Constructed

Facilities Laboratory at NCSU. A summary of the key parameters for SJSS is provided in Table

4-10.

Table 4-10. Summary of SJS5 parameters

Column parameters

Longitudinal steel detailing

2045 A706 (pi=2.4%)

Transverse steel

#3 spirals @ 2 inches (ps=1.3%)

Longitudinal steel yield strength 68.4 ksi

Concrete strength 6.8 ksi
Diameter of the column 18 in
Height of the column 90 in

Axial load ratio 5%
First yield displacement 1.151n
Equivalent yield displacement 1.59 in
Maximum applied moment at
256.7 kip-ft

socket interface

Failure mode

Crushing of concrete column inside the connection

Socket parameters

Longitudinal steel detailing 20#6 A706
Longitudinal steel yield strength 86.5 ksi
Socket sleeve steel yield strength 55 ksi

Thickness of steel sleeves 1/4 in
Concrete strength 14.0 ksi
Grout strength 10.3 ksi
Height of external socket 15.3 in (0.85 Dc)
Internal diameter 20 in
External diameter 26.5in

142



The column had a clear height of 7°-6" and a diameter of 18", resulting in a height-to-
diameter aspect ratio of 5.0, with a concrete cover of 1”. It was reinforced with 20 Grade 60-A706
#5 longitudinal bars (pl = 2.4%). The transverse reinforcement consisted of #3 spirals with a

spacing of 2.0"” center to center (ps = 1.3%).

The external socket had a height of 15.3", resulting in a height-to-diameter ratio of 0.85
(0.85 Dc). The socket longitudinal reinforcement included 20 Grade 80-A706 #6 bars, and the

concrete was confined with 1/4” thick steel sleeves.

4.5.1. Loading Protocol of SJS 5

The initial part of the loading history consisted of a single cycle at a quarter, half, three-
fourths, and the yield displacement. The experimentally measured first yield displacement was

A’y=1.15 in.

For cycles beyond the first yield, the loading protocol involved three cycles at increments
of displacement ductility, as determined by Equation 3-1 and Equation 3-2. Table 4-11 presents
the values of the ductility displacements applied to SJS5, and Figure 4-59 illustrates the load
history for SJS5.

Table 4-11. Displacement ductility of SIS 5
Ductility A (in)  Drift (%)

Wi 1.59 1.8
s 2.39 2.7
w2 3.18 3.5
1 4.78 5.3
4 6.34 7.0
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Figure 4-59. Displacement history of SJS 5

4.5.2. Global Response of SJS 5

Figure 4-60 presents the moment-displacement response of the column at the socket
interface for SJS5. This specimen experienced its highest applied moment of 256.7 kip-ft at
ductility three, which initiated grout splitting and shear failure inside the external socket
connection. Strength degradation began during ductility three, accompanied by rocking, grout
splitting, and lifting. A drop of approximately 55% from the maximum moment was observed
during the first cycle of ductility four, leading to the conclusion of the test after the first negative
cycle of ductility four. Notably, the column began to exhibit flaking of the concrete core at the
socket interface during the first cycle of ductility three. By the second cycle of ductility three, the

grout started to uplift, causing the column to rock.

The external socket wall sustained minimal damage, with radial cracks appearing before
the column reached its first yield displacement. The inner and outer steel sleeves of the socket did
not show any inelastic deformations, while the footing had no visible damage and remained a

capacity-protected element.
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However, it is important to note that while a plastic hinge was beginning to form at the
socket interface, the splitting of the grout and the shear failure of the column portion inside the

socket caused the column to rock, preventing the plastic hinge from fully developing.

Figure 4-61 compares the predicted response of a CIP column, derived from moment-
curvature analysis using the same material properties as the experimental test, with the envelope
of the moment response for SJIS5 during the first and third cycles of each ductility displacement.
The maximum moment reached by SJS5 was 1.0% higher than the nominal capacity of a CIP
column. Strength degradation became evident at a drift of 5.3%, coinciding with the grout

crushing.
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Figure 4-60. Moment-displacement response of SJS 5
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Figure 4-61. SJS 5 experimental envelopes compared to an RC column prediction

4.5.3. Damage progression of SJS 5

Figure 4-62 shows previous cracks on the column and socket wall, and no new cracks were
found before the yielding displacement. However, a 0.032” (0.8 mm) gap between the grout and
the steel sleeve of the external socket appeared at the last cycle of ductility one, as shown in Figure

4-63.

The column had crack widths that were at most 0.008” (0.2 mm) at the last cycle of ductility
one. Additionally, there was no visible column uplift relative to the top of the grout. Figure 4-64
shows the crack pattern of the specimen at the last cycle of ductility one. The cracks marked in red
are related to the positive loading direction, while black ones represent those that occurred during

the negative loading direction.
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Figure 4-63. Gap between the steel sleeve and grout on the south surface at ductility one
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Figure 4-64. Crack pattern on the south surface at the last cycle of ductility one

In the last cycle of ductility 1.5, an uplift of 0.197" (5 mm) between the column and the
grout was observed. Additionally, the grout started to present radial cracks due to compression.
Figure 4-65 shows the damage at the connection interface on the north side of the column and

grout at the last cycle of ductility one and a half.

The grout between the column and the external socket had an uplift of 0.394” (10 mm) at

the third cycle of ductility two. Figure 4-66 depicts the damage to the external socket connection
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at the third cycle of ductility two. The damage on the column started to present as flaking of the

concrete at the interface with the external socket connection.

In the final cycle of ductility three, the grout started to split and uplift without presenting
crushing of the material. Figure 4-67 and Figure 4-68 depict the damage to the column and the

grout at the last cycle of ductility three.

At the first cycle of ductility four, the splitting and uplifting of grout spread around the
connection circumference, while the column did not present additional damage. Figure 4-69 shows

the column and the external socket connection deterioration at the last cycle of ductility four.
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Figure 4-67. Splitting and uplifting of grout at the last cycle of ductility three
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Figure 4-69. Damage of the specimen on the south surface at ductility four

Figure 4-70 shows the displaced column and the uplift of the grout at the external socket
interface. The footing did not exhibit any significant cracks throughout the test, and the external

socket concrete presented only the radial cracks that appeared at the beginning of the test.

152



Figure 4-70. Displaced column at the first cycle of ductility four
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After the test, an inspection was conducted to investigate if there was additional damage
on the inside portion of the connection on the column. Figure 4-71 shows the crushing of the

portion of the column inside the socket

Figure 4-71. Damage to the column inside the external socket connection
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4.6. Specimen SJS-6

Column test SJIS6 was performed on Tuesday, January 23, 2024, at the Constructed
Facilities Laboratory at NCSU. A summary of the key parameters for SJS6 is provided in Table
4-12.

Table 4-12. Summary of SJS6 parameters

Column parameters

Longitudinal steel detailing 20#5 A706 (pi=2.4%)
Transverse steel #3 spirals @ 2 inches (ps=1.3%)
Longitudinal steel yield strength 68.4 ksi
Concrete strength (outside the socket) 6.8 ksi
Concrete strength (inside the socket) 9.2 ksi
Diameter of the column 18 in
Height of the column 90 in
Axial load ratio 5%
First yield displacement 1.15in
Equivalent yield displacement 1.59 in
Maximum applied moment at socket interface 271.7 kip-ft
Failure mode Rupture of N4, N5, N6 and N7 bars
Socket parameters
Longitudinal steel detailing 20#6 A706
Longitudinal steel yield strength 86.5 ksi
Socket sleeve steel yield strength 55 ksi
Thickness of steel sleeves 1/4 in
Concrete strength 14.0 ksi
Grout strength 10.0 ksi
Height of external socket 15.3 in (0.85 Dc)
Internal diameter 20 in
External diameter 26.5 in
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The column had a clear height of 7°-6" and a diameter of 18", resulting in a height-to-
diameter aspect ratio of 5.0, with a concrete cover of 1”. It was reinforced with 20 Grade 60-A706
#5 longitudinal bars (pl = 2.4%). The transverse reinforcement consisted of #3 spirals with a

spacing of 2.0"” center to center (ps = 1.3%).

The external socket had a height of 15.3", resulting in a height-to-diameter ratio of 0.85
(0.85 Dc). The socket longitudinal reinforcement included 20 Grade 80-A706 #6 bars, and the

concrete was confined with 1/4” thick steel sleeves.

4.6.1. Loading Protocol of SJS 6

Since SJS6 is a repair of the column portion that was inserted into the socket connection
from SJSS5, and SJSS exhibited significant non-linear behavior, the yield displacement for this test

is based on the experimentally measured first yield displacement of SJIS5, which was A’y=1.15 in.
The initial part of the loading history consisted of four single cycles that matched the
applied moment at the socket at a quarter, half, three-quarters, and yield displacement of SJSS5, for

which the corresponding ductility values for SJS6 are shown in Table 4-13.

Table 4-13. Loading history for the single cycles of SIS 6

Applied moment at socket A Drift  Ductility

interface (kip-ft) (in) (%)
48.2 024 03 0.5 A’y
96.5 0.62 0.7 075Ay
145.0 .15 13 A’y
193.0 159 1.8 Wi

For cycles beyond the ductility one, the loading consisted of 3 cycles at increments of

displacement ductility, as shown in Table 4-14. The load history for SJIS6 is shown in Figure 4-72.
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Table 4-14. Displacement ductility of SJS 6
Ductility A (in)  Drift (%)

Uis 2.34 2.6
p2.2 3.51 3.9
W3 4.72 5.2
LL4.4 7.01 7.8
9 10
- (¢ Visible bar buckling pd.4 lg
$3 Bar fracture 1
5 Al HS T 6
< 3 1.5 . T4
= I o W h 1o
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Load step

Figure 4-72. Displacement history of SIS 6

4.6.2. Global Response of SJS 6

Figure 4-73 presents the moment-displacement response of the column at the socket
interface for SJS6. This specimen achieved a drift ratio of 7.8%, with the maximum applied
moment reaching 271.7 kip-ft at ductility four point four. At this stage, the column concrete core
began to experience crushing. During the second cycle of ductility four point four, noticeable
strength degradation occurred as bar buckling initiated, leading to the fracture of longitudinal bars
NS5. During the third negative cycle of ductility four point four, three longitudinal bars N4, N6,

and N7 fractured, leading to a drop of approximately 50% from the maximum moment, at which
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point the test was concluded. Notably, the plastic hinge successfully formed on the column above

the interface of the external socket connection, with a socket height of 0.85 Dc.

The external socket wall sustained minimal damage, with no new radial cracks beyond
those observed in test SJS5. The inner and outer steel sleeves of the socket did not exhibit any
inelastic deformations, and the footing showed no visible damage, remaining a capacity-protected

element.

Figure 4-74 compares the predicted response of a CIP column, derived from moment-
curvature analysis using the same material properties as the experimental test, with the envelope
of the moment response for SJIS6 during the first and third cycles of each ductility displacement.
The maximum moment reached by SJS6 was 6.8% higher than the nominal capacity of a CIP
column. Strength degradation became evident at a drift of 7.8%, coinciding with the onset of bar

buckling.

Drift (%)

-10 -8 -6 -4 -2 0 2 4 6 8 10
3%+ttt

—SJS6

250 +
- || Bar N5 fracture

() Bar N4, N6 and N7 fracture

150 4

50 |

150 &

250 4

Applied moment at socket interface (kip-ft)

30 4

1
w
1
-~J
1
&)
w
1
-
—
w
3]
~
©

Top displacement (in)
Figure 4-73. Moment-displacement response of SJS 6
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Figure 4-74. SJS 6 experimental envelopes compared to an RC column prediction

4.6.3. Damage progression of SJS 6

Figure 4-75 shows previous cracks on the column and socket wall, and no new cracks were
found before the yielding displacement. The column had previous damage from the experimental
test of SJS-5, where the initiation of crushing was observed; thus, in SJS-6, we focused on cracks

developed on the connection.

At the end of ductility two, a 0.197" (5 mm) uplift between the grout and the external socket
wall was observed. Additionally, the grout started to present radial cracks due to compression.

Figure 4-76 shows the uplift of the grout at the last cycle of ductility two.

The grout between the column and the external socket had an uplift of 0.394” (10 mm) at
the third cycle of ductility three. Figure 4-77 depicts the damage to the external socket connection

at the third cycle of ductility three. Spalling of the concrete at the interface with the external socket
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connection was observed. The external socket wall did not present any damage by the end of

ductility three.

Sty S . Jelfa STy

Figure 4-75. Initial damage on the column and socket wall at the start of the SJIS6

Figure 4-76. Uplift of grout on the south surface at the last cycle of ductility two
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Figure 4-77. Damage of the socket connection at the third cycle of ductility three

As shown in Figure 4-78, visible reinforcing bar buckling occurred during the first negative
cycle of ductility four when bars S4 experienced buckling. Upon opposite direction of loading

(second positive cycle of ductility four), bars N4, N5 and N6 buckled, as shown in Figure 4-79.

A bar fracture occurred at the second negative cycle of ductility four on the extreme bar
(N5). Additionally, five bars on the south face of the column experienced buckling (S4, S5, S6, S7
and S8). Figure 4-80 shows the column and the external socket connection damage at the second

cycle of ductility four.

At the last positive cycle of ductility 4, the bars N3, N4, N6, and N7 experienced large
buckling deformation. Additionally, the grout at the surface of the external connection experienced
splitting and uplifting. Figure 4-81 shows the column and the external socket connection damage

at the last positive cycle of ductility four.

As shown in Figure 4-82, three longitudinal bars fractured on the third negative cycle of
ductility four (N4, N6, N7). The longitudinal bars on the south side also experienced large buckling

deformations, as shown in Figure 4-83.
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Figure 4-79. Damage of the column and the socket connection on the north side at the second

cycle of ductility four
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Figure 4-80. Damage of the column and the socket connection on the south side at the second

cycle of ductility four

Figure 4-81. Damage of the column and the socket connection on the north side at the last

positive cycle of ductility four
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Figure 4-82. Damage of the column and the socket connection on the north side at the last

negative cycle of ductility four

Figure 4-83. Damage of the column and the socket connection on the south side at the last

negative cycle of ductility four
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The footing did not present any significant cracks throughout the test. Additionally, the
grout between the column and the socket experienced splitting just at the surface of the connection,
while the grout remained without damage at one inch below the interface of the socket connection
and the column. The concrete of the external socket wall did not present any damage. Figure 4-84

shows the damage of the footing and external socket connection of SJS 6.

Figure 4-84. Damage on the footing and the external socket connection at the end of the

experimental test for SJS-6
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Figure 4-85 presents the spread of damage to the south face of the column. The visible

concrete crushing height was 8 inches (203 mm) measured from the socket surface.
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Figure 4-85. Spread of damage on the column at the south face at the end of the experimental test

for SJS-6
166



4.7. Specimen SJS-7

Column test SJIS7 was performed on Monday, December 4, 2023, at the Constructed

Facilities Laboratory at NCSU. A summary of the key parameters for SJS7 is provided in Table
4-15.

Table 4-15. Summary of SJS7 parameters

Column parameters

Longitudinal steel detailing 20#5 A706 (pi=2.4%)
Longitudinal steel yield strength 68.4 ksi
A606-4 steel yield strength 60.6 ksi
A709 steel yield strength 56.8 ksi
Thickness of steel tube inside socket 1/8 in
Thickness of steel tube outside socket 3/8 in
Concrete strength 5.6 ksi
Diameter of the column 18 in
Height of the column 90 in
Axial load ratio 5%
First yield displacement 1.151n
Equivalent yield displacement 1.59 in
Maximum applied moment at socket
315.7 kip-ft

interface

) Crushing of concrete column inside the
Failure mode

connection
Socket parameters
Longitudinal steel detailing 20#6 A706
Longitudinal steel yield strength 86.5 ksi
Socket sleeve steel yield strength 55 ksi
Thickness of steel sleeves 1/4 in
11.3 ksi

Concrete strength
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Table 4-15. Summary of SJS7 parameters (continued)

Socket parameters

Grout strength 9.0 ksi
Height of external socket 15.3 in (0.85 Dc)
Internal diameter 20 in
External diameter 26.5in

The column had a clear height of 7°-6" and a diameter of 18", resulting in a height-to-
diameter aspect ratio of 5.0. The column was reinforced with 20 Grade 60-A706 #5 longitudinal
bars (pl=2.4%) and an external steel tube to confine the concrete. The clear distance between the
longitudinal reinforcing steel and the inner surface of the tube was 1”. The resulting system is
commonly referred to as RCFST. The RCSFT has two cross-sections with varying steel
thicknesses. The portion of the column inside the external connection has a reduced steel thickness

to minimize the forces transmitted to the external socket.

The external socket had a height of 15.3", resulting in a height-to-diameter ratio of 0.85
(0.85 Dc). The socket longitudinal reinforcement included 20 Grade 80-A706 #6 bars, and the

concrete was confined with 1/4” thick steel sleeves.

4.7.1. Loading Protocol of SJS 7

The initial part of the loading history consisted of a single cycle at a quarter, half, three-
fourths, and the yield displacement. The experimentally measured first yield displacement was

A’y=0.805 in.

For cycles beyond the first yield, the loading protocol involved three cycles at increments
of displacement ductility, as determined by Equation 3-1 and Equation 3-2. Table 4-16 presents
the values of the ductility displacements applied to SJIS7, and Figure 4-86 illustrates the load
history for SJS7.
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Table 4-16. Displacement ductility of SJS 7
Ductility A (in)  Drift (%)

[V 1.11 1.2
15 1.66 1.8
u2 2.22 2.5
us 3.33 3.7
w4 4.44 4.9
us 5.55 6.2
ue 6.66 7.4
9 10
7 f Hé T 8
u5
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Figure 4-86. Displacement history of SIS 7

4.7.2. Global Response of SJS 7

Figure 4-87 presents the moment-displacement response of the column at the socket
interface for SJS7. This specimen experienced its highest applied moment of 315.7 kip-ft at
ductility five, initiating rocking and shear failure inside the external socket connection. Strength

degradation began during ductility three when the column exhibited core crushing at the socket
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interface. During the final cycle of ductility three, the steel tube inside the socket began to buckle
at the gap between both steel tubes. A drop of approximately 55% from the maximum moment
was observed during the second cycle of ductility six, coinciding with rocking and extensive

concrete core crushing, leading to the conclusion of the test after the third cycle of ductility six.

The external socket wall sustained minimal damage, with radial cracks appearing before
the column reached its first yield displacement. The inner and outer steel sleeves of the socket did
not show any inelastic deformations at any location, and the footing remained free from visible

damage, maintaining its capacity-protected status throughout the test.

However, it is important to note that while a plastic hinge developed at the socket interface,
bar fracture was not achieved due to the shear failure of the column portion inside the socket. This
failure caused the column to rock, preventing it from sustaining the additional force necessary to

fracture the longitudinal bars.
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Figure 4-87. Moment-displacement response of SJS 7
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Figure 4-88 compares the predicted response of a CIP column, derived from moment-
curvature analysis using the same material properties as the experimental test, with the envelope
of the moment response for SJS7 during the first and third cycles of each ductility displacement.
The maximum moment reached by SJS7 was 5% higher than the nominal capacity of a CIP
column. Force degradation became evident at a drift of 6.2%, coinciding with the extensive

concrete crushing of the column.
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Figure 4-88. SJS 7 experimental envelopes compared to an RC column prediction

4.7.3. Damage progression of SJS 7

Before the test, the external socket wall and grout were inspected, revealing initial cracks
as shown in Figure 4-89. No additional cracks were observed before reaching the yielding

displacement. However, additional radial cracks appeared on the external socket wall in the last

cycle of ductility one, as shown in Figure 4-90.
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Figure 4-90. Radial cracks on the socket wall at the last cycle of ductility one
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The external socket wall did not present additional damage at the end of ductility one and
a half. Additionally, the column presented a 0.157" (4 mm) gap between the steel tubes. Figure
4-91 shows the gap between steel tubes at the last cycle of ductility one and a half.

