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Abstract
Accelerated bridge construction (ABC) has recently gained popularity among state departments of
transportation to minimize construction costs, time and waste, and optimize the use of materials.
This research focused on the connection details between hollow-core fiber-reinforced polymer-
concrete-steel columns (HC-FCS) and their foundations. The column consists of a concrete core
sandwiched between an outer fiber-reinforced polymer (FRP) tube and an inner steel tube. Two
foundation anchorage details were tested with multiple embedment lengths into the footing to
evaluate the connection's capability to transfer axial load and bending moment and achieve the
ultimate column flexural and shear capacities. Seven column-footing specimens were cast and
tested to failure to study the effect of embedment length, diameter-to-thickness ratio, compressive
strength of the concrete footing, and end-of-column anchorage on monolithically cast connection
capacity. Two specimens utilizing a socketed connection filled with ultra-high-performance
concrete (UHPC) designed to represent connection of precast elements were cast and tested to
failure. The specimens were designed to be tested as a simply supported beam using a typical load
frame by constructing each 2 ft by 2 ft by 4 ft-1 in. footing with a column portion embedded at the
desired embedment length at each end of the footing. The column portion of the specimen was in
the form of only a steel tube. An 8.625 in. diameter steel pipe with a thickness of 0.219 in. was
used for eight specimens, while a 6.625 in. diameter steel pipe with a thickness of 0.25 in. was
used for one specimen. Embedment length had a significant effect on the performance of the
column-footing connection. The short embedment lengths tested (1.6Di and 1.68Di) were not
sufficient to develop the steel pipe flexural strength for the monolithic connection specimens with
a normal-strength concrete footing. However, the use of socketed connection with UHPC, high-

strength concrete footing, and welding a series of lugs to the embedded pipe prevented the steel



pipe from pulling out to some extent, and local buckling occurred in the steel pipe at a moment
greater than the calculated capacity of the steel pipe with an embedment length of 1.6D;. The 1.8D;
embedment length prevented the steel pipe from pulling out whether using the socketed connection
with UHPC, high-strength concrete, or normal-strength concrete. The specimens with this longer
embedment length failed after exceeding the flexural strength of the steel pipe, and local buckling
occurred in the steel pipe. This suggests that the column-footing connection with a 1.8D;

embedment length is potentially sufficient to achieve the flexural strength capacity of the steel

pipe.
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1. Introduction

1.1 Background

The Federal Highway Administration (FHWA) and state Departments of Transportation (DOTS)
have and are currently sponsoring research studies for new techniques and designs related to
Accelerated Bridge Construction (ABC). ABC has several advantages over traditional
construction as it reduces the delivery time of a project, provides a safer work zone, and reduces
interruption of traffic flow (ElGawady, 2018). While there are many ABC techniques available for
bridge superstructures, there are limited techniques for bridge substructures. The best technigue to
accelerate construction of substructure elements is using precast bridge piers or columns.

Several precast column designs are used for ABC purposes. Some of these include Concrete-Filled
Steel Tubes (CFSTs), Concrete-Filled Fiber-reinforced polymer Tubes (CFFTSs), and hollow-core
concrete columns. Concrete-Filled Tubes (CFTs) generally tend to provide more strength-to-size
efficiency and fast construction. Such columns consist of a hollow steel tube or fiber-reinforced
polymer (FRP) tube filled with concrete (Stephens et al., 2015).

One of the most recent column designs is a Hollow-Core FRP Concrete Steel (HC-FCS) column
or FRP-Concrete-Steel Double-Skin Tubular column. In this thesis, it will be referred to as HC-
FCS. This design includes an outer FRP tube and an inner steel tube acting as stay-in-place
formwork, and concrete is added between them, creating a concrete shell. HC-FCS columns use
60% - 70% less material than CFT columns and provide better confinement for the concrete
(ElGawady, 2018). Most research studies have shown superior behavior of this column design in
terms of ductility, flexural strength, and energy absorption compared to the other currently used

columns (Teng et al., 2007; Lu Han, 2010; Zhang, 2012; Albitar et al., 2015).



The HC-FCS column design has been investigated for regions susceptible to earthquakes, as the
design meets the ductility demands for bridge piers and columns. To meet the higher ductility
demand, the design and construction of