Figure 4-91. Crack pattern on the south surface at the last cycle of ductility one

In the last cycle of ductility two, a 0.354" (9 mm) gap between the steel tubes was observed
on the tension side of the column. At the same time, the steel tube inside the external socket
connection also started to buckle when it was subjected to compression. Figure 4-92 shows the
damage at the connection interface on the north side of the column at the last cycle of ductility

two.

The gap between the steel tubes increased to 0.591" (15 mm) at ductility three and 0.866"
(22 mm) at ductility four. Additionally, at the first cycle of ductility three, a 0.079” (2 mm) crack
was observed on the column at the interface between the steel tubes. Figure 4-93 and Figure 4-94
depict the damage to the column and external socket connection at the last cycle of ductility three

and four, respectively.
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Figure 4-92. Damage of the column and socket connection at the last cycle of ductility two

Figure 4-93. Damage of the column and socket connection at the last cycle of ductility three
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Figure 4-94. Damage of the column and socket connection at the last cycle of ductility four

In the final cycle of ductility five, the gap between the steel tubes increased to 1.181" (30
mm), and the concrete core had visible crushing at the interface between the two steel tubes. Figure
4-95 depicts the damage to the column and the external socket connection at the last cycle of

ductility five.

At the last cycle of ductility six, the gap between the steel tubes increased to 1.654" (42
mm), and the concrete core experienced additional crushing at the interface between the two steel
tubes. Figure 4-96 shows the column and the external socket connection deterioration at the last

cycle of ductility six.

Figure 4-97 shows the displaced column and the core crushing of the column at the
interface between the two steel tubes. The footing and the grout of the gap between the column
and socket did not exhibit any significant cracks throughout the test, and the external socket

concrete presented only the radial cracks that appeared at the beginning of the test.
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Figure 4-96. Damage of the column and the socket connection at the last cycle of ductility six
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Figure 4-97. Displaced column at the last cycle of ductility six
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After the test, an inspection was conducted to determine whether there was additional
damage to the inside portion of the connection on the column. Figure 4-98 shows limited damage
on the grout along the height of the socket, while Figure 4-99 shows the crushing of the portion of
the column inside the socket with a total damage height of eight inches. Figure 4-100 shows the

shear cracks on the column along the height of the socket.

Figure 4-98. Damage to the grout inside the external socket connection
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Figure 4-100. Damage to the west face of the column inside the external socket connection
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4.8. Specimen SJS-8

Column test SIS8 was performed on Monday, May 20, 2024, at the Constructed Facilities

Laboratory at NCSU. A summary of the key parameters for SJS8 is provided in Table 4-17.

Table 4-17. Summary of SJS8 parameters

Column parameters

Longitudinal steel detailing 20#5 A706 (pi=2.4%)

Longitudinal steel yield strength 68.4 ksi
A606-4 steel yield strength 60.6 ksi
A709 steel yield strength 56.8 ksi
Thickness of steel tube inside socket 1/8 in
Thickness of steel tube outside socket 3/8 in
Concrete strength 7.0 ksi
Diameter of the column 18 in
Height of the column 90 in
Axial load ratio 5%
First yield displacement 0.69 in
Equivalent yield displacement 0.96 in
Maximum applied moment at socket )
orface 318.6 kip-ft
Failure mode Rupture of longitudinal bar S4, S5, S6,
N4 and N5
Socket parameters
Longitudinal steel detailing 20#6 A706
Longitudinal steel yield strength 86.5 ksi
Socket sleeve steel yield strength 46.6 ksi
Thickness of steel sleeves 1/4 in
Concrete strength 14.0 ksi
5.8 ksi

Grout strength
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Table 4-17. Summary of SJS8 parameters (continued)

Socket parameters

Height of external socket 22.01n (1.22 Dc)
Internal diameter 20 in
External diameter 26.5 in

The column had a clear height of 7°-6" and a diameter of 18", resulting in a height-to-
diameter aspect ratio of 5.0. The column was reinforced with 20 Grade 60-A706 #5 longitudinal
bars (pl= 2.4%) and an external steel tube to confine the concrete. The clear distance between the
longitudinal reinforcing steel and the inner surface of the tube was 1”. The resulting system is
commonly referred to as RCFST. The RCSFT has two cross-sections with varying steel
thicknesses. The portion of the column inside the external connection has a reduced steel thickness

to minimize the forces transmitted to the external socket.

The external socket had a height of 22", resulting in a height-to-diameter ratio of 1.22 (1.22
Dc). The socket longitudinal reinforcement included 20 Grade 80-A706 #6 bars, and the concrete

was confined with 1/4” thick steel sleeves.

4.8.1. Loading Protocol of SJS 8

The initial part of the loading history consisted of a single cycle at a quarter, half, three-
fourths, and the yield displacement. The experimentally measured first yield displacement was

A’y=0.697 in.

For cycles beyond the first yield, the loading protocol involved three cycles at increments
of displacement ductility, as determined by Equation 3-1 and Equation 3-2. Table 4-18 presents
the values of the ductility displacements applied to SJS8, and Figure 4-101 illustrates the load
history for SJSS.
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Table 4-18. Displacement ductility of SJS 7

Ductility A (in)  Drift (%)

m 0.96 11

ws 144 1.6
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Figure 4-101. Displacement history of SJS 8

4.8.2. Global Response of SJS 8

Load step

Drift (%)

Figure 4-102 presents the moment-displacement response of the column at the socket

interface for SJS8. This specimen experienced its highest applied moment of 318.6 kip-ft at

ductility five. During the final cycle of ductility three, the steel tube inside the socket began to
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buckle at the interface between the two steel tubes. Force degradation began during the first cycle
of ductility six when the column exhibited core crushing, and the gap between the steel tubes
increased. A drop of approximately 45% from the maximum moment was observed during the first
cycle of ductility seven. During this cycle, three bars were fractured on the south side during the
first positive cycle of ductility seven, and two longitudinal bars were fractured during the first
negative cycle of ductility seven, leading to the end of the experimental test. Notably, the plastic
hinge successfully formed on the column and achieved bar fracture above the interface of the

external socket connection, with a socket height of 1.2 DC.

The external socket wall and the grout used to fill the gap sustained minimal damage, with
radial cracks appearing before the column reached its first yield displacement. The inner and outer
steel sleeves of the socket did not show any inelastic deformations, and the footing remained free

from visible damage, maintaining its capacity-protected status throughout the test.
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Figure 4-102. Moment-displacement response of SJS 8
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Figure 4-103 compares the predicted response of a CIP column, derived from moment-
curvature analysis using the same material properties as the experimental test, with the envelope
of the moment response for SJS8 during the first and third cycles of each ductility displacement.
The maximum moment reached by SJS8 was 3.3% higher than the nominal capacity of a CIP
column. Strength degradation became evident at a drift of 6.4%, coinciding with the extensive

concrete crushing of the column.
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Figure 4-103. SJS 8 experimental envelopes compared to an RC column prediction

4.8.3. Damage progression of SJS 8

The external socket wall and grout were examined before the test, and no initial cracks
were detected, as shown in Figure 4-104. No additional cracks were observed before reaching

three-quarters of the yielding displacement. However, additional radial cracks appeared on the

external socket wall at yield displacement, as depicted in Figure 4-105.
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Figure 4-105. Radial cracks on the socket wall at yield displacement
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The external socket wall did not present additional damage after the yield displacement.
Additionally, the column showed a 0.118"” (3 mm) gap between the steel tubes. Figure 4-106
illustrates the gap between steel tubes at the last cycle of ductility one.

In the last cycle of ductility two, a 0.433"” (11 mm) gap was observed between the steel
tubes on the tension side of the column. Simultaneously, the steel tube inside the external socket
connection began to buckle under compression. Figure 4-107 shows the damage at the connection

interface on the south side of the column at the last positive cycle of ductility two.

The gap between the steel tubes increased to 0.591” (15 mm) at ductility three and 0.866"
(22 mm) at ductility four. Additionally, at the first cycle of ductility three, a 0.079" (2 mm) crack
was observed on the column at the interface between the steel tubes. Figure 4-108 and Figure
4-109 depict the damage to the column and external socket connection at the last cycle of ductility

three and four, respectively.
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Figure 4-108. Damage of the column and the connection at the last cycle of ductility three

187



Figure 4-109. Damage of the column and the connection at the last cycle of ductility four

In the final cycle of ductility five, the gap between the steel tubes increased to 1.181" (30
mm), and the concrete core had visible crushing at the interface between the two steel tubes. Figure
4-110 depicts the damage to the column and the external socket connection at the last cycle of

ductility five.

At the last cycle of ductility six, the gap between the steel tubes increased to 1.654" (42
mm), and the concrete core experienced additional crushing at the interface between the two steel
tubes. Figure 4-111 shows the column and the external socket connection deterioration at the last

cycle of ductility six.

At ductility seven, the column experienced three bar fractures on the south side and two on
the north side. Due to the column external steel sleeves, it was impossible to observe which bars
fractured during the test. Figure 4-112 shows the damage to the column at ductility seven when

the bar fractures occurred.
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Figure 4-111. Damage of the column and the connection at the last cycle of ductility six
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Figure 4-112. Damage of column at the ductility seven

Figure 4-113 shows the displaced column at ductility seven. The footing and the grout of
the gap between the column and socket did not exhibit any significant cracks throughout the test,

and the external socket concrete presented only the radial cracks that appeared at the beginning of

the test.
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Figure 4-113. Displaced column at ductility seven
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After the test, an inspection was conducted to determine whether there was additional
damage to the inside portion of the connection on the column. Figure 4-114 and Figure 4-115 show
limited damage to the grout and external wall along the height of the socket, respectively, while

Figure 4-116 shows the crushing of the column and bar fracture.

¥

Figure 4-114. Damage to the grout inside the external socket connection
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Figure 4-116. Damage to the column inside the external socket connection
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4.9. Observed Failure modes for experimental tests

illustrates these failure modes and associates each with the corresponding experimental tests.

Bar fracture

» SJS 1
+ SJS6
+ SJS 8

S

Grout crushing

: + SJS?2
Failure P . S5 5

mechanisms el -SJS4

&, Shear failure

| s2m - - . SJS 5
'y - sJs7
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Figure 4-117. Failure mechanisms for the experimental program

The experimental tests were categorized based on the observed failure modes, identified
through experimental observations and post-test inspections, and corroborated by data analysis as
detailed in Chapter 5 of this report. The failure modes considered include: (1) fracture of the
longitudinal reinforcing bars above the interface of the external socket connection, (2) grout
crushing, characterized by extensive compressive damage at the interface of the connection, and
(3) shear failure of the portion of the column embedded within the external socket connection,

which was identified after the test by lifting the column to inspect the damage. Figure 4-117

The moment-displacement envelopes were used to compare the behavior across different

failure modes. To account for the varying characteristics of the specimens, the applied moment

was normalized relative to the nominal moment of each specimen. This normalization allows for

a more accurate comparison between the different failure modes.
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Figure 4-118 presents the normalized first cycle envelopes for SIS1, SJIS6 and SJS8 that
presented a bar fracture failure mechanism. The three experimental tests reached the nominal
capacity of the columns at an approximate drift of 3%. The global behavior of SJS1 and SJS8
closely align, while SJS6 deviates slightly before reaching nominal capacity because SJS6 was a
repair of SJS5, which had already experienced the initiation of concrete crushing. The three tests
varied in socket heights and material strengths for the socket connection components (see Table
3-1, Table 3-4 to Table 3-7). The material strengths required to achieve a reinforcing bar fracture
failure were derived from the analytical model presented in Chapter 6 of this report. The analytical
model effectively predicted the required material strengths for this failure mode, considering the

specific socket heights used in each test.
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Applied moment / Nominal moment

Top displacement (in)

Figure 4-118. Envelopes of experimental tests exhibiting bar fracture

Figure 4-119 presents the normalized envelopes for the grout-crushing failure mechanism.

The experimental tests SJS2, SJS3 and SJS4 that presented grout crushing failure

mechanism exhibit different behaviors due to variations in socket heights and material strengths
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within the external connection components (see Table 3-1, Table 3-4 to Table 3-7). Among the
specimens, SJS2 experienced the lowest applied moment at failure. With a socket height of 0.75
Dc and a grout strength of 6.5 ksi, the grout served as the weak link, leading to earlier failure.
Specimens SJS3 and SJS4, both with a socket height of 0.85 Dc, had grout strengths of 9.1 ksi and
9.7 ksi, respectively. The behavior of SIS3 and SJS4 was similar until a drift of approximately 2%,
at which point SJS3 experienced the initiation of grout crushing. Although SJS4 reached its
nominal moment capacity, the grout could not sustain the applied forces without damage.
According to the analytical model presented in Chapter 6, a grout strength exceeding 10.0 ksi
would have been required to prevent grout failure at a socket height of 0.85 Dc, placing SJS4 on
the borderline between different failure modes. Overall, the analytical model effectively predicts
the material strengths necessary to avoid grout-crushing failure considering the specific socket

heights used in each experimental test.
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Figure 4-119. Envelopes of experimental tests exhibiting grout crushing

Figure 4-120 presents the normalized envelopes for SIS5 and SJS7 that presented shear

failure mechanism, which occurred in the portion of the column embedded within the external
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socket connection. When the grout has sufficient strength, the next vulnerable point becomes the
shear capacity of the portion of the column within the socket connection. Although SJS5 is an RC
column and SJS7 is an RCFST column, and despite variations in material strengths within the
external connection components (see Table 3-4 to Table 3-7), the behavior of SJIS5 and SJS7
remained similar. The socket height for both experimental tests was the same (0.85 Dc). The
experimental tests for SJS5 and SJS7 reached the nominal moment of the column at approximately
4% drift. However, the longitudinal bars did not reach bar fracture because the shear capacity of
the column was exceeded, leading to the shear failure mechanism. According to the analytical
model presented in Chapter 6 of this report, a concrete strength exceeding 7.0 ksi would have been
necessary to prevent shear failure at a socket height of 0.85 Dc, placing SJS5 and SJS7 on the
borderline between different failure modes. The analytical model effectively predicted the required

material strengths for this failure mode, considering the specific socket heights used in each test.

Drift (%)
-10 -8 6 4 -2 0 2 4 6 8 10
1.2 +—+—/——+—r—7®7r—ttrtrr——t—rt——r——t— ‘ f
10 L...Nominalcapacity | e ]
= 0.8 +
o —38JS 5 - normalized envelope
E 06+
g —S8JS 7 - normalized envelope
- 04+
Z
.E 02 4
]
Z 0.0
E 02 +
g =J.
© -04 +
£
T -06 +
2
& -0.8 +
< C
B s e B B e s e i = = ==
r Nominal capacity
B — B —
-9 -7 -5 -3 -1 1 3 5 7 9

Top displacement (in)

Figure 4-120. Envelopes of experimental tests exhibiting bar fracture

Figure 4-121 presents the moment-displacement curves for all eight experimental tests,

providing a clear visualization of the varying responses and corresponding failure modes.
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Figure 4-121. Moment-displacement curves for all eight experimental tests
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Chapter 5: Analysis of Experimental Results

This chapter presents the analysis of experimental results from the data collected for each
of the eight tests. The focus is on examining important aspects of the structural performance,
including axial strain in both the column and the socket wall, energy dissipation of the column,
hysteretic damping, displacement components, and the extent of plasticity. This chapter also
outlines the methodology used to calculate these results, providing insight into the behavior of the

external socket connection under the applied loading conditions.

5.1. Methodology for data analysis

This section details the approach used to process and interpret the data obtained from the
instrumentation, including the calculation of axial strain, energy dissipation, hysteretic damping,

displacement components, and the extent of plasticity.

5.1.1. Axial strain analysis

The axial strain analysis for the RC columns was conducted using the Optotrak Certus HD
system, which captured the three-dimensional displacement history of the longitudinal bars
throughout the experimental tests. To measure the strains on the longitudinal bars, the initial gauge
length was determined by calculating the distance between two markers before the start of the test.
During the experiment, the change in length between two markers (i and j) was calculated at each
time step using the coordinates along the X, Y, and Z axes, as shown in Equation 5-1. Data

recording was performed at a frequency of 1 hz.

Equation 5-1 L(t) = \/ (x;(®) — xi(t))2 + (y;(©) — yi(t))z + (z; () - zi(t))z

Once the change in length for a specific time was determined, the axial strain was

calculated by dividing the change in length by the initial gauge length (Lo), as expressed in
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Equation 5-2. This approach allowed for precise monitoring of the strain behavior of the

longitudinal bars throughout the loading cycles.

LH-Lo

Equation 5-2 e(t) = L
o

Strains in the longitudinal reinforcement of the socket wall were directly measured using
strain gauges, while strains on the steel tube in the RCFST were obtained through Digital Image

Correlation (DIC) data processing.

Strain profiles were developed to visualize the distribution of strains along the
instrumented height of the column. These profiles were generated by calculating the strains
between each marker on the extreme longitudinal bars of the RC columns. To provide a clear
comparison of strain behavior across different ductility displacements, strain profiles were
obtained for cycles before and after yielding. This approach allows for a detailed examination of
how strain evolves throughout the loading process. Figure 5-1 shows an example of a strain profile
before yielding, with dashed lines representing the predicted values and solid lines representing
the measured values. Figure 5-2 illustrates a strain profile after yielding. The strain profile

examples represent the strains of SJSI.

The strain history for each gauge length was generated for all experimental tests; however,
the presented strain histories focus on the extreme longitudinal bars at the locations where bar
fracture occurred. If no bar buckling was observed in a specimen, the strain history was taken from
a location centered 4 inches above the interface of the external socket connection. The strain
history is crucial for identifying the onset of bar buckling or rocking behavior during the
experimental test. For example, Figure 5-3 shows the strain history of the N6 bar for SJS1 at the
location where bar buckling occurred. These strain histories provide valuable insights into the

progression of deformation and the mechanisms leading to failure in the columns.
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Figure 5-3. Example of strain vs displacement history
5.1.2. Energy dissipation and hysteretic damping

The energy dissipation of the system was calculated by evaluating the area within the force-
displacement loop for each ductility cycle. The area of each loop, corresponding to the energy
dissipated during that specific cycle, was determined using numerical integration. The total energy
dissipation was then obtained by summing the results from all cycles. Figure 5-4 illustrates an
example of a force-displacement loop from the first cycle of ductility three for specimen SJS1,
highlighting the area used to calculate energy dissipation. Figure 5-5 presents the energy

dissipation plot across all cycles, providing a comprehensive view of the system energy dissipation

behavior.
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Figure 5-5. Example of energy dissipation plot
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Hysteretic damping is an important parameter for characterizing energy dissipation in
structures undergoing large inelastic deformations. It was calculated using the area-based
hysteretic damping method defined by Jacobsen [23]. Equation 5-3 shows the calculation, which
considers the area of the force-displacement loop (A1) and the area of the corresponding outlined
rectangle (A2), as depicted in Figure 5-6. Additionally, Figure 5-7 presents the hysteretic damping
calculated for all cycles of the experimental test, offering insights into the damping behavior

throughout the experiment.

Equation 5-3 Ehyst,jac =

alw
X
I

150

—Second cycle - u3

100 4

Applied force (kip)
o

100 |

50—+ R ——

Top displacement (in)

Figure 5-6. Example of Area 1 and Area 2 for Jacobsen hysteretic damping
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Figure 5-7. Example of hysteretic damping plot

5.1.3. Displacement components

The total lateral displacement is a result of multiple components, including the flexural
deformation of the column, rotation due to strain penetration of the longitudinal bars, rocking of
the column, shear deformation of the column, and rotation of the external socket connection. By
isolating each component of the lateral displacement, we can gain a deeper understanding of the
global behavior of the system. This section outlines the methodology used to calculate these

individual displacement components.

The flexural component of the column displacement was calculated using the second
theorem of the moment-area method, as expressed in Equation 5-4. The parameters involved in
this calculation are illustrated in Figure 5-8 [24]. The integral required for this method was solved

using numerical integration of the column curvature.
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Equation 5-4 A= fOH dmy - h-dh

A
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Moment Curvature Displacement
distribution distribution distribution

Figure 5-8. Displacements from curvature distribution [24]

The curvature was determined using the strains measured from the instrumented
reinforcing bars of the column, focusing on the three most extreme bars on each side. Assuming
that plane sections remain plane, the strain distribution across the column cross-section was treated

as linear. Figure 5-9 illustrates the strain profile of the column cross-section and the corresponding

curvature.
Loading : P
direction / € S
e “.‘ (P ?\\k
“.‘ N\\\I EC

Figure 5-9. Strain profile for a cross-section in the loading direction
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The strains of the three most extreme bars were plotted according to their positions in the
loading direction to obtain the curvature at each cross-section. A line was then fit through the strain
data, and the slope of this line was used to calculate the curvature, as shown in Figure 5-10 for

specimen SJS1.
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Figure 5-10. Example for curvature calculation

The curvature calculation was repeated for each gauge length along the height of the
column during the first cycle of each ductility displacement and for both loading directions. The
instrumented portion of the column began 2 inches above the socket interface. To determine the
curvature at the socket interface, linear interpolation was performed using the curvature data along

the height, as depicted in Figure 5-11.

207



35 v
L 1
1
! - - - Linear distribution
)
W —e—Drift = 5% (u3)
l
I~
PN - - -Linear (Drift = 5% (u3))
L >
—_ | @ Linear interpolation point
g :
e 1
g 20!
Q |
o ]
@ 1
2 1
& 5 et
o
[+ |
- !
= \
o !
o 10 + L
x \
[}
1
]
5 1
1
|
]
]
i . '
o+t {4 e o
0 0.0005 0.001 0.0015 0.002

0.0025 0.003
Curvature (1/in)

Figure 5-11. Example of linear interpolation in curvature profile

The resulting data provided a curvature profile along the column height, as shown in Figure
5-12 and Figure 5-13, illustrating the curvature before and after the first yield cycles. The curvature
is defined as positive when the column is pushed toward its north face. The linear distribution line

represents an elastic curvature distribution, starting from zero at the top of the column and

increasing to the yield curvature at the socket interface.

The top portion of the column, expected to remain elastic, was not instrumented, and the
curvature distribution in that region was assumed to be linear. Figure 5-14 provides an example of
the curvature distribution along the height of the column. For the pre-yield cycles, the curvature
was assumed to distribute linearly from the last measured curvature up to the column height. For
post-yield cycles, the last measured curvature was extended until it reached the yield curvature,

after which a linear distribution was assumed to follow the yield curvature line.
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Figure 5-14. Example of curvature distribution along the height of the column

Once the curvature profile is obtained along the column height, the displacement
calculation begins by integrating the area under the curvature curve. Numerical integration is
employed, where the gauge length defines the height of each integration segment, and the curvature

values between these gauge lengths determine the segment area.

After determining the integrated area for each section, the second theorem of the moment-
area method is applied to calculate the displacement. According to this method, the displacement
between two tangents to a deformed shape is calculated by considering the moment of the area
under the curvature curve between the points (see Figure 5-8). Specifically, the method involves
measuring the distance from the top of the column to the centroid of the previously calculated area.
This procedure is repeated for the entire column height, providing the flexural component of the

displacement.
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The displacement component due to strain penetration and rocking of the column was
determined by tracking the vertical change in position (slip) of an LED marker placed at the bottom
of the column on the three extreme bars on each side. The initial height of each LED marker was
recorded at the beginning of the test to establish a baseline. During the test, the baseline height
was subtracted from the recorded height to calculate the change in position for each LED marker.
This calculation was performed for the first cycle of each ductility displacement and for each

loading direction.

A line was then fit through the slip data of the three extreme bars, and the slope provided
the rotation angle resulting from strain penetration and rocking of the column. Figure 5-15 shows
an example of the slip data and the fit line for SJIS1 when the force was applied toward the north

side of the column.

1.0

o Drift = 0.1% (0.25A'y)

L e Drift = 0.3% (0.5 A'y)
0.8 +

[ s o Drift = 0.7% (0.75 AY)
: o Drift= 1.1% (A'y)
0.6 + Drift = 1.7% (p1)
I o Drift = 2.5% (u1.5)
Ml - o Drift = 3.3% (p2)

o Drift = 5% (u3)

o Drift = 6.6% (u4)

Reinforcement slip (in)

02 +

0.0 o

S0.2 b
42 10 -8 -6 4 2 0 2 4 6 8 10 12

Reinforcement position (in)

Figure 5-15. Example of rotation of the column at the socket interface
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The displacement component due to strain penetration and rocking was calculated by
multiplying the rotation angle by the column height measured from the interface of the external

socket connection. The calculation of this displacement component is shown in Equation 5-5.

Equation 5-5 ASP—R = HSP—R ) (Htotal - Hs)

A grid of LED markers was utilized to calculate the shear deformation of the column, with

the markers specifically placed on the west side of the column, as shown in Figure 5-16.
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§ |
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i

Figure 5-16. LED grid position for shear strain calculation
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For each grid, the strains in the horizontal, vertical, and diagonal directions were calculated
using Equation 5-1 and Equation 5-2. The horizontal and vertical strains were averaged, with the
two horizontal strains averaged to represent €1, and the two vertical strains to represent €2. Figure

5-17 provides an example of the strain distribution for a grid.

LED marker €x1 LED marker
@
€3 €4
€y1 Ey2
\ 9 93
® 4
LED marker Exo LED marker

Figure 5-17. Example of strains measured on a grid

These calculated values represent axial strains, which are positioned on the horizontal axis
of the Mohr circle. The shear strain is zero for strains €1 and €2, as these correspond to the principal
stresses. However, for the strains measured in the inclined directions, denoted as €3 and &4, their
respective shear strains were determined using the properties of the Mohr circle and geometry. To
accurately obtain the Mohr circle properties, a best-fit approach was applied [25], where the radius
and center of the Mohr circle were adjusted to minimize the error (see Equation 5-6) in the

projected shear strain for €3 and €4. Figure 5-18 illustrates the Mohr circle and the projected errors.

Equation 5-6 findr,c - min(Tte;) = vyy
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Figure 5-18.Example of a best fit of the Mohr circle

Once the center and radius of the Mohr circle were determined, the shear strain for each
grid was calculated using Mohr circle principles, as outlined in Equation 5-7. This procedure was
repeated for each grid on the column. Since three grids were positioned every two inches along
the column height, the shear strain at each height was obtained by averaging the shear strains from
these three grids. This process was repeated for the first cycle of each ductility displacement.
Figure 5-19 illustrates an example of the shear strain distribution along the column of SJS1 for the

last three ductility displacements.

Equation 5-7 Yoy =2°T
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Figure 5-19. Example of shear strain distribution along the measured height of the column

Once the shear strains for each interval were determined, Equation 5-8 was used to
calculate the shear displacement. In this equation, the shear strain for each interval was multiplied
by the interval height, summing these contributions up to the top of the instrumented region. For
the non-instrumented region, it was assumed that the last measured shear strain remained constant

up to the top of the column. This procedure was performed for each loading direction.

Equation 5-8 Aghear = Z?=1(yxy(i) ' hi)

To calculate the displacement resulting from the rotation of the socket, VIC-3D software
was used to analyze the rotation throughout the test. Figure 5-20 illustrates an area of interest with
the selected points used to monitor the socket rotation. Figure 5-21 presents an example of the
rotation measured on the north face of SJS1. It was observed that the rotation remained
approximately constant along the height of the socket. Therefore, an average rotation from the five

points was used for displacement calculation.
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The influence of socket rotation on the column displacement was considered up to the
socket height, and the rotation was multiplied by the socket height, as shown in Equation 5-9. This
calculation was performed for both loading directions to capture the full extent of the socket

rotation.

Equation 5-9 Asocket = Osocket (Hs)

The contributions from flexural deformation, strain penetration, rocking, shear
deformation, and socket rotation were compared with the measured displacement at each ductility
level. Figure 5-22 presents an example of the measured displacement alongside each calculated
displacement component. This analysis was performed for both loading directions. By comparing
the measured displacement with the calculated displacement components, the accuracy of the
calculation methods was validated, and the dominant displacement component for each
experimental test was visually identified. While the measured displacement does not perfectly
match the calculated components due to inherent calculation and instrumentation errors, the

comparison provides valuable insights into the behavior of each test.
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Figure 5-22. Example of displacement components for post-yield cycles
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5.2. Experimental Results for Specimen SJS-1

In this section, the data analysis and experimental results previously discussed in this
chapter will be specifically applied to the experimental test SJIS1. The results for SIS1 will be
presented in detail, focusing on axial strains on the column and external socket, hysteretic
damping, and calculated displacement components. This analysis provides insights into the column
performance and behavior under the applied loading conditions, contributing to a comprehensive

understanding of the system response.

5.2.1. Axial strain analysis for SJS-1

The strain profiles were calculated to assess the strain distribution along the RC column
during the first cycles of each ductility displacement for SJS1, considering both loading directions.
In this context, "Pushing Cycles” refers to the strain profiles when force is applied toward the north

face of the column, while "Pulling Cycles” refers to when force is applied toward the south face.

Figure 5-23 and Figure 5-24 present the strain profiles of the extreme bar located on the
north face of the specimen for cycles up to yielding and post-yield cycles, respectively. Similarly,
Figure 5-25 and Figure 5-26 depict the strain profiles for the extreme bar on the south side of the
specimen for cycles up to yielding and post-yield cycles. The strain profiles are shown up to the
cycle before bar fracture, beyond which data could not be recorded near the fracture area. These
strain profiles indicate a spread of plasticity extending approximately 28 inches from the external

socket interface.

The maximum axial strain in tension before bar fracture was approximately 4.5% on both
sides of the specimen. On the north side, where bar fracture occurred, the maximum axial strain in
compression was around 4.0%. In contrast, the maximum axial compression strain on the south

side was significantly lower, reaching values of approximately 1.5%.
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A detailed examination of the strains on the reinforcing bars can be achieved by plotting
the strain throughout the displacement history for each gauge length. Figure 5-27 and Figure 5-28
present the strain history of the extreme bars located on the north and south faces of the specimen,
respectively, with the gauge length chosen at the points where the bars buckled and eventually
fractured. For both extreme bars, it can be observed that once the strain in tension exceeded 3%,
the reinforcement began to buckle. This buckling is evident when, instead of continuing to increase
in compressive strains, the bars started to exhibit tension strains due to their deformed shape. After
significant buckling occurred, the strain data was no longer plotted, as the resulting tension strains

were no longer representative of the true behavior of the reinforcing bars.

Additionally, the strain history of the extreme bars in the external socket wall
reinforcement was monitored using strain gauges placed 2 inches above the footing. Figure 5-29
and Figure 5-30 present the strain history for the extreme bars on the north and south faces,
respectively. The data shows that the reinforcement in the external socket wall barely reached the
yield point, indicating that the external socket wall remained elastic throughout the entire

experimental test.
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Figure 5-27. Strain vs displacement history for N6 of SJS1
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The axial strains on the external socket sleeve were measured using DIC. In this context,
the horizontal strains correspond to the hoop forces acting around the circumference, while the
vertical strains reflect any flexion sustained by the sleeves. Figure 5-31 and Figure 5-32 present

the strains on the north face of the specimen while Figure 5-33 and Figure 5-34 show the strains

on the south face.

The data shows that, for the horizontal strains, the top 4 inches of the socket experienced
strain values twice that of yielding, while the remaining height of the socket remained elastic. The
vertical strains remained elastic throughout the experimental test, indicating that the external

socket sleeve did not contribute significantly to the flexural behavior of the external socket wall.
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5.2.2. Energy dissipation and hysteretic damping for SJS-1

Energy dissipation is important in understanding a structure seismic behavior because it
relates to the structural element damage and energy dissipation capacity. Figure 5-35 illustrates
the energy dissipation for all ductility displacement cycles for SJS1, with a total energy dissipation
of 7661 kip-in. Notably, during the third cycle of ductility four, where bar fracture occurred, the
energy dissipated was reduced by 30% compared to the first cycle at the same ductility level. This

reduction highlights the impact of severe damage on the energy dissipation capacity of the column.

Additionally, Figure 5-36 presents the Jacobsen hysteretic damping values for SJSI,
demonstrating that damping increases as the applied displacements grow and the column sustains
more damage. Notably, the elastic damping for SJIS1 was approximately 10%, which is 5% higher
than what is typically observed in a CIP column, indicating enhanced energy dissipation during

the structural element elastic behavior.
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Figure 5-35. Energy dissipation plot for SJS1
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5.2.3. Displacement components for SJS-1

The displacement components considered in the calculations include flexural deformation,
column rotation due to strain penetration and rocking, shear deformation of the column, and the
deformation contribution resulting from socket rotation. The methodologies for these calculations

have been detailed earlier in Section 5.1.3 of this report.

The flexural displacement component was derived from the column curvature, with the
curvature profile shown in Figure 5-37 for the cycles up to yield and in Figure 5-38 for the post-
yield cycles. The curvature is defined as positive when the column is pushed toward its north face.
The dashed line in these figures represents the linear distribution of curvature, beginning at zero

at the top of the column and reaching the yield curvature at the socket interface.

The displacement due to column rotation was calculated by determining the rotation angle
at the base of the column and multiplying it by the column height above the socket. Figure 5-39

and Figure 5-40 present the column rotation for pushing and pulling cycles, respectively.
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Figure 5-41 and Figure 5-42 present the shear strain distribution along the column height
for the last three ductility displacements, as well as the yield displacement. These shear strains
were then used to calculate the column shear displacement by multiplying the shear strain by the
interval height. At 20 inches above the socket, the shear strains became constant, remaining

approximately the same for all ductility displacements after yielding.

The displacement component resulting from socket rotation was obtained using DIC.
Figure 5-43 and Figure 5-44 illustrate the socket rotation throughout the experimental test for the
north and south faces, respectively. Socket rotation was measured at five different locations along
the height, and an average value was used for displacement calculations due to the uniform
distribution observed along the socket height. The averaged socket rotation, when multiplied by

the socket height, provided the displacement component attributed to socket rotation.
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Figure 5-41. Shear strain distribution of the column for pushing cycles for SJS1
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Figure 5-44. Socket rotation at the south side of SJIS1

Table 5-1 and Table 5-2 present the contributions of the different components to the total
displacement. Additionally, Figure 5-45 and Figure 5-46 illustrate the component displacements
for pushing and pulling cycles following the first yield. The calculated displacement components
closely match the measured values, validating the accuracy of the calculation methodology. The
difference between the measured and calculated displacements is less than 5% for most ductility

displacements.

Table 5-1. Displacement components for pushing cycles for SJS 1

Displacement component (in) ANy pl plS  p2 p3 p4

Measured displacement 1.01 149 226 298 446 596
Flexural 033 051 088 125 205 3.05

Strain penetration and rocking 0.55 0.82 1.16 153 211 2.70
Shear 0.03 0.04 005 005 0.08 0.16

Socket rotation 0.03 0.04 0.05 0.06 0.06 0.07

Calculated displacement error 0.07 0.08 0.11 0.09 0.15 -0.02
Calculated displacement error (%) 7.1% 5.3% 5.1% 3.2% 3.3% -0.4%
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Top displacement (in)

Table 5-2. Displacement components for pulling cycles for SJS 1

Displacement component (in) ANy pl plS  p2 p3 n4
Measured displacement 1.14 149 229 298 4.48 6.10
Flexural 0.37 048 085 1.16 187 2.54
Strain penetration and rocking 0.67 0.86 122 153 220 3.16
Shear 0.01 0.03 0.08 0.07 0.12 0.16
Socket rotation 0.07 0.08 0.08 0.08 0.09 0.11
Calculated displacement error 0.02 0.03 0.06 0.14 0.18 0.13
Calculated displacement error (%) 1.9% 2.3% 2.6% 4.8% 4.1% 2.1%
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Figure 5-45. Displacement components for pushing cycles for SJS1
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Figure 5-46. Displacement components for pulling cycles for SJS1

Comparing the displacement components, it was observed that the shear and socket rotation
had a relatively small impact on the total displacement of the column. In contrast, the flexural
deformation, strain penetration, and rocking of the column contributed significantly more, each
having a comparable influence on the overall displacement. These findings highlight that while
shear and socket rotation are present, the primary drivers of total column displacement are the
flexural and rotational effects for a socket height of 1.0 Dc that developed the plastic hinge above

the external socket connection.

5.2.4. Summary of Results for SJS-1

The tension strains in the longitudinal bars reached 4.5% before bar buckling occurred,
followed by fracture in the subsequent cycle. This indicates that the plastic hinge was fully
developed above the external socket interface. The strains in the external socket wall remained
below the yield point throughout the test, confirming that the external socket connections

effectively prevented plastic strains from reaching the foundation or cap beam. As a result, the
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footing remained as a capacity-protected element. Horizontal strains in the external socket sleeve
reached twice the yield strain at the top third of the socket height but remained elastic for the rest
of the height. No visible damage was observed on the sleeves during the test, confirming that the

sleeves did not experience significant inelastic deformation.

The elastic damping for SJS 1 was approximately 10%, which is higher than the 5%
typically observed in CIP columns. This additional 5% damping may be attributed to the initial
cracks in the socket wall and grout that occurred early in the test, as well as some unidentified

noises observed during the cycles before the yield displacement.

The overall displacement behavior of SJS 1 was governed primarily by flexural
deformation, strain penetration, and rocking. Flexural displacements accounted for approximately
40% of the total displacement, while strain penetration and rocking contributed around 50%. In
comparison, CIP columns typically exhibit 65% flexural displacement and 30% strain penetration.
This indicates that strain penetration and rocking have a more significant contribution to the total

displacement of the column while having a socket connection than in CIP columns.

5.3. Experimental Results for Specimen SJS-2

In this section, the data analysis and experimental results previously discussed in this
chapter will be specifically applied to the experimental test SJIS2. The results for SJIS2 will be
presented in detail, focusing on axial strains on the column and external socket, hysteretic
damping, and calculated displacement components. This analysis provides insights into the column
performance and behavior under the applied loading conditions, contributing to a comprehensive

understanding of the system response.

5.3.1. Axial strain analysis for SJS-2

The strain profiles were calculated to assess the strain distribution along the RC column

during the first cycles of each ductility displacement for SJS2, considering both loading directions.
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In this context, "Pushing Cycles” refers to the strain profiles when force is applied toward the north

face of the column, while "Pulling Cycles” refers to when force is applied toward the south face.

Figure 5-47 and Figure 5-48 present the strain profiles of the extreme bar located on the
north face of the specimen for cycles up to yielding and post-yield cycles, respectively. Similarly,
Figure 5-49 and Figure 5-50 depict the strain profiles for the extreme bar on the south side of the
specimen for cycles up to yielding and post-yield cycles. The maximum axial strain in both tension
and compression before grout crushing occurred was approximately 0.23% on both sides of the
specimen, which is the yield strain. These strain profiles indicate that the column remained elastic

throughout the experimental test.
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Figure 5-47. Strain profile up to first yield cycle for SJS2 on the north side of the column
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A detailed examination of the strains on the reinforcing bars can be achieved by plotting
the strain throughout the displacement history for each gauge length. Figure 5-51 and Figure 5-52
present the strain history of the extreme bars located on the north and south faces of the specimen
at the first gauge length above the external socket. For both extreme bars, it was observed that the
maximum strain reached during the experimental test was the yield strain. Following grout

crushing, the column began to exhibit rocking behavior.

Additionally, the strain history of the extreme bars in the external socket wall
reinforcement was monitored using strain gauges placed 2 inches above the footing. Figure 5-53
and Figure 5-54 present the strain history for the extreme bars on the north and south faces,
respectively. The data shows that the reinforcement in the external socket wall barely reached the
yield point, indicating that the external socket wall remained elastic throughout the entire

experimental test.
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Figure 5-53.
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The axial strains on the external socket sleeve were measured using DIC. In this context,
the horizontal strains correspond to the hoop forces acting around the circumference, while the
vertical strains reflect any flexion sustained by the sleeves. Figure 5-55 and Figure 5-56 present
the strains on the north face of the specimen while Figure 5-57 and Figure 5-58 show the strains
on the south face. The data indicates that, for the horizontal strains, the top 4 inches of the socket
experienced strain values of 1.2%, while the remainder of the socket height remained elastic. The
vertical strains reached yielding at the top 2 inches of the socket, with the rest of the socket height
staying elastic throughout the experimental test. These results suggest that the acting forces were

concentrated in the top 4 inches of the steel sleeve.
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5.3.2. Energy dissipation and hysteretic damping for SJS-2

Energy dissipation is important in understanding a structure seismic behavior because it
relates to the structural element damage and energy dissipation capacity. Figure 5-59 illustrates
the energy dissipation for all ductility displacement cycles for SJS2, with a total energy dissipation
of 2118 kip-in. Notably, during the second cycle of ductility one and a half, where the grout was
crushed, the energy dissipated was reduced by 35% compared to the first cycle at the same ductility
level. This reduction highlights the impact of severe damage on the energy dissipation capacity of

the column.

Additionally, Figure 5-60 presents the Jacobsen hysteretic damping values for SJS2,
demonstrating that damping increases as the applied displacements grow and the column sustains
more damage. Notably, the elastic damping for SJS2 was approximately 12%, which is 7% higher
than what is typically observed in a CIP column, indicating enhanced energy dissipation during

the structural element elastic behavior.
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5.3.3. Displacement components for SJS-2

The displacement components considered in the calculations include flexural deformation,
column rotation due to strain penetration and rocking, shear deformation of the column, and the
deformation contribution resulting from socket rotation. The methodologies for these calculations

have been detailed earlier in Section 5.1.3 of this report.

The flexural displacement component was derived from the column curvature, with the
curvature profile shown in Figure 5-61 for the cycles up to yield and in Figure 5-62 for the post-
yield cycles. The curvature is defined as positive when the column is pushed toward its north face.
The dashed line in these figures represents the linear distribution of curvature, beginning at zero

at the top of the column and reaching the yield curvature at the socket interface.
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Figure 5-61. Curvature profile of the column up to the first yield cycle for SJS2
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The displacement due to column rotation was calculated by determining the rotation angle
at the base of the column and multiplying it by the column height above the socket. Figure 5-63

and Figure 5-64 present the column rotation for pushing and pulling cycles, respectively.

Figure 5-65 and Figure 5-66 present the shear strain distribution along the column height
for the last three ductility displacements, as well as the yield displacement. These shear strains
were then used to calculate the column shear displacement by multiplying the shear strain by the
interval height. The shear strains remained approximately constant for all ductility displacements

after yielding.

The displacement component resulting from socket rotation was obtained using DIC.
Figure 5-67 and Figure 5-68 illustrate the socket rotation throughout the experimental test for the
north and south faces, respectively. Socket rotation was measured at five different locations along
the height, and an average value was used for displacement calculations due to the uniform
distribution observed along the socket height. The averaged socket rotation, when multiplied by

the socket height, provided the displacement component attributed to socket rotation.
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Table 5-3 and Table 5-4 present the contributions of the different components to the total

displacement. Additionally, Figure 5-69 and Figure 5-70 illustrate the component displacements

for pushing and pulling cycles following the first yield. The calculated displacement components

closely match the measured values, validating the accuracy of the calculation methodology. The

difference between the measured and calculated displacements is around 5.3% for most ductility

displacements.

Table 5-3. Displacement components for pushing cycles for SJS 2

Displacement component (in) ANy pl plS  p2
Measured displacement 244 363 537 7.12
Flexural 034 040 037 0.21
Strain penetration and rocking 1.92 299 475 6.79
Shear 0.01 0.01 0.01 0.0l
Socket rotation 0.03 0.04 0.04 0.03
Calculated displacement error 0.13 0.19 0.20 0.08
Calculated displacement error (%) 5.4% 5.1% 3.8% 1.1%

Table 5-4. Displacement components for pulling cycles for SJS 2

Displacement component (in) Ay pl plS  p2
Measured displacement 2776 358 536 7.13
Flexural 036 036 033 0.12
Strain penetration and rocking 2.18 293 4.69 6.68
Shear 0.02 0.03 0.02 0.01
Socket rotation 0.03 0.03 0.03 0.02
Calculated displacement error 0.18 0.23 0.28 0.30
Calculated displacement error (%) 6.4% 6.5% 5.3% 4.2%
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When comparing the displacement components, it was observed that shear and socket
rotation had a relatively negligible impact on the column total displacement. Flexural displacement
had a minimum effect, while strain penetration and rocking of the column contributed significantly
to the overall displacement. Therefore, the primary displacement component was due to rotational
effects, particularly for a socket height of 0.75 Dc, where the grout was crushed and the column

remained elastic.

5.3.4. Summary of Results for SJS-2

The tension strains in the longitudinal bars reached yielding at the predicted yield
displacement where grout crushing occurred and the column experienced rocking. This behavior
prevented the development of the full plastic hinge above the external socket connection. The
strains in the external socket wall remained below the yield point throughout the test, confirming
that the external socket connections effectively prevented plastic strains from reaching the

foundation or cap beam. As a result, the footing remained as a capacity-protected element.

Horizontal strains in the external socket sleeve reached 1% of strain at the top third of the
socket height but remained elastic for the rest of the height. This aligns with the visible damage
observed on the sleeves during the test, confirming that the sleeves experienced significant

inelastic deformation.

The elastic damping for SJS 2 was approximately 12%, which is higher than the 5%
typically observed in CIP columns. This additional 7% damping may be attributed to the initial
cracks in the socket wall and grout that occurred early in the test, as well as some unidentified

noises observed during the cycles before the yield displacement.

The overall displacement behavior of SIS 2 was governed primarily by strain penetration
and rocking. Flexural displacements accounted for approximately 5% of the total displacement,
while strain penetration and rocking contributed around 90%. This indicates that strain penetration
and rocking play a more significant role in socket connections when the failure mechanism is

attributed to grout crushing.
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5.4. Experimental Results for Specimen SJS-3

In this section, the data analysis and experimental results previously discussed in this
chapter will be specifically applied to the experimental test SJIS3. The results for SIS3 will be
presented in detail, focusing on axial strains on the column and external socket, hysteretic
damping, and calculated displacement components. This analysis provides insights into the column
performance and behavior under the applied loading conditions, contributing to a comprehensive

understanding of the system response.

5.4.1. Axial strain analysis for SJS-3

The strain profiles were calculated to assess the strain distribution along the RC column
during the first cycles of each ductility displacement for SJS2, considering both loading directions.
In this context, "Pushing Cycles” refers to the strain profiles when force is applied toward the north

face of the column, while "Pulling Cycles” refers to when force is applied toward the south face.

Figure 5-71 and Figure 5-72 present the strain profiles of the extreme bar located on the
north face of the specimen for cycles up to yielding and post-yield cycles, respectively. Similarly,
Figure 5-73 and Figure 5-74 depict the strain profiles for the extreme bar on the south side of the
specimen for cycles up to yielding and post-yield cycles. The maximum axial strain in tension
before grout crushing occurred was approximately 1.6%, while a maximum strain of 0.8% was
reached in compression. These strain profiles indicate a spread of plasticity extending

approximately 20 inches from the external socket interface.

A detailed examination of the strains on the reinforcing bars can be achieved by plotting
the strain throughout the displacement history for each gauge length. Figure 5-75 and Figure 5-76
present the strain history of the extreme bars located on the north and south faces of the specimen
at the first gauge length above the external socket. For both extreme bars, it was observed that the
maximum strain reached during the experimental test was approximately 1.6% when the bar was

in tension. Following grout crushing, the column began to exhibit rocking behavior.
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Additionally, the strain history of the extreme bars in the external socket wall
reinforcement was monitored using strain gauges placed 2 inches above the footing. Figure 5-77
and Figure 5-78 present the strain history for the extreme bars on the north and south faces,
respectively. The data shows that the reinforcement in the external socket wall reached 1.5 the
yield strain, indicating that the external socket wall remained mostly elastic throughout the entire

experimental test.

The axial strains on the external socket sleeve were measured using DIC. In this context,
the horizontal strains correspond to the hoop forces acting around the circumference, while the
vertical strains reflect any flexion sustained by the sleeves. Figure 5-79 and Figure 5-80 present
the strains on the north face of the specimen while Figure 5-81 and Figure 5-82 show the strains
on the south face. The data indicates that, for the horizontal strains, the top 7 inches of the socket
experienced strain values of 1.1%, while the remainder of the socket height remained elastic. The
vertical strains reached yielding at the top 3 inches of the socket, with the rest of the socket height
staying elastic throughout the experimental test. These results suggest that the acting forces were

concentrated in the top 7 inches of the steel sleeve.
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Figure 5-77. Strain vs displacement history for the extreme bar of socket wall reinforcement at

the north side of SJS3
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Figure 5-82. Vertical strain history of external socket sleeve at the south side of SJS3

5.4.2. Energy dissipation and hysteretic damping for SJS-3

Energy dissipation is important in understanding a structure seismic behavior because it
relates to the structural element damage and energy dissipation capacity. Figure 5-83 illustrates
the energy dissipation for all ductility displacement cycles for SJS3, with a total energy dissipation
of 4113 kip-in. Notably, during the third cycle of ductility two, where the grout was crushed, the
energy dissipated was reduced by 25% compared to the first cycle at the same ductility level. This

reduction highlights the impact of severe damage on the energy dissipation capacity of the column.

Additionally, Figure 5-84 presents the Jacobsen hysteretic damping values for SJS3,
demonstrating that damping increases as the applied displacements grow and the column sustains
more damage. Notably, the elastic damping for SJS3 was approximately 10%, which is 5% higher
than what is typically observed in a CIP column, indicating enhanced energy dissipation during

the structural element elastic behavior.
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5.4.3. Displacement components for SJS-3

The displacement components considered in the calculations include flexural deformation,
column rotation due to strain penetration and rocking, shear deformation of the column, and the
deformation contribution resulting from socket rotation. The methodologies for these calculations

have been detailed earlier in Section 5.1.3 of this report.

The flexural displacement component was derived from the column curvature, with the
curvature profile shown in Figure 5-85 for the cycles up to yield and in Figure 5-86 for the post-
yield cycles. The curvature is defined as positive when the column is pushed toward its north face.
The dashed line in these figures represents the linear distribution of curvature, beginning at zero

at the top of the column and reaching the yield curvature at the socket interface.

The displacement due to column rotation was calculated by determining the rotation angle
at the base of the column and multiplying it by the column height above the socket. Figure 5-87

and Figure 5-88 present the column rotation for pushing and pulling cycles, respectively.
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Figure 5-85. Curvature profile of the column up to the first yield cycle for SJS3
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Figure 5-89 and Figure 5-90 present the shear strain distribution along the column height
for the last three ductility displacements, as well as the yield displacement. These shear strains
were then used to calculate the column shear displacement by multiplying the shear strain by the
interval height. At 20 inches above the socket, the shear strains became constant, remaining

approximately the same for all ductility displacements after yielding.

The displacement component resulting from socket rotation was obtained using DIC.
Figure 5-91 and Figure 5-92 illustrate the socket rotation throughout the experimental test for the
north and south faces, respectively. Socket rotation was measured at five different locations along
the height, and an average value was used for displacement calculations due to the uniform
distribution observed along the socket height. The averaged socket rotation, when multiplied by

the socket height, provided the displacement component attributed to socket rotation.

264



Height above socket (in)

35 T
30
25
20
15 |

10 4

osee

L X ]

I

e Drift =1.7% (A'y)
e Drift =3.6% (u1.5)
* Drift =4.9% (p2)

o Drift =7.3% (p3)

[ S T

0.002

0.004

0.006

0.008 0.01

0.012

Shear strain (rad)

0.014 0.016

0.018

Figure 5-89. Shear strain distribution of the column for pushing cycles for SJS3

Height above socket (in)

35
30 +

25 |

15 4

10 |

20 |

L

o0 o0

L

o Drift = 1.7% (AY)
* Drift =3.6% (u1.5)
o Drift =4.9% (u2)

« Drift =7.3% (u3)

e e T |

0.002

0.004

0.006

0.008

0.01

0.012

Shear strain (rad)

0.014 0.016

0.018

Figure 5-90. Shear strain distribution of the column for pulling cycles for SJIS3

265



Socket rotation (rad)

Socket rotation (rad)

0.0015

[ —PO@204in —P1@17in —P2@ 13.5in
[ —P3@10in —P4@6.8in
0.0010 +
0.0005 - ! W'“‘
I it \ r‘ wu
0.0000 AR e e
\*l”' ‘b’ | Ik
L | i ] i
-0.0005 T M
[ i \
-0.0010 - ’
-0.0015 |
DO A
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Image index number
Figure 5-91. Socket rotation at the north side of SJS3
0.0010
I —PO@204in —P1@17.6in —P2@14.6in
[ —P3@114in —P4@75in
0.0005 +
0.0000 -SEEFEIRATE & s M ‘
AR LA |
F | i
-0.0005 + ' TR AN )
-0.0010 |
-0.0015 +
00020
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Image index number
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Table 5-5 and Table 5-6 present the contributions of the different components to the total
displacement. Additionally, Figure 5-93 and Figure 5-94 illustrate the component displacements
for pushing and pulling cycles following the first yield. The calculated displacement components
closely match the measured values, validating the accuracy of the calculation methodology. The
difference between the measured and calculated displacements is around 10% for most ductility

displacements.

Table 5-5. Displacement components for pushing cycles for SJS 3

Displacement component (in) ANy pl pl.s p2 TR
Measured displacement 149 211 328 437 6.60
Flexural 035 050 092 1.18 091
Strain penetration and rocking 0.86 1.27 191 2.67 5.05
Shear 0.07 0.08 0.11 0.12 0.10
Socket rotation 0.03 0.04 0.04 0.03 0.02
Calculated displacement error 0.17 023 0.30 0.38 0.51

Calculated displacement error (%) 11.5% 10.7% 9.2% 8.6% 7.7%

Table 5-6. Displacement components for pulling cycles for SJS 3

Displacement component (in) Ay pl plS p2 TR
Measured displacement 1.42 1.99 321 438 6.62
Flexural 036 045 0.79 0.84 043
Strain penetration and rocking 0.87 1.26 2.01 3.01 5.39
Shear 0.03 0.05 0.08 0.08 0.07
Socket rotation 0.01 0.02 0.02 0.03 0.04
Calculated displacement error 0.15 021 031 043 0.69

Calculated displacement error (%) 10.3% 10.5% 9.8% 9.8% 10.4%
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When comparing the displacement components, it was observed that shear and socket
rotation had a relatively negligible impact on the column total displacement. Flexural displacement
had a minimum effect, while strain penetration and rocking of the column contributed significantly
to the overall displacement, with more than 65% of the total displacement. Therefore, the primary
displacement component was due to rotational effects, particularly for a socket height of 0.85 Dc,

where the failure mode was crushing of the grout.

5.4.4. Summary of Results for SJS-3

The tension strains in the longitudinal bars reached 1.6% before grout crushing occurred
and the column experienced rocking. This behavior prevented the development of the full plastic
hinge above the external socket connection. The strains in the external socket wall remained below
the yield point throughout the test, confirming that the external socket connections effectively
prevented plastic strains from reaching the foundation or cap beam. As a result, the footing

remained as a capacity-protected element.

Horizontal strains in the external socket sleeve reached 1% of strain at the top third of the
socket height but remained elastic for the rest of the height. This aligns with the visible damage
observed on the sleeves during the test, confirming that the sleeves experienced significant

inelastic deformation.

The elastic damping for SJS 3 was approximately 10%, which is higher than the 5%
typically observed in CIP columns. This additional 5% damping may be attributed to the initial
cracks in the socket wall and grout that occurred early in the test, as well as some unidentified

noises observed during the cycles before the yield displacement.

The overall displacement behavior of SJS 3 was governed primarily by strain penetration
and rocking. Flexural displacements accounted for approximately 25% of the total displacement,
while strain penetration and rocking contributed around 65%. This indicates that strain penetration
and rocking play a more significant role in socket connections when the failure mechanism is

attributed to grout crushing.
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5.5. Experimental Results for Specimen SJS-4

In this section, the data analysis and experimental results previously discussed in this
chapter will be specifically applied to the experimental test SJIS4. The results for SIS4 will be
presented in detail, focusing on axial strains on the column and external socket, hysteretic
damping, and calculated displacement components. This analysis provides insights into the column
performance and behavior under the applied loading conditions, contributing to a comprehensive

understanding of the system response.

5.5.1. Axial strain analysis for SJS-4

The strain profiles were calculated to assess the strain distribution along the RC column
during the first cycles of each ductility displacement for SJS4, considering both loading directions.
In this context, "Pushing Cycles” refers to the strain profiles when force is applied toward the north

face of the column, while "Pulling Cycles” refers to when force is applied toward the south face.

Figure 5-95 and Figure 5-96 present the strain profiles of the extreme bar located on the
north face of the specimen for cycles up to yielding and post-yield cycles, respectively. Similarly,
Figure 5-97 and Figure 5-98 depict the strain profiles for the extreme bar on the south side of the
specimen for cycles up to yielding and post-yield cycles. The maximum axial strain in tension
before grout crushing occurred was approximately 4.0%, while a maximum strain of 2.0% was
reached in compression. These strain profiles indicate a spread of plasticity extending

approximately 28 inches from the external socket interface.

A detailed examination of the strains on the reinforcing bars can be achieved by plotting
the strain throughout the displacement history for each gauge length. Figure 5-99 and Figure 5-100
present the strain history of the extreme bars located on the north and south faces of the specimen
at the first gauge length above the external socket. For both extreme bars, it was observed that the
maximum strain reached during the experimental test was approximately 3.5% when the bar was

in tension. Following grout crushing, the column began to exhibit rocking behavior.
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Additionally, the strain history of the extreme bars in the external socket wall
reinforcement was monitored using strain gauges placed 2 inches above the footing. Figure 5-101
and Figure 5-102 present the strain history for the extreme bars on the north and south faces,
respectively. The data shows that the reinforcement in the external socket wall reached twice the
yield strain on the north side. For the extreme bar on the south side, the strains were obtained at

six inches above the footing, where the strains remained elastic.

The axial strains on the external socket sleeve were measured using DIC. In this context,
the horizontal strains correspond to the hoop forces acting around the circumference, while the
vertical strains reflect any flexion sustained by the sleeves. Figure 5-103 and Figure 5-104 present
the strains on the north face of the specimen while Figure 5-105 and Figure 5-106 show the strains
on the south face. The data indicates that, for the horizontal strains, the top 7 inches of the socket
experienced strain values of 0.6%, while the remainder of the socket height remained elastic. The
vertical strains reached yielding at the top 3 inches of the socket, with the rest of the socket height

staying elastic throughout the experimental test.
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Figure 5-101. Strain vs displacement history for the extreme bar of socket wall reinforcement at
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5.5.2. Energy dissipation and hysteretic damping for SJS-4

Energy dissipation is important in understanding a structure seismic behavior because it
relates to the structural element damage and energy dissipation capacity. Figure 5-107 illustrates
the energy dissipation for all ductility displacement cycles for SJS4, with a total energy dissipation
of 9053 kip-in. Notably, during the third cycle of ductility three, where the grout was crushed, the
energy dissipated was reduced by 20% compared to the first cycle at the same ductility level. This

reduction highlights the impact of severe damage on the energy dissipation capacity of the column.

Additionally, Figure 5-108 presents the Jacobsen hysteretic damping values for SJS4,
demonstrating that damping increases as the applied displacements grow and the column sustains
more damage. Notably, the elastic damping for SJS4 was approximately 11%, which is 6% higher
than what is typically observed in a CIP column, indicating enhanced energy dissipation during

the structural element elastic behavior.
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5.5.3. Displacement components for SJS-4

The displacement components considered in the calculations include flexural deformation,
column rotation due to strain penetration and rocking, shear deformation of the column, and the
deformation contribution resulting from socket rotation. The methodologies for these calculations

have been detailed earlier in Section 5.1.3 of this report.

The flexural displacement component was derived from the column curvature, with the
curvature profile shown in Figure 5-109 for the cycles up to yield and in Figure 5-110 for the post-
yield cycles. The curvature is defined as positive when the column is pushed toward its north face.
The dashed line in these figures represents the linear distribution of curvature, beginning at zero

at the top of the column and reaching the yield curvature at the socket interface.

The displacement due to column rotation was calculated by determining the rotation angle
at the base of the column and multiplying it by the column height above the socket. Figure 5-111

and Figure 5-112 present the column rotation for pushing and pulling cycles, respectively.
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Figure 5-109. Curvature profile of the column up to the first yield cycle for SJS4
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Figure 5-112. Rotation of the column for pulling cycles at the socket interface of SJS4

Figure 5-113 and Figure 5-114 present the shear strain distribution along the column height
for the last three ductility displacements, as well as the yield displacement. These shear strains
were then used to calculate the column shear displacement by multiplying the shear strain by the
interval height. At 20 inches above the socket, the shear strains started to become constant,

remaining approximately the same for all ductility displacements after yielding.

The displacement component resulting from socket rotation was obtained using DIC.
Figure 5-115 and Figure 5-116 illustrate the socket rotation throughout the experimental test for
the north and south faces, respectively. Socket rotation was measured at five different locations
along the height, and an average value was used for displacement calculations due to the uniform
distribution observed along the socket height. The averaged socket rotation, when multiplied by

the socket height, provided the displacement component attributed to socket rotation.
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Table 5-7 and Table 5-8 present the contributions of the different components to the total
displacement. Additionally, Figure 5-117 and Figure 5-118 illustrate the component displacements
for pushing and pulling cycles following the first yield. The calculated displacement components
closely match the measured values, validating the accuracy of the calculation methodology. The
difference between the measured and calculated displacements is around 7% for most ductility

displacements.

Table 5-7. Displacement components for pushing cycles for SJS 4

Displacement component (in) Ay pl plsS p2 pn3 pn4
Measured displacement 1.65 2.05 324 415 628 838
Flexural 054 064 1.08 153 2.10 1.85
Strain penetration and rocking 092 1.15 1.74 205 346 579
Shear 0.05 0.07 0.15 0.19 028 0.23
Socket rotation 0.04 0.04 0.05 0.05 0.06 0.07
Calculated displacement error 0.10 0.14 023 033 038 044

Calculated displacement error (%) 59% 7.0% 7.0% 8.0% 6.1% 5.3%

Table 5-8. Displacement components for pulling cycles for SJS 4

Displacement component (in) Ay pl plsS p2 p3 p4
Measured displacement 1.33  2.01 3.17 4.14 629 840
Flexural 046 0.61 1.03 135 1.95 1.63
Strain penetration and rocking 074 113 1.73 237 3.60 552
Shear 0.08 0.09 0.10 0.15 026 0.29
Socket rotation 0.01 0.01 0.02 0.03 0.05 0.08
Calculated displacement error 0.05 0.17 030 024 043 0.87

Calculated displacement error (%) 35% 85% 9.5% 5.7% 6.9% 10.4%
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When comparing the displacement components, it was observed that shear and socket
rotation had a relatively small impact on the column total displacement. Flexural displacement
contributed around 30% of the total displacement, while strain penetration and rocking of the
column contributed significantly to the overall displacement, with more than 55% of the total
displacement. Therefore, the primary displacement component was due to rotational effects,

particularly for a socket height of 0.85 Dc, where the failure mode was crushing of the grout.

5.5.4. Summary of Results for SJS-4

The tension strains in the longitudinal bars reached 4.0% before grout crushing occurred
and the column experienced rocking. This behavior prevented the development of the full plastic
hinge above the external socket connection. The strains in the external socket wall remained below
the yield point throughout the test, confirming that the external socket connections effectively
prevented plastic strains from reaching the foundation or cap beam. As a result, the footing

remained as a capacity-protected element.

Horizontal strains in the external socket sleeve reached 0.6% of strain at the top third of
the socket height but remained elastic for the rest of the height. This aligns with the visible damage
observed on the sleeves during the test, confirming that the sleeves experienced significant

inelastic deformation.

The elastic damping for SJS 4 was approximately 11%, which is higher than the 5%
typically observed in CIP columns. This additional 6% damping may be attributed to the initial
cracks in the socket wall and grout that occurred early in the test, as well as some unidentified

noises observed during the cycles before the yield displacement.

The overall displacement behavior of SJS 4 was governed primarily by strain penetration
and rocking. Flexural displacements accounted for approximately 30% of the total displacement,
while strain penetration and rocking contributed around 55%. This indicates that strain penetration
and rocking play a more significant role in socket connections when the failure mechanism is

attributed to grout crushing.
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5.6. Experimental Results for Specimen SJS-5

In this section, the data analysis and experimental results previously discussed in this
chapter will be specifically applied to the experimental test SJS5. The results for SIS5 will be
presented in detail, focusing on axial strains on the column and external socket, hysteretic
damping, and calculated displacement components. This analysis provides insights into the column
performance and behavior under the applied loading conditions, contributing to a comprehensive

understanding of the system response.

5.6.1. Axial strain analysis for SJS-5

The strain profiles were calculated to assess the strain distribution along the RC column
during the first cycles of each ductility displacement for SJSS5, considering both loading directions.
In this context, "Pushing Cycles” refers to the strain profiles when force is applied toward the north

face of the column, while "Pulling Cycles” refers to when force is applied toward the south face.

Figure 5-119 and Figure 5-120 present the strain profiles of the extreme bar located on the
north face of the specimen for cycles up to yielding and post-yield cycles, respectively. Similarly,
Figure 5-121 and Figure 5-122 depict the strain profiles for the extreme bar on the south side of
the specimen for cycles up to yielding and post-yield cycles. The maximum axial strain in tension
before grout splitting occurred was approximately 2.5%, while a maximum strain of 2.0% was
reached in compression. These strain profiles indicate a spread of plasticity extending

approximately 25 inches from the external socket interface.

A detailed examination of the strains on the reinforcing bars can be achieved by plotting
the strain throughout the displacement history for each gauge length. Figure 5-123 and Figure
5-124 present the strain history of the extreme bars located on the north and south faces of the
specimen at the first gauge length above the external socket. For both extreme bars, it was observed
that the maximum strain reached during the experimental test was approximately 2.5% when the

bar was in tension. Following grout splitting, the column began to exhibit rocking behavior.
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Figure 5-119. Strain profile up to first yield cycle for SJS5 on the north side of the column
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Additionally, the strain history of the extreme bars in the external socket wall
reinforcement was monitored using strain gauges placed 2 inches above the footing. Figure 5-125
and Figure 5-126 present the strain history for the extreme bars on the north and south faces,
respectively. The data shows that the reinforcement in the external socket wall barely reached the
yield point, indicating that the external socket wall remained elastic throughout the entire

experimental test.

The axial strains on the external socket sleeve were measured using DIC. In this context,
the horizontal strains correspond to the hoop forces acting around the circumference, while the
vertical strains reflect any flexion sustained by the sleeves. Figure 5-127 and Figure 5-128 present
the strains on the north face of the specimen while Figure 5-129 and Figure 5-130 show the strains
on the south face. The data shows that, for the horizontal strains, the top 3 inches of the socket
experienced the highest strain values, but the values were lower than the yield strain. Thus, the full
height of the socket remained elastic on the horizontal strains. The vertical strains remained elastic
throughout the experimental test, indicating that the external socket sleeve did not contribute

significantly to the flexural behavior of the external socket wall.
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5.6.2. Energy dissipation and hysteretic damping for SJS-5

Energy dissipation is important in understanding a structure seismic behavior because it
relates to the structural element damage and energy dissipation capacity. Figure 5-131 illustrates
the energy dissipation for all ductility displacement cycles for SJS5, with a total energy dissipation
of 1726 kip-in. Notably, during the third cycle of ductility three, where the grout was split, the
energy dissipated was reduced by 40% compared to the first cycle at the same ductility level. This

reduction highlights the impact of severe damage on the energy dissipation capacity of the column.

Additionally, Figure 5-132 presents the Jacobsen hysteretic damping values for SJSS5,
demonstrating that damping increases as the applied displacements grow and the column sustains
more damage. Notably, the elastic damping for SJS5 was approximately 9%, which is 4% higher
than what is typically observed in a CIP column, indicating enhanced energy dissipation during

the structural element elastic behavior.
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5.6.3. Displacement components

The displacement components considered in the calculations include flexural deformation,
column rotation due to strain penetration and rocking, shear deformation of the column, and the
deformation contribution resulting from socket rotation. The methodologies for these calculations

have been detailed earlier in Section 5.1.3 of this report.

The flexural displacement component was derived from the column curvature, with the
curvature profile shown in Figure 5-133 for the cycles up to yield and in Figure 5-134 for the post-
yield cycles. The curvature is defined as positive when the column is pushed toward its north face.
The dashed line in these figures represents the linear distribution of curvature, beginning at zero

at the top of the column and reaching the yield curvature at the socket interface.

The displacement due to column rotation was calculated by determining the rotation angle
at the base of the column and multiplying it by the column height above the socket. Figure 5-135

and Figure 5-136 present the column rotation for pushing and pulling cycles, respectively.
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Figure 5-137 and Figure 5-138 present the shear strain distribution along the column height
for the last three ductility displacements, as well as the yield displacement. These shear strains
were then used to calculate the column shear displacement by multiplying the shear strain by the
interval height. At 20 inches above the socket, the shear strains started to become constant,

remaining approximately the same for all ductility displacements after yielding.

The displacement component resulting from socket rotation was obtained using DIC.
Figure 5-139 and Figure 5-140 illustrate the socket rotation throughout the experimental test for
the north and south faces, respectively. Socket rotation was measured at five different locations
along the height, and an average value was used for displacement calculations due to the uniform
distribution observed along the socket height. The averaged socket rotation, when multiplied by

the socket height, provided the displacement component attributed to socket rotation.
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Table 5-9 and Table 5-10 present the contributions of the different components to the total

displacement. Additionally, Figure 5-141 and Figure 5-142 illustrate the component displacements

for pushing and pulling cycles following the first yield. The calculated displacement components

closely match the measured values, validating the accuracy of the calculation methodology. The

difference between the measured and calculated displacements is around 2% for most ductility

displacements.

Table 5-9. Displacement components for pushing cycles for SJS 5

Displacement component (in) ANy pl pl.s pn2 n3 p4
Measured displacement 1.03 1.61 2.4l 3.22 4.80 6.43
Flexural 0.55 0.84 131 1.74  2.55 1.06
Strain penetration and rocking 047 0.68 1.00 1.39 2.11 5.00
Shear 0.03 0.05 0.09 0.13 0.20 0.13
Socket rotation 0.01 0.02 0.02 0.03 0.03 0.02
Calculated displacement error -0.03 0.02 0.00 -0.07 -0.08 0.23
Calculated displacement error (%) -3.2%  1.0% 0.0% -23% -1.8% 3.6%
Table 5-10. Displacement components for pulling cycles for SJS 5
Displacement component (in) ANy pl pl.s pn2 n3
Measured displacement 1.24 161 240 3.25 4.99
Flexural 0.60 0.82 1.27 1.69 2.11
Strain penetration and rocking 0.60 0.68 1.08 1.42 2.80
Shear 0.04 0.06 0.09 0.14 0.19
Socket rotation 0.01 0.01 0.01 0.01 0.01
Calculated displacement error -0.02  0.06 -0.05 -0.01 -0.11
Calculated displacement error (%) -1.2%  3.5% -19% -04% -2.2%
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Comparing the displacement components, it was observed that the shear and socket rotation
had a relatively small impact on the total displacement of the column. In contrast, the flexural
deformation, strain penetration, and rocking of the column contributed significantly more, each
having a comparable influence on the overall displacement until the grout started to split. At
ductility four, the rocking became the main component of the total displacement, with 80% of the
total displacement. In the case of the pulling cycles shown in Figure 5-142, the ductility four was

not calculated because of the loss of markers due to the uplifting of the previous positive cycle.

5.6.4. Summary of Results for SJS-5

The tension strains in the longitudinal bars reached 2.5% before grout splitting occurred
and the column experienced shear failure inside the external socket connection. This behavior
prevented the development of the full plastic hinge above the external socket connection. The
strains in the external socket wall remained below the yield point throughout the test, confirming
that the external socket connections effectively prevented plastic strains from reaching the
foundation or cap beam. As a result, the footing remained as a capacity-protected element.
Horizontal strains in the external socket sleeve did not reach the yielding strain anywhere on the
socket height. No visible damage was observed on the sleeves during the test, confirming that the

sleeves did not experience significant inelastic deformation.

The elastic damping for SJS 5 was approximately 9%, which is higher than the 5% typically
observed in CIP columns. This additional 4% damping may be attributed to the initial cracks in
the socket wall and grout that occurred early in the test, as well as some unidentified noises
observed during the cycles before the yield displacement. The overall displacement behavior of
SJS 5 was governed primarily by flexural deformation, strain penetration, and rocking. Before the
grout experienced splitting, the flexural displacements accounted for approximately 50% of the
total displacement, while strain penetration and rocking contributed around 45%. After the grout
splitting occurred, the flexural component was reduced to approximately 15% while the strain
penetration and rocking increased approximately to 80% of the total displacement. This indicates
that strain penetration and rocking play a more significant role in socket connections when the

failure mechanism is attributed to shear failure of the column inside the socket connection.
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5.7. Experimental Results for Specimen SJS-6

In this section, the data analysis and experimental results previously discussed in this
chapter will be specifically applied to the experimental test SJIS6. The results for SIS6 will be
presented in detail, focusing on axial strains on the column and external socket, hysteretic
damping, and calculated displacement components. This analysis provides insights into the column
performance and behavior under the applied loading conditions, contributing to a comprehensive

understanding of the system response.

5.7.1. Axial strain analysis for SJS-6

The strain profiles were calculated to assess the strain distribution along the RC column
during the first cycles of each ductility displacement for SJS6, considering both loading directions.
In this context, "Pushing Cycles” refers to the strain profiles when force is applied toward the north

face of the column, while "Pulling Cycles” refers to when force is applied toward the south face.

Figure 5-143 and Figure 5-144 present the strain profiles of the extreme bar located on the
north face of the specimen for cycles up to yielding and post-yield cycles, respectively. Similarly,
Figure 5-145 and Figure 5-146 depict the strain profiles for the extreme bar on the south side of
the specimen for cycles up to yielding and post-yield cycles. These strain profiles indicate a spread
of plasticity extending approximately 20 inches from the external socket interface. The maximum
axial strain in tension before bar fracture reached approximately 5.0% on both sides of the

specimen, and the maximum compression strain was around 2.0%.

A detailed examination of the strains on the reinforcing bars can be achieved by plotting
the strain throughout the displacement history for each gauge length. Figure 5-147 and Figure
5-148 present the strain history of the extreme bars located on the north and south faces of the
specimen, respectively, with the gauge length chosen at the points where the bars buckled and
eventually fractured. For both extreme bars, it can be observed that once the strain in tension
exceeded 2%, the reinforcement began to buckle. This buckling is evident when, instead of

continuing to increase in compressive strains, the bars started to exhibit tension strains due to their
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deformed shape. After significant buckling occurred, the strain data was no longer plotted, as the

resulting tension strains were no longer representative of the true behavior of the reinforcing bars.

The strains on the extreme bars of the external socket wall were not calculated, as the strain
gauges were damaged during the repair process of SJS5. The axial strains on the external socket
sleeve were measured using DIC. In this context, the horizontal strains correspond to the hoop
forces acting around the circumference, while the vertical strains reflect any flexion sustained by
the sleeves. Figure 5-149 and Figure 5-150 present the strains on the north face of the specimen

while Figure 5-151 and Figure 5-152 show the strains on the south face.

The data shows that, for the horizontal strains, the top 4 inches of the socket experienced
strain values close to yielding; thus, the full height of the socket remained elastic. The vertical
strains remained elastic throughout the experimental test, indicating that the external socket sleeve

did not contribute significantly to the flexural behavior of the external socket wall.
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Figure 5-143. Strain profile up to first yield cycle for SJS6 on the north side of the column
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Figure 5-146. Strain profile for post-yield cycles for SIS6 on the south side of the column
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Figure 5-152. Vertical strain history of external socket sleeve at the south side of SIS6

5.7.2. Energy dissipation and hysteretic damping for SJS-6

Energy dissipation is important in understanding a structure seismic behavior because it
relates to the structural element damage and energy dissipation capacity. Figure 5-153 illustrates
the energy dissipation for all ductility displacement cycles for SJS6, with a total energy dissipation
of 3209 kip-in. Notably, during the third cycle of ductility four, where bar fracture occurred, the
energy dissipated was reduced by 40% compared to the first cycle at the same ductility level. This

reduction highlights the impact of severe damage on the energy dissipation capacity of the column.

Additionally, Figure 5-154 presents the Jacobsen hysteretic damping values for SJS6,
demonstrating that damping increases as the applied displacements grow and the column sustains
more damage. Notably, the elastic damping for SJS6 was approximately 10%, which is 5% higher
than what is typically observed in a CIP column, indicating enhanced energy dissipation during

the structural element elastic behavior.
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5.7.3. Displacement components for SJS-6

The displacement components considered in the calculations include flexural deformation,

column rotation due to strain penetration and rocking, shear deformation of the column, and the

deformation contribution resulting from socket rotation. The methodologies for these calculations

have been detailed earlier in Section 5.1.3 of this report.

The flexural displacement component was derived from the column curvature, with the

curvature profile shown in Figure 5-155 for the cycles up to yield and in Figure 5-156 for the post-

yield cycles. The curvature is defined as positive when the column is pushed toward its north face.

The dashed line in these figures represents the linear distribution of curvature, beginning at zero

at the top of the column and reaching the yield curvature at the socket interface.

The displacement due to column rotation was calculated by determining the rotation angle

at the base of the column and multiplying it by the column height above the socket. Figure 5-157

and Figure 5-158 present the column rotation for pushing and pulling cycles, respectively.
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Figure 5-158. Rotation of the column for pulling cycles at the socket interface of SJS6

Figure 5-159 and Figure 5-160 present the shear strain distribution along the column height
for the last three ductility displacements, as well as the yield displacement. These shear strains
were then used to calculate the column shear displacement by multiplying the shear strain by the
interval height. At 20 inches above the socket, the shear strains started to become constant,

remaining approximately the same for all ductility displacements after yielding.

The displacement component resulting from socket rotation was obtained using DIC.
Figure 5-161 and Figure 5-162 illustrate the socket rotation throughout the experimental test for
the north and south faces, respectively. Socket rotation was measured at five different locations
along the height, and an average value was used for displacement calculations due to the uniform
distribution observed along the socket height. The averaged socket rotation, when multiplied by

the socket height, provided the displacement component attributed to socket rotation.
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Figure 5-162. Socket rotation at the south side of SIS6

316



Table 5-11 and Table 5-12 present the contributions of the different components to the total

displacement. Additionally, Figure 5-163 and Figure 5-164 illustrate the component displacements

for pushing and pulling cycles following the first yield. The calculated displacement components

closely match the measured values, validating the accuracy of the calculation methodology. The

difference between the measured and calculated displacements was around 9% for most ductility

displacements.

Table 5-11. Displacement components for pushing cycles for SJS 6

Displacement component (in) pl pl.s p2.2 pn3 p4.4
Measured displacement .75 232 348  4.63 7.02
Flexural 096 123 192 2.6l 3.94
Strain penetration and rocking 0.89 1.16 1.67 220 3.24
Shear 0.11 012 0.15 0.17 0.18
Socket rotation 0.01 0.02 0.02 0.02 0.02
Calculated displacement error -0.21 -0.21 -0.29 -0.38  -0.37
Calculated displacement error (%) -12.1% -8.9% -8.3% -8.1% -52%
Table 5-12. Displacement components for pulling cycles for SJS 6
Displacement component (in) pl pl.s p2.2 p3 p4.4
Measured displacement 1.60 238 342 4.72 7.10
Flexural 0.88  1.31 1.86  2.36 3.38
Strain penetration and rocking 0.66 077 146 214 3.71
Shear 0.04 0.06 0.09 0.14 0.25
Socket rotation 0.01 0.01 0.01 0.01 0.01
Calculated displacement error 0.01 022 0.00 006 -0.25
Calculated displacement error (%) 0.7% 94% 0.1% 12% -3.6%
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Comparing the displacement components, it was observed that the shear and socket rotation
had a relatively small impact on the total displacement of the column. In contrast, the flexural
deformation, strain penetration, and rocking of the column contributed significantly more, each
having a comparable influence on the overall displacement. These findings highlight that while
shear and socket rotation are present, the primary components of the total column displacement
are the flexural and rotational effects for a socket height of 0.85 Dc that developed the plastic hinge

above the external socket connection.

5.7.4. Discussion of Results for SJS-6

The tension strains in the longitudinal bars reached 5.0% before bar buckling occurred,
followed by fracture in the subsequent cycle. This indicates that the plastic hinge was fully
developed above the external socket interface. For this test, we did not have strain gages on the
longitudinal reinforcing of the external socket wall, but during the test, there was no damage on
the footing, remaining as a capacity-protected element. Horizontal strains in the external socket
sleeve reached the yield strain at the top third of the socket height but remained elastic for the rest
of the height. No visible damage was observed on the sleeves during the test, confirming that the

sleeves did not experience significant inelastic deformation.

The elastic damping for SIS 6 was approximately 10%, which is higher than the 5%
typically observed in CIP columns. This additional 5% damping may be attributed to the initial
cracks in the socket wall and grout that occurred early in the test, as well as some unidentified

noises observed during the cycles before the yield displacement.

The overall displacement behavior of SJS 6 was governed primarily by flexural
deformation, strain penetration, and rocking. Flexural displacements accounted for approximately
50% of the total displacement, while strain penetration and rocking contributed around 45%. In
comparison, CIP columns typically exhibit 65% flexural displacement and 30% strain penetration.
This indicates that strain penetration and rocking have a more significant contribution to the total

displacement of the column while having a socket connection than in CIP columns.
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5.8. Experimental Results for Specimen SJS-7

In this section, the data analysis and experimental results previously discussed in this
chapter will be specifically applied to the experimental test SIS7. The results for SJIS7 will be
presented in detail, focusing on axial strains on the RCFST column and external socket and
hysteretic damping. This analysis provides insights into the column performance and behavior
under the applied loading conditions, contributing to a comprehensive understanding of the system

response.

5.8.1. Axial strain analysis for SJS-7

For the RCFST, the strains on the longitudinal bars were not obtained as in previous tests
because the reinforcement could not be exposed due to the presence of the steel tube. However,
the strain history of the extreme bars in the external socket wall reinforcement was monitored
using strain gauges placed 2 inches above the footing. Figure 5-165 and Figure 5-166 present the
strain history for the extreme bars on the north and south faces, respectively. The data indicates
that the reinforcement in the external socket wall reached twice the yield strain, indicating that the

external socket wall remained almost elastic throughout the entire experimental test.

The axial strains on the external socket sleeve were measured using DIC. In this context,
the horizontal strains correspond to the hoop forces acting around the circumference, while the
vertical strains reflect any flexion sustained by the sleeves. Figure 5-167 and Figure 5-168 present
the strains on the north face of the specimen while Figure 5-169 and Figure 5-170 show the strains

on the south face.

The data shows that, for the horizontal strains, the top 3 inches of the socket experienced
strain values around 1.5 times the yielding strain; thus, the remaining height of the socket remained
elastic. The vertical strains remained elastic throughout the experimental test, indicating that the
external socket sleeve did not contribute significantly to the flexural behavior of the external socket

wall.
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The axial strains on the steel tube of the RCFST column were measured using DIC at the
interface with the second steel tube, which has a smaller thickness designed to reduce the strains
transmitted to the connection. Figure 5-171 and Figure 5-172 present the strains on the north face
of the specimen while Figure 5-173 and Figure 5-174 show the strains on the south face. The data
indicates that both the horizontal and vertical strains remained elastic throughout the experimental
test, suggesting that the steel sleeve did not contribute significantly to the flexural behavior near

the interface with the reduced thickness sleeve that extends into the external socket connection.

The axial strains on the steel tube with a reduced thickness sleeve, which extends into the
external socket connection, were measured using DIC at the interface between the external socket
connection and the steel tube of the RCFST column. Figure 5-175 and Figure 5-176 present the
strains on the north face of the specimen while Figure 5-177 and Figure 5-178 show the strains on
the south face. The data indicates that both the horizontal and vertical strains exceeded 1%, as
expected, given that the steel sleeve served to confine the gap and was subjected to compressive
contact forces from the RCFST column steel tube. However, once local buckling occurred, the

strain data became unreliable, with values going off-scale.
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Figure 5-171. Horizontal strain history of RCFST column at the north side of SJS7
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Figure 5-178. Vertical strain history of steel tube at the socket interface at the south side of SJS7

5.8.2. Energy dissipation and hysteretic damping for SJS-7

Energy dissipation is important in understanding a structure seismic behavior because it
relates to the structural element damage and energy dissipation capacity. Figure 5-179 illustrates
the energy dissipation for all ductility displacement cycles for SIS7, with a total energy dissipation
of 4211 kip-in. Notably, during the third cycle of ductility six, when the shear failure of the column
occurred, the energy dissipated was reduced by 50% compared to the first cycle at the same
ductility level. This reduction highlights the impact of severe damage on the energy dissipation

capacity of the column.

Additionally, Figure 5-180 presents the Jacobsen hysteretic damping values for SJS7,
demonstrating that damping increases as the applied displacements grow and the column sustains
more damage. Notably, the elastic damping for SJIS7 was approximately 14%, which is 5% higher
than what is typically observed in a CIP column, indicating enhanced energy dissipation during

the structural element elastic behavior.
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5.8.3. Socket rotation and RCFST gap opening for SJS-7

The socket rotation was measured using DIC, with Figure 5-181 and Figure 5-182
illustrating the rotation throughout the experimental test for the north and south faces, respectively.
Measurements were taken at five different locations along the height of the socket. Although no
specific calculations of displacement components were performed for the RCFST column, the
socket rotation data was used to verify that the external socket connection exhibited behavior
similar to that observed in previous tests. As shown in Figure 5-181 and Figure 5-182, the socket
rotation is comparable to earlier results, indicating that socket rotation had a negligible impact on

the total displacement.

Additionally, the gap between the two steel tubes was measured using DIC. Figure 5-183
shows the measured gap between the steel sleeves, which reached 1.1 inches upward during the

final ductility displacement.
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Figure 5-181. Socket rotation at the north side of SJS7
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5.8.4. Summary of Results for SJS-7

The tension strains on the longitudinal bars of the column were not obtained as in previous
tests because the reinforcement could not be exposed due to the presence of the steel tube. The
strains in the external socket wall reached twice the yield strain, indicating that the external socket
connection effectively reduced plastic strains from reaching the foundation or cap beam. As a
result, the footing remained as a capacity-protected element. Horizontal strains in the external
socket sleeve reached 1.5 times the yield strain at the top third of the socket height but remained
elastic for the rest of the height. No visible damage was observed on the sleeves during the test,

confirming that the sleeves did not experience significant inelastic deformation.

The elastic damping for SJS 7 was approximately 14%, which is higher than the 5%
typically observed in CIP columns. This additional 9% damping may be attributed to the initial
cracks in the socket wall and grout that occurred early in the test, as well as some unidentified

noises observed during the cycles before the yield displacement.

The gap between the two steel tubes was monitored throughout the test, reaching a
maximum opening of 1.1 inches at the final ductility displacement. The gap became noticeable
after the first cycle of ductility one and increased linearly until the onset of concrete crushing and

the shear failure of the column.

5.9. Experimental Results of Specimen SJS-8

In this section, the data analysis and experimental results previously discussed in this
chapter will be specifically applied to the experimental test SIS8. The results for SIS8 will be
presented in detail, focusing on axial strains on the RCFST column and external socket and
hysteretic damping. This analysis provides insights into the column performance and behavior
under the applied loading conditions, contributing to a comprehensive understanding of the system

response.
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5.9.1. Axial strain analysis for SJS-8

For the RCFST, the strains on the longitudinal bars were not obtained as in previous tests
because the reinforcement could not be exposed due to the presence of the steel tube. However,
the strain history of the extreme bars in the external socket wall reinforcement was monitored
using strain gauges placed 2 inches above the footing. Figure 5-184 and Figure 5-185 present the
strain history for the extreme bars on the north and south faces, respectively. The data indicates
that the reinforcement in the external socket wall reached 1.5 times the yield strain, indicating that

the external socket wall remained almost elastic throughout the entire experimental test.

The axial strains on the external socket sleeve were measured using DIC. In this context,
the horizontal strains correspond to the hoop forces acting around the circumference, while the
vertical strains reflect any flexion sustained by the sleeves. Figure 5-186 and Figure 5-187 present
the strains on the north face of the specimen while Figure 5-188 and Figure 5-189 show the strains
on the south face. The data shows that, for the horizontal strains, the top 5 inches of the socket
experienced strain similar to the yielding strain; thus, the remaining height of the socket remained
elastic. The vertical strains remained elastic throughout the experimental test, indicating that the
external socket sleeve did not contribute significantly to the flexural behavior of the external socket

wall.

The axial strains on the steel tube of the RCFST column were measured using DIC at the
interface with the second steel tube, which has a smaller thickness designed to reduce the strains
transmitted to the connection. Figure 5-190 and Figure 5-191 present the strains on the north face
of the specimen while Figure 5-192 and Figure 5-193 show the strains on the south face. The data
indicates that both the horizontal and vertical strains remained elastic throughout the experimental
test, suggesting that the steel sleeve did not contribute significantly to the flexural behavior near

the interface with the reduced thickness sleeve that extends into the external socket connection.
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The axial strains on the steel tube with a reduced thickness sleeve, which extends into the
external socket connection, were measured using DIC at the interface between the external socket
connection and the steel tube of the RCFST column. Figure 5-194 and Figure 5-195 present the
strains on the north face of the specimen while Figure 5-196 and Figure 5-197 show the strains on
the south face. The data indicates that both the horizontal and vertical strains exceeded 2%, as
expected, given that the steel sleeve served to confine the gap and was subjected to compressive
contact forces from the RCFST column steel tube. However, once local buckling occurred, the

strain data became unreliable, with values going off-scale.
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Figure 5-190. Horizontal strain history of RCFST column at the north side of SJS8
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Figure 5-197. Vertical strain history of steel tube at the socket interface at the south side of SJS8

5.9.2. Energy dissipation and hysteretic damping for SJS-8

Energy dissipation is important in understanding a structure seismic behavior because it
relates to the structural element damage and energy dissipation capacity. Figure 5-198 illustrates
the energy dissipation for all ductility displacement cycles for SJS8, with a total energy dissipation
of 5478 kip-in. Notably, during the first cycle of ductility seven, where bar fracture occurred, the
energy dissipated was reduced by 20% compared to the first cycle of ductility six. This reduction

highlights the impact of severe damage on the energy dissipation capacity of the column.

Additionally, Figure 5-199 presents the Jacobsen hysteretic damping values for SJSS,
demonstrating that damping increases as the applied displacements grow and the column sustains
more damage. Notably, the elastic damping for SJS8 was approximately 10%, which is 5% higher
than what is typically observed in a CIP column, indicating enhanced energy dissipation during

the structural element elastic behavior.
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5.9.3. Socket rotation and RCFST gap opening for SJS-8

The socket rotation was measured using DIC, with Figure 5-200 and Figure 5-201
illustrating the rotation throughout the experimental test for the north and south faces, respectively.
Measurements were taken at five different locations along the height of the socket. Although no
specific calculations of displacement components were performed for the RCFST column, the
socket rotation data was used to verify that the external socket connection exhibited behavior
similar to that observed in previous tests. As shown in Figure 5-200 and Figure 5-201, the socket
rotation is comparable to earlier results, indicating that socket rotation had a negligible impact on

the total displacement.

Additionally, the gap between the two steel tubes was measured using DIC. Figure 5-202
shows the measured gap between the steel sleeves, which reached 1.2 inches upward during the

final ductility displacement.
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Figure 5-200. Socket rotation at the north side of SJS8
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5.9.4. Summary of Results for SJS-8

The tension strains on the longitudinal bars of the column were not obtained as in previous
tests because the reinforcement could not be exposed due to the presence of the steel tube. The
strains in the external socket wall reached 1.5 times the yield strain, indicating that the external
socket connection effectively reduced plastic strains from reaching the foundation or cap beam.
As aresult, the footing remained as a capacity-protected element. Horizontal strains in the external
socket sleeve remained elastic throughout the experimental test along the socket height. No visible
damage was observed on the sleeves during the test, confirming that the sleeves did not experience

significant inelastic deformation.

The elastic damping for SJS 8 was approximately 10%, which is higher than the 5%
typically observed in CIP columns. This additional 5% damping may be attributed to the initial
cracks in the socket wall and grout that occurred early in the test, as well as some unidentified

noises observed during the cycles before the yield displacement.

The gap between the two steel tubes was monitored throughout the test, reaching a
maximum opening of 1.2 inches at the final ductility displacement. The gap became noticeable
after the first cycle of ductility one and increased linearly until the onset of concrete crushing and

the shear failure of the column.
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Chapter 6: Analytical model

While previous experimental studies have contributed to a better understanding of socket
connections [4], [5], [6], [12], [14], significant gaps remain in comprehending their fundamental
behavior, resulting in limited design guidance. To address these gaps and provide a more
comprehensive analysis of external socket connections, this chapter introduces a Strut-and-Tie
Model (STM). This model illustrates the influence of various design parameters, such as socket
height, concrete strength, external socket wall thickness, and the strength of the filling material

used to close the void between the socket and the precast element.

The STM offers a versatile design methodology based on a lower-bound approach,
commonly applied in the analysis of disturbed regions (D-regions) within a structure [26]. These
regions experience disturbed internal stress-strain distributions due to geometrical discontinuities
or abrupt changes in load paths, as is the case with socket connections. Figure 6-1 depicts examples
of these geometrical discontinuities. The following sections will explore the development and
validation of the analytical model, providing insights into its practical applications and

contributions to improving design methodologies for socket connections.
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Figure 6-1. D-regions (shaded areas) due to geometrical discontinuities [27]
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6.1. Strut and Tie Model

STMs are composed of three primary elements: struts, ties, and nodes. Struts represent
compression elements, ties represent tension elements, and nodes are the points where struts and
ties intersect. For structural stability, it is essential to ensure the external equilibrium of forces,
adhering to the principles of statics while maintaining a statically determinate or indeterminate

structure.

The proposed STM comprises three distinct statically determinate models that analyze
forces within different regions: forces acting within the precast column (Figure 6-2), inclined
tension force within the external socket (Figure 6-3), and inclined compressive force on the
external socket wall (Figure 6-4). In Figure 6-2 through Figure 6-4, solid lines represent ties,
dashed lines depict struts, and arrows illustrate simply supported reactions. As shown in Figure
6-2, the supports within the STM for the column are not designed to resist tension, given the lack
of direct connection to the foundation. Therefore, only reaction forces rl and r4 are transferred

from the column to the STMs of the external socket, as illustrated in Figure 6-3 and Figure 6-4.

Precast column

External socket
connection \

Cap beam

or footing =.\

Figure 6-2. STM for the column
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The reaction force r1 was considered at 1/6 of the socket height measured from the top of
the external connection, representing the center of the compression zone where the column
contacts the grout and transfers the forces to the external socket. Figure 6-5, from SJS8 with a
socket height of 22 inches, shows that the compressive height was validated through post-test
inspection of the experimental column. The observed damage is concentrated within the top 8
inches of the socket, with the center of the compressive force located approximately 4 inches below

the socket interface, closely aligning with the considered 1/6 of the socket height.

External
socket
interface

Figure 6-5. Compression zone at the top of the external socket of SIS8

349



The reaction force r4 was placed at 1/8 of the socket height measured from the bottom of
the external connection, representing the center of the compression zone at the bottom of the
external socket connection. Figure 6-6, from SJS7 with a socket height of 15.3 inches, shows the
compressive height measured at 4.2 inches, with the center of the compressive force located at 2.1

inches. This aligns closely with the considered 1/8 of the socket height.

Figure 6-6. Compression zone at the bottom of the external socket of SJIS7

The vertical strut of the column is located by first determining the neutral axis of the
column at the nominal moment and then dividing this value by 2. A typical value for the location

of the neutral axis is 0.2 Dc, placing the center of the compressive area at 0.1 Dc. Figure 6-7
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illustrates the location of the strut within the column, along with the shaded compressive area used

for calculating the stresses acting on the strut.

0.20 Dc

Strut location

/- 0.10 Dc

Figure 6-7. Location of the strut for the STM of the column

The location of the tie of the column is determined by taking 0.15 Dc, which represents the
center of the tension region within the column. Figure 6-8 shows the position of the tie and
highlights the shaded reinforcing bars that are considered part of the reinforcing area for
calculating stresses acting on the tie. Figure 6-9 illustrates the location of the strut, tie, and reaction

forces in STM of the column.

To calculate the stresses acting on the grout, a contact arc length of 0.4 Dc was used. This
value was determined during the initial loading cycles of the experimental tests by measuring the
distance between the first cracks that appeared in the grout. Figure 6-10 illustrates the contact arc
length between the column and the grout. The height of the contact area was based on the height
of the compression zone at rl, multiplied by a factor of 0.85. This factor was selected after

inspecting the height of the damage in specimens that experienced grout crushing failure.
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Figure 6-9. Location of strut, tie, and reaction forces of the analytical model for the column
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External socket
connection \

Precast column S

Figure 6-10. Considered compression contact arc length between grout and column

Figure 6-11, the shaded strut area represents the region used to calculate the compressive
stresses acting on the portion of the column embedded within the external socket. The width of the
strut is defined as 0.4 D¢ * sin B, while the base of the inclined strut is taken as 0.7 Dc. The base
of the inclined strut refers to the perpendicular distance to the width of the strut, creating the plane

where the force acts perpendicularly.

For the inclined strut of the external socket wall, the width of the strut was considered half
the socket height, with the base of the strut area taken as the thickness of the socket wall. Similarly,
for the inclined tie of the external socket sleeve, the width was also considered as half the socket
height, while the base of the tie area was four times the thickness of the sleeve, accounting for both
the internal and external socket sleeves on both sides. Figure 6-12 and Figure 6-13 illustrate the
width of the strut in the external socket wall and the width of the tie in the socket sleeves,
respectively. For the horizontal tie of the socket sleeves, the width was set equal to the compressive
height zone of the grout, aligning closely with the DIC results, which demonstrate the strain
distribution in the horizontal direction. The data showed that the top portion of the socket

experienced higher strains than the rest of the socket height. The base of the horizontal tie area
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was considered the same as that of the inclined tie for the socket sleeves. Figure 6-14 illustrates
the width of the horizontal tie for the external socket sleeve. In Figure 6-11 through Figure 6-14,

the ties and struts follow the circumference of the external socket; however, a lateral view is

provided for simplicity.

A
Vi «
< // / /’// /\
/ / / ////// g / - A
LT
TIs
/ S/ ST
7// ////% // 7/7 % ;
< 4 A h
! 4
4 . h 4 A < 4
~ /-] -
< 4 -
/\; p . ) P ) g

7
\ / /
1) i,
BN 11777 o
1/ AL T Hs/2
Yy /////4(/1/////////77 S
////// /) //// /////////5// iy .
AN T L )
N
| |
i e iy,
d////'/// //////// //////// N7
%, // /// /774//////// ////
NN,
LAY
g 4 2 ) <
A ‘ a4y, o
E A ) y
A 4 A /\ }
- [\ A <

Figure 6-12. Width of the inclined strut of the external socket wall
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To calculate the stresses acting on the vertical strut of the socket concrete wall and the
vertical tie for the socket reinforcement, a segment length of 1.0 Dc was used. This length was
determined by inspecting the experimental test and measuring the distance between the first cracks
that appeared on the socket wall. Figure 6-15 illustrates these initial cracks on SJS2, where the
measured distance closely aligns with the 1.0 Dc assumption. The area of the vertical tie for the
reinforcement was based on the amount of reinforcement located within the compression zone of
the vertical strut in the socket concrete wall. Figure 6-16 shows the compressive area for the

vertical strut and the corresponding reinforcing bars considered for the vertical tie of the socket

reinforcement.

a2

Figure 6-15. First cracks on external socket wall for SJIS2
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Figure 6-16. Compression area and reinforcing bar area for the external socket wall

The analytical model calculates the forces acting on each strut and ties for the three STMs.
The areas calculated for each element, whether for struts or ties, were then used to compute the
corresponding stresses. The STM calculations for the column and external socket connection are

provided in Chapter 7.1, while the complete derivation of the equations is provided in the appendix.

6.2. Analytical Model Qutputs

The outputs of the analytical model provide a valuable guide for designing external socket
connections, especially in seismic conditions. These results enhance the understanding of the

connection behavior and performance when subjected to seismic forces.

Applying STMs to analyze the column and external socket connection allowed us to
establish a comprehensive correlation between socket height, applied moment, and critical stresses
within the connection. We explored various socket heights to define practical limits for the stresses
acting within the system, using the column and external socket details from tests SJS1 to SJS3

(section 3.2) as the basis for the STM calculations.
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The results for all the struts and ties in the STMs for socket heights of 1.0 Dc (SJS1), 0.85
Dc (SJS3), and 0.85 Dc (SJS2) are presented in Figure 6-17 to Figure 6-26. Additionally, the
nominal moment from the large-scale experiments, measured at 598.8 kip-ft for SJS1 to SJS3, is
included as a reference point, allowing for direct comparison of the outcomes across different

socket heights for a specific applied moment.

Figure 6-17 illustrates the influence of socket height on the tensile stresses in the
longitudinal steel of the column. The results show that socket height has a minimal impact on the
stresses acting on the longitudinal steel. In contrast, Figure 6-18 demonstrates the effect of socket
height on the diagonal compressive stress within the precast column. The results indicate that as
socket height decreases, the stresses increase, necessitating higher concrete strength in the column
to develop the nominal moment. Figure 6-19 presents the shear forces acting on the portion of the
column embedded within the socket connection, showing that a lower socket height results in

higher shear forces within the system, which must be accounted for in design considerations.
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Figure 6-17. Example of STM results of tensile stress on longitudinal steel of the column
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Figure 6-18. Example of STM results of diagonal compressive stress on the precast column
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Figure 6-20 presents the compressive stresses acting on the column at the socket interface.
The results indicate that these stresses remain similar regardless of the socket height. Figure 6-21
illustrates the effect of socket height on the grout joining the column and the external socket wall.
The results show that a lower socket height significantly increases the compressive stresses acting

on the grout. To prevent grout failure, its compressive strength must be increased accordingly.

Figure 6-22 highlights the stresses acting on the longitudinal reinforcement of the external
socket wall. As the socket height increases, the stress on the reinforcing steel also increases. To
reduce these stresses, the number of reinforcing bars carrying the tension forces should be

increased.

Figure 6-23 illustrates the influence of socket height on the horizontal stresses acting on
the steel sleeve of the external socket. The results show that as socket height decreases, horizontal

stress increases. To mitigate this stress, the thickness of the steel sleeves should be increased.
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Figure 6-20. Example of STM results of vertical compressive stress on the precast column
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Figure 6-23. Example of STM results of horizontal tensile stress on the socket sleeves

Figure 6-24 illustrates the influence of socket height on the diagonal compressive stress
acting on the external socket wall. The results show that the stress on the socket wall increases as
socket height decreases. The concrete strength or the wall thickness must be increased to prevent
failure in this component while decreasing the socket height. Figure 6-25 depicts how socket height
affects the diagonal tensile stress on the external socket sleeves. As socket height decreases, the
stress on the sleeves increases. To reduce the stress on this component, the thickness of the sleeves
should be increased. Figure 6-26 presents the vertical compressive stress acting on the socket wall.
The results show that socket height has a small impact on the compressive stresses within the

socket wall.

Table 6-1 summarizes the results at the nominal moment of the large-scale experiments for
the various connection components with varying socket heights. As socket height decreases, the
stresses on the different components of the external socket connection and the precast column
increase accordingly. However, the impact of socket height on the stresses in the longitudinal steel
of both the column and the socket wall is relatively minor, with stresses remaining similar across

different socket heights.
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Figure 6-26. Example of STM results of vertical compressive stress on the socket wall

Table 6-1. STM results for the different components of the external socket connection with

different socket heights

1.0 Dc 0.85Dc 0.75Dc

Tensile stress on longitudinal steel of the column (ksi)  71.9 70.8 69.9
Diagonal compressive stress on the column (ksi) 4.6 5.4 6.3
Vertical compressive stress on the column (ksi) 5.8 5.8 5.8

Shear force on the column in the socket (kip) 367.7 425.8 475.8
Compressive stress in the grout (ksi) 7.3 9.5 11.7

Tensile stress on longitudinal steel of the socket (ksi) 78.1 73.7 70.6
Horizontal tensile stress on the socket sleeves (ksi) 59.6 77.8 95.8
Diagonal tensile stress on the socket sleeves (ksi) 48.3 60.1 71.9
Diagonal compressive stress on the socket wall (ksi) 8.0 10.0 12.0
Vertical compressive stress on the socket wall (ksi) 5.1 4.8 4.6
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6.3. Comparison with Experimental Results

Using the detailing and material properties of the eight experimental tests described in
Chapter 3 of this report, the analytical model was applied to evaluate the stresses developed in the
different components of the connection. Each connection exhibited unique critical components

influenced by the specific material properties required for the given socket height.

To compare the results from the STMs with the experimental tests, a plot was generated
showing the ratio between demand and capacity for the most critical components, the nominal
moment of the column, and the specimen failure during the experimental test. For the longitudinal
reinforcing and the steel sleeves, the capacity was defined by the yield values listed in Table 3-8.
For the concrete components of the column and socket connection, the capacity was determined
using the material strengths reported in Table 3-3 through Table 3-7. The column’ shear capacity
was calculated using the revised UCSD shear model [28], and then multiplied by a factor of 1.3 to
account for the additional confinement provided by the grout, which enhances the shear capacity.
This factor of 1.3 was considered based on the observations of the experimental tests and the

distribution of shear forces from the STMs.

Figure 6-27 presents the demand-capacity ratio versus the applied moment for SJIS1 and
shows that the tension in the longitudinal steel reaches its yield point, which is expected during
the formation of a plastic hinge. The next component to reach the capacity is the compression in
the column at the socket interface, indicating that the concrete will experience crushing. This
suggests that the failure mode will follow a flexural behavior similar to a CIP column. The
predicted failure moment was 98% of the actual failure moment observed in the experiment, and

the predicted failure mode matched the observed failure mode of SJS1.

Figure 6-28 presents the demand-capacity ratio versus the applied moment for SJS2. The
first component to reach the capacity is the grout in compression, indicating that the grout will
experience crushing before the column reaches its nominal capacity. The STM results also predict
that the longitudinal steel of the column will not reach yielding, and the concrete will not

experience crushing or shear failure. The predicted failure moment was 76% of the actual failure
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moment observed in the experiment, and the predicted failure mode matched the observed failure
mode of SJS2. Notably, the longitudinal steel of the column barely reached the yield stress only at

the extreme bar, as predicted by the analytical model.
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Figure 6-27. Demand-capacity vs. Applied moment for SJS1

Figure 6-29 presents the demand-capacity ratio versus the applied moment for SJS3. The
first component to reach the capacity is the grout in compression, indicating that the grout will
experience crushing before the column reaches its nominal capacity. The STM results also predict
that the longitudinal steel of the column will reach yield stress, and the concrete will not experience
crushing or shear failure. The predicted failure moment was 2% higher than the actual failure
moment observed in the experiment, and the predicted failure mode matched the observed failure
mode of SJS3. Notably, the longitudinal steel of the column reached the yield stress at the three

extreme bars, which matches closely to what was predicted by the analytical model.
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Figure 6-30 presents the demand-capacity ratio versus the applied moment for SJS4 and
shows that the tension in the longitudinal steel reaches its yield point, as expected during the
formation of a plastic hinge. The next component to reach the capacity was the shear force on the
column, followed by the failure of the grout. The predicted failure moment was 93% of the actual
failure moment observed in the experiment. The observed failure mode for SJS4 was grout
crushing, followed by shear failure within the column inside the socket. While the STM accurately
predicted the combination of these two failure modes, it did not predict the correct sequence in

which they occurred.

" X Predicted failure of SJS4 E E
14 L ——Compression on the grout P
- - Tension on longitudinal steel of the column E E

1.2 + ——Compression on the column at socket interface E E
T

[s]
'ﬁ' ——Shear force on the column inside the socket
2 U _
2
.E :
o 1
o 0.8 !
© :
© ;
@ 0.6 :
£ '
8 1
]
04 + <t : §
W w
@ ! G
u— [1}]
02 1 o1 12
= ks
1
0 R B T B L A b
0 75 150 225 300 375 450 525 600 675

Applied Moment (kip-ft)

Figure 6-30. Demand-capacity vs. Applied moment for SJS4

Figure 6-31 presents the demand-capacity ratio versus the applied moment for SJS5. It
shows that the tension in the longitudinal steel reaches its yield point, as expected during the
formation of a plastic hinge. The next component to reach the capacity was the shear force on the
column within the socket connection. The predicted failure moment was 3% higher than the actual
failure moment observed in the experiment, and the predicted failure mode matched the observed

failure mode of SJSS5.
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Figure 6-31. Demand-capacity vs. Applied moment for SJS5

Figure 6-32 presents the demand-capacity ratio versus the applied moment for SJS6. It
shows that the tension in the longitudinal steel reaches its yield point, which is expected during
the formation of a plastic hinge. The next component to reach the capacity is the compression in
the column at the socket interface, indicating that the concrete will experience crushing. This
suggests the failure mode will follow a flexural behavior similar to a CIP column. The predicted
failure moment was 2% higher than the actual failure moment observed in the experiment, and the

predicted failure mode matched the observed failure mode of SJS6.

Figure 6-33 presents the demand-capacity ratio versus the applied moment for SJS7. It
shows that the tension in the longitudinal steel reaches its yield point, as expected during the
formation of a plastic hinge. The next component to reach the capacity is the compression in the
column at the socket interface, indicating that the concrete will experience crushing, suggesting a
flexural failure mode. The predicted failure moment was 88% of the actual failure moment
observed in the experiment. The observed failure mode for SJS7 was grout crushing, followed by

shear failure in the column within the external socket. While the STM accurately predicted
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concrete crushing, the presence of the steel tube in the column provided additional confinement,
making it more difficult for the reinforcing bars to buckle and fracture. This led to shear failure,

which the STM also predicted at the failure moment of SJS7.

Figure 6-34 presents the demand-capacity ratio versus the applied moment for SJS8 and
shows that the tension in the longitudinal steel reaches its yield point, as expected during the
formation of a plastic hinge. The next component to reach the capacity is the compression in the
column at the socket interface, indicating that the concrete will experience crushing, suggesting a
flexural failure mode. The predicted failure moment was 91% of the actual failure moment
observed in the experiment, and the predicted failure mode matched the observed failure mode of
SJS8. In this test, reinforcing bar fracture occurred because the other connection components were

not near their capacity, allowing the plastic hinge to fully develop outside the external socket

connection.
1.6 : H 7
X Predicted failure of SJS6 Vo ’
1 1
1.4 L ——Compression on the grout e
1.0 )
---- Tension on longitudinal steel of the column A : i
1 ]
1.2 + ——Compression on the column at socket interface ! ,
=]
= —— Shear force on the column inside the socket i :
] )
o e A A e 1o AME w e i -
2 1
o
2
o 08 +
(]
°
& 06+
£
[
(]
04 = s
© &
2 5
w ()
0.2 + G 2
= i
0 i . f : 1 : } 1 t :
0 50 100 150 200 250 300 350

Applied Moment (kip-ft)

Figure 6-32. Demand-capacity vs. Applied moment for SIS6
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Figure 6-35 presents the ratio of the predicted moment to the actual failure moment for

each experimental test. In four of the experimental tests, the STM predictions are conservative,

underestimating the failure moment with an error of less than 12%. For three of the tests, the STM

slightly overpredicted the failure moment, with an error of approximately 3%. The only test with

an error exceeding 12% is SJS2, which could be attributed to the strut angle, measured at around

20 degrees, while the minimum recommended angle for struts is 25 degrees.
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Figure 6-35. Prediction-failure ratio of the STM for the eight experimental tests
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Chapter 7: Design of External Socket Connections

This chapter presents a comprehensive design methodology for external socket
connections, developed from the Strut-and-Tie Model (STM) and validated through the
experimental program discussed in earlier chapters. It provides the essential equations and
guidelines needed for designing external socket connections, covering critical parameters such as

socket height, grout strength, and reinforcement requirements.

The equations presented in this chapter are grounded in the theoretical framework
established in Chapter 6, which details the development and formulation of the STM. For readers
interested in understanding the model’s underlying mechanics, as well as the validation process, a
thorough explanation of the STM is provided in Chapter 6. Additionally, the experimental program
that informed and confirmed the design equations, including test setups, instrumentation, and data

analysis, is detailed in Chapter 5.

To ensure this chapter stands alone as a practical guide, it includes a step-by-step design
example of an external socket connection. This example demonstrates how to apply the derived
equations in real-world scenarios, aiding practitioners in incorporating external socket connections
into Accelerated Bridge Construction (ABC). Readers who wish to dive deeper into the theoretical
and experimental foundations are encouraged to refer to Chapter 5, Chapter 6 and the appendix for

a more comprehensive understanding.

7.1. Design Equations and Recommendations

Based on the equilibrium of forces within the STMs, this section outlines the equations
necessary for solving the static equilibrium of the truss system and determining the area required
to calculate stresses on various components of the column and external socket connection. These
equations provide a comprehensive framework for evaluating the forces acting on critical
elements, including the longitudinal reinforcement, external concrete walls, and grout. By
following these design equations, engineers can ensure that the connection can develop a plastic

hinge on the column at the socket interface, having a similar behavior to a CIP column.
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Additionally, practical recommendations are provided to assist practitioners in applying these
equations effectively in real-world design scenarios. First, the nomenclature used in the design

equations is outlined below to ensure clarity in the calculation process.

P = Axial force

Mn = Nominal moment capacity

Mne = Nominal moment capacity using expected properties

Dc = Diameter of the column

f’ed = Design concrete compressive strength

f’cgd = Design grout compressive strength (Cylinder)

fya= Design yield stress

Hs = Socket height

¥ = Ratio between socket height and diameter of the column (Hs/Dc)

The forces acting on the critical components of the connection, as identified through the
STM and experimental program, are presented in Equation 7-1 to Equation 7-7. These equations
represent the forces in the struts and ties of the STM and are essential for designing the external

socket connection.

1) Vertical compressive force acting on the column at the socket interface

Equation 7-1 Fyce = 0.6 P + 2

C

2) Inclined compressive force acting on the column within the socket connection

1.15-Mpe+/x2+0.8

Equation 7-2 Ficc = D
C

3) Shear force acting on the column within the socket connection

Mne

Equation 7-3 V=
xDc
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4) Compressive force acting on the grout

. 5M
Equation 7-4 Feg = 15Mne
X D¢
5) Tension force acting on the socket sleeves
. 5M
Equation 7-5 Frss = 15 ne
X Dc

6) Tension force acting on the longitudinal reinforcement of the external socket wall

Mne
DC

Equation 7-6 Frsw =

7) Inclined compressive force acting on the external socket wall

Mpe/X2+2.25

Equation 7-7 Fiew = D

As shown in Equation 7-1 through Equation 7-7, the relationship between socket height
and column diameter is crucial for calculating the forces acting on the various components of the
connection. The forces associated with failure modes, as identified through the STM and

experimental program, were considered to determine the minimum socket height.

Equation 7-8 to Equation 7-12 outline the calculations that establish the minimum socket
height, selecting the highest value obtained. The areas to calculate stresses for the relevant struts
and ties, along with their respective capacities, were described in Chapter 6.1 of this report. The

detailed derivation of these equations can be found in the appendix for further reference.

Although the STM results demonstrate accuracy, with most predictions being on the
conservative side, it is recommended to apply reduction factors for material strengths to ensure
safety and reliability. Based on the STM and the experimental program results, a reduction factor
of @ = 0.9 is suggested for steel components, and a reduction factor of ¢ = 0.7 is advised for the

concrete and grout in the external socket connection components.
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No material reduction factor is necessary for the column components, as the column would
have already been designed as a CIP element. Using these equations and reduction factors, the
connection is designed to remain elastic as well as the adjacent member such as cam beam or

foundation, eliminating the need for overstrength factor applied to the column.

1) Compression on the column outside the socket connection

0.6:P-Dg+1.2-Mpe

Equation 7-8 X = 01 frog D

2) Inclined compression on the column within the socket connection

Mne
f’cd'D03 —3.8:'Mpe

Equation 7-9 x =175

3) Compression on the grout

Mne

E i -1 =37 |—m———
quation 7-10 x = 3.7 o rega D23

4) Shear force on the column within the socket connection

' M
Equation 7-11 X - - T MPa
1.3'(2-0'A$p—sfyd'Dgz+0.212'DC3' f,cd) [ ]

Equation 7-12 Mne [ksi]

xX= Aspf
pfyd
1.3-(2.0-Ty-DC2+0.081-DC3- /f,cd>

Once the minimum ratio between socket height and column diameter () is established, the
external socket parameters, including the thickness of the socket wall, the thickness of the steel
sleeves, and the reinforcement of the socket wall, can be determined using Equation 7-13 to

Equation 7-15.
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1) Thickness of socket wall

Mpe x2%+2.25
ThSW > nevX

Equation 7-13 D)2 $ o

2) Longitudinal reinforcement of socket wall

. M
Equat -14 Ag > —
quation 7 s Z 5r a0

The steel area obtained by using Equation 7-14 should be distributed across the
compressive region of the socket wall, as illustrated in Figure 6-16, which considers an arc length

of 1.0 Dc.

3) Thickness of socket sleeve

_ 115°M
Equation 7-15 Thss 2 - o g 2 D% (;;y p

Although the size of the gap, which corresponds to the grout thickness, does not have a
specific equation for calculation, it is necessary to account for construction tolerances. A gap size
between 1 inch and 4 inches is recommended to ensure proper fit of the column and to have a good

distribution of the forces between the column and the socket wall.

7.2. Design Example

To demonstrate the application of the design methodology for external socket connections,
this section will present a detailed example using a real-world bridge project: Bridge 547 at Hicks
Creek. The design information for this bridge was provided by the Department of Transportation
and Public Facilities, State of Alaska. The parameters from the original column design needed to
design the external socket connection include the column diameter, nominal moment, concrete
strength, axial force, transverse reinforcement bar size, and spacing of transverse reinforcement.

These parameters are listed below.
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ALR = Axial load ratio
P =650 kips (considered as 5% ALR)
Mne = 104376 kip-in
Dc =60 in
fed=4.0 ksi
Asp = 0.44 in? (spiral #6)
Spacing of spiral = 3 in
fya = 60 ksi

Using the parameters of the CIP column, the required socket height can be calculated

following Equation 7-8 to Equation 7-12. The results of these equations are presented below.

1) Compression on the column outside the socket connection

0.6-P-D,+1.2M,, 0.6-650-60+1.2-104376

= =
=01 “f'ea D 0.1-4.0-60°

2) Inclined compression on the column within the socket connection

> 1.75 Mne = 1.75 104376 = 0.83
x=4 f' o D>—38 My 4.0-603 —3.8-104376

3) Compression on the grout, Considering a f’cgd = 8ksi and a ¢ = 0.7

> 3.7 Hne = 37 0870 _ 109
KR e Ds T 0780607
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4) Shear force on the column within the socket connection

Mne .
X = A fog [ksi]
S 2 3 7
1-3-(2-0-%% +0.081-D.2 /f Cd)
N 104376 o
X = 0.44- 60 -

13- (20 +602 +0.081 - 60° - V)

3

The governing equation for this example was the compression on the column outside the
socket. It is possible to reduce the socket height by increasing the concrete strength of the original
design. For example, if the concrete strength is increased to 5.5 ksi, the value of y = 1.26. Thus, as

the designer, the column strength will be increased to 5.5 ksi, and a = 1.3 will be used.

With the relationship between socket height and column diameter established, the next step

is to calculate the parameters of the external socket connection using Equation 7-13 to Equation

7-15.

1) Thickness of socket wall, Considering a f"cd = 6.5 ksiand a ¢ = 0.7

Mpe -\[x? +2.25 104376 -V1.3Z + 2.25

= =748 i
QD)2 ¢ (13-60)2-0.7-65 8 in

Thew >

2) Longitudinal reinforcement of socket wall, Considering a fyd = 60 ksi anda ¢ = 0.9

My, 104376

> - =322 in?
=% fra-D._ 09-60-60 m

A

3) Thickness of socket sleeve, Considering a fyd = 50 ksi and a ¢ = 0.9

115-M,, _  1.15-104376

Thgg > - — 0.44 i
hSS_Q(-DC)Z-qS-fyd (13-60)2.09.50  44in
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After determining the design parameters of the external socket connection, it is essential to
verify the geometry of the adjacent members, such as the cap beam or foundation. This ensures
that the external socket connection fits within the width of the adjacent member and that the
development length of the reinforcing bars of the external socket wall is sufficient to fully develop

the bars within the height of the adjacent member.
A summary of the results of the design of the external socket connection is presented in
Table 7-1. Figure 7-1 and Figure 7-2 illustrate the details of the external socket connection for this

column.

Table 7-1. Design parameters for external socket connection

X 1.3

Socket Height 78 in

Thickness of the wall 7.5 1in

Area of steel on the compression region 36 in® (9 #18)

Thickness of the sleeves 0.51in

Gap thickness 2 in
f’cd (Portion of the column inside the connection) 5.5 ksi
fegd 8 ksi

fya 60 ksi
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Figure 7-1. Lateral view of the designed external socket connection example
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Figure 7-2. Plan view of the designed external socket connection example
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Chapter 8: Conclusions and Future Work

The primary objective of this research was to gain a comprehensive understanding of the
behavior of external socket connections under seismic actions and to develop a robust design
methodology for their implementation in bridge construction. To achieve this, eight experimental
tests were performed, varying socket heights and material strengths, to explore the different failure
modes that these connections could experience. By integrating the proposed analytical model with
data from the experimental program, we were able to establish clear correlations between socket

height, applied moment, and critical stresses within the connection.

The findings from the proposed model, along with the outcomes of the large-scale tests,
represent a critical advancement in understanding the mechanics of external socket connections.
Additionally, design equations were developed, providing practical guidance for engineers in
designing external socket connections. This research established a systematic framework for
designing socket connections while deepening our understanding of the seismic behavior

associated with these critical components in ABC connections.

The following sections will present the key conclusions drawn from the experimental
program and the analytical model, highlighting their significance in understanding the behavior of
external socket connections. Additionally, recommendations for future work will be provided,

offering directions for further research to refine and expand upon the findings of this study.

8.1. Experimental Program

The experimental program has provided valuable insights into the performance of external
socket connections, highlighting the critical role of socket height in influencing the overall
behavior and design of these connections. Socket height emerged as a key design variable,
significantly impacting the ability of the connection to develop the full plastic moment in the

column at the socket interface.
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One important finding from the experimental tests was the inverse relationship between
socket height, grout strength, and the shear force acting on the column within the socket
connection. Shorter socket heights required both higher grout strengths and increased
consideration of shear forces to prevent a non-desired failure mode, while longer socket heights
allowed for lower grout strengths and reduced shear forces without compromising the performance
of the connection. This inverse relationship is a critical design consideration for engineers seeking
to optimize socket connections based on material properties and forces acting on the structural

components.

Furthermore, the experimental results demonstrated that regardless of the socket height,
the goal of reducing plastic strain demands from the column into the footing or cap beam was
consistently achieved. This indicates that external socket connections effectively protect the

adjoining structural members while allowing the column to accommodate inelastic deformations.

Through the combination of experimental data and the analytical model, we established
clear correlations between socket height, applied moment, and the critical stresses acting on the
connection components. The experimental program successfully delineated the practical limits of
external socket connections and provided a deeper understanding of the failure modes associated
with different socket heights and material strengths. These failure modes included grout crushing,
shear failure within the column, and reinforcing bar fracture, depending on the specific
combination of design parameters. In summary, the experimental program not only validated the
proposed analytical model but also offered critical insights into the structural performance and

design optimization of external socket connections.

8.2. Analytical Model

The application of the Strut-and-Tie Model (STM) in this research provided a
comprehensive framework for understanding the relationship between socket height, applied
moment, and the critical stresses within the external socket connection. The proposed STM

effectively captured the stresses in different components of the connection, including the
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longitudinal reinforcing steel, the external concrete walls, and the grout between the column and

socket wall for various socket heights.

The STMs developed in this research played an important role in designing the columns
and external socket connection components for the experimental program. The large-scale
experimental tests verified and validated the model accuracy, showing that the STM’s predictions
were conservative, with less than a 10 percent error compared to the actual failures observed in the
experiments. The model accurately predicted the failure modes and components most susceptible
to damage with a specific socket height, demonstrating its reliability in guiding the design and

evaluating the structural behavior of external socket connections.

The STM analysis highlighted the critical role of grout strength in determining the
maximum applied moment that the connection can experience. The model demonstrated that
shorter socket heights require higher grout strengths to develop the plastic hinge on the column at
the socket interface, highlighting the grout as a crucial factor in socket connection design. This
inverse relationship between socket height and grout strength provides practical design guidelines

for ensuring optimal performance under applied loads, particularly in seismic regions.

By correlating socket height, applied moment, and critical stresses, the STM has proven to
be a practical tool in identifying the feasible boundaries of external socket connections.
Specifically, the model has helped define the vulnerability of these connections to shear failures
and grout crushing in the external socket connection. By understanding these boundaries,
engineers can better optimize socket connections for improved performance, particularly in

Accelerated Bridge Construction (ABC) and in seismic regions.

From the application of the STM, a set of design equations and recommendations were
developed to guide practitioner engineers in designing external socket connections. These
equations provide a reliable method for calculating important parameters, such as required grout
strength, socket height, concrete strength, and reinforcement detailing, to ensure optimal

performance under seismic actions.
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In conclusion, the development and application of the STM have significantly contributed
to advancing the understanding of external socket connections. By combining the model outputs
with experimental data, this research has established a solid foundation for more effective and
reliable design methodologies. This advancement will not only enhance the performance of bridge
connections but also contribute to the broader adoption of external socket connections in ABC

practices.

8.3. Future Work

Although this research has established a foundation for understanding the seismic behavior
of external socket connections, certain parameters require further investigation to refine and
expand upon the findings. The eight experimental tests conducted in this study explored different
socket heights and column diameters. Still, additional parameters such as axial load ratio and
column slenderness need to be evaluated for a more comprehensive understanding of these
connections under different conditions. Additionally, analyzing the performance of double-bent

caps will be important to assess the potential impact of tensile forces within the socket connection.

Further investigation is also needed to understand the effects of adding shear
reinforcement, particularly in cases with lower socket heights. This could provide valuable insights
into improving shear capacity and preventing shear failure before reaching the column nominal
capacity. The role of grout thickness should also be examined to determine the maximum thickness
that can effectively transmit compression forces to the external socket wall without compromising

structural integrity.

For the analytical model (STM), future research could explore the potential for
incorporating the effects of friction at the interface between the grout and the column within the
socket. Additionally, considering the hoop effect could quantify its contribution to the overall
compressive force acting perpendicular to the loading direction. This could significantly impact
the shear capacity of the column, providing a more accurate assessment of the forces acting on the

column within the socket connection.
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Finally, while this research was conducted under quasi-static conditions, it is crucial to
extend the study to dynamic actions. Shake table tests could provide valuable insights into the
performance of external socket connections under dynamic loading, including strain rates, cyclic
behavior at specific limit states, and the cumulative effects of multiple cycles. Understanding the
behavior of these connections in seismic regions under real-world dynamic conditions will further

validate the design methodologies and improve their reliability.
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Derivation of the equation for compression in the column outside the external socket
connection.

L = Lateral force

D. = Diameter of the column

Hc = Height of the column

Hs = Height of the external socket

P = Axial force on the column

M:e = Nominal moment capacity with expected properties

V: = Vertical load on the right side of the STM of the column

As= Vertical load on the right side of the model due to the moment of lateral force
di = Distance that makes the strut and ties of the column not to be in a symmetric position
dz = Distance between vertical tie and vertical strut of the column

ds = Distance from the top of the column to the node before the socket connection

Fvce = Vertical compressive force acting on the column at the socket interface

Initial equations
Hy = x- D,
D
di = —
RT:
13 D,
5H;, 13D,
ds = H, % @ - H.— 085H;—2D,
P
= ﬁ - 06P
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L=
HC_HS
ds
AfTZL X d_2

FVCC=VT+ AfT+2L

Substituting variables on initial equations

L: Mne
He—x- D,
a My, H.— 0.85H,— 2D,
" " H.—x-D, 0.75 D,
11333 My, (x " D + 1.1765 (2 D, — H,)) 1.2 My, (x*D,+1.0(2D, — H,))
I D, (x D — H.) D, (x-Dc— H.)
1.2 My, (x D, + 2D, — H)
T DC(X'DC_HC)
12 M D.+ 2D,— H 2M
FVCC=O.6P+ ne()( c c C) ne
DCO('DC_HC) H,—x- D,
1.2 M,,[x - D. + 0.18182 (D, — 5.5 H
FVCC=O.6P+ ne[)( C (C C)]

0.18182 (D, — 5.5 H,) — —0.95 H,

1.2 My, [x - D, — 0.95 H,]

DC(X'DC_ Hc)

F =06P+
vee DC(X'DC_HC)

0.6 P+

1.2 M,,
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Fycc < Capacity of the strut

Fyee = O-lfcd, D¢+ Hg

2 My,

0.6 P+

<01 fcdl "X Dc2

06P- D, + 12 M,,
01f4 D>

X =

Derivation of the equation for inclined compression in the column inside the external

socket connection.

L = Lateral force
D. = Diameter of the column
Hc = Height of the column
s = Height of the external socket
P = Axial force on the column
Mhne = Nominal moment capacity with expected properties
Vi = Vertical load on the left side of the STM of the column
An= Vertical load on the left side of the model due to the moment of lateral force
Ficc = Inclined compressive force acting on the column within the socket connection

B = Angle of the inclined strut of the STM of the column inside the external socket

Initial equations

v, i 0.25 P
=— > 0.
L™ 23

) 0.85y-D, 0.85y-D,
sinf = -

X
_)
J(0.85y D)2+ (0.75D.)2 0.85D.-/x2+08 /x2+038
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12M,, (x-D.+ 2D, — H,)

Af = As =
n I D.(x"D.— H.)
[ = My,
H,—x "D,
Aﬂ—Vl +3L
Fice = sin

Substituting variables on the initial equation for Ficc

12M,, (x-D.+ 2D, — H,) 3 My,

A +3L = +
i DC(X'DC_HC) H.—xD,

1.2Mp [x-D.—0.5(D.+2H,.)]

A +3L =
i DCQ('DC_HC)

[x*Dc—0.5(D.+2H)] [x-D.— H.—0.5D.]

1.05 (x- D, — H,)

_)
(X'DC_HC) (X'DC_HC) (X'DC_HC)
1.2 M 1. -D.— H 1.25 M
Afl+3L: ne[ 05()( c c)] . 5 ne
DC(X'DC_HC) Dc
1.25 M
. —p, —025P 025D, P-5M,) Jx2+08
= -
IcC X XDC
Jvx?+08

(1.25Mp, —0.25D.-P) - \/x2+08  (1.15M,,)- /x> +0.8
%

Fice = ¥ D,

Ficc < Capacity of the strut

X'Dc
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FICC < de’ -04 DC . Sinﬁ ' 07DC

Ficc < fed "04D,- N S— 0.7D,

x>+0.8

03f. - x - D>

FICC <
x>+0.8

(115 M,,) - \/x2+0.8 _ 03 fod " x * D2
XD B 12 +0.8

115 My, - (x> +0.8) < 03f, - x* - D>

Solving for y , and choosing the feasible solution

My,
x =175 - 3
fcd * D7 — 3.8 My,

Derivation of the equation for shear in the column inside the external socket connection.

D. = Diameter of the column

Mhne = Nominal moment capacity with expected properties

V = Shear force acting on the column inside the external socket connection

Ficc = Inclined compressive force acting on the column within the socket connection

B = Angle of the inclined strut of the STM of the column inside the external socket

Initial equations

V = Ficc X cosf
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0.75 D, 0.9

0.85D, - /x%+ 08 - Jx?+08

cosf =

Substituting variables on the initial equation for V

, o (15 M) Jx2+038

X'Dc

X cosfS

- (1.15M,,) - /x> + 0.8 .09
XD Jx2+08

V= (1.15 Mne)' 0.9 N 1.03 M,,, N M,,
XD, XD, XD,

V < V, (Shear capacity )

The shear capacity was considered using the revised UCSD model

3

V<=-"Ayp fra-

[\

=i

V<-"Ayp fya-

D — ¢ — cover

5 -cotf + aBy - |fea' - (0.84,)

D — ¢ — cover
S

M, m D.—0.2D,— 0.05 D, . m- D2 )
~D. < 5 Aspfya S +cot30° + 027 ——" [fea [MPal]
M, 0.75 D, - D.? }

-cot30° + (1.5)(0.9)(0.25) - [f.q - (0.8 4,) [MPa]
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M, Asp 'fyd

< 2.06- - D.+0.21-D.*- '
X'Dc c c fcd
2 -Agy fya-D
> S”Sfyd £40.21-D.2- |f.4' [MPa]
M
x> e [MPa]
2 Agp fya - D2
1.3-( L Syd “+ 0.21/f.q' -Dﬁ)
M
x> ne [ksi]
2 Agp fya - D2
1.3-( L Syd — + 0.081/f.q' -Dc3>

An increase of shear capacity is considered with the 1.3 factor. This is explained in Chapter 6.3
Derivation of the equation for compression in the grout of the external socket connection.

L = Lateral force

D. = Diameter of the column

H. = Height of the column

M:e = Nominal moment capacity with expected properties

V = Shear force acting on the column inside the external socket connection

Ficc = Inclined compressive force acting on the column within the socket connection
B = Angle of the inclined strut of the STM of the column inside the external socket

Fcg= Force in the grout of the external socket connection

Initial equations

_ M,
He—x- D,

FCG= L+ FICC X COSB _)L+V
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Substituting variables on the initial equation for Fcc

Mne Mne

Fee = +
« He—=x-D. x-D.

The variable L was evaluated under different conditions and is conservative to consider that the

maximum value that could be considered is 1/3 of V. Knowing how critical the grout is for the

connection, a value of 0.5 V was considered for L.

15 M,,
¢ XD

Fc¢ < Capacity of the grout
Feg < fega - (011- x - D)

1.5 M,,

XD, = fcgd,' (0'11' X Dcz)

Solving for y , and choosing the feasible solution
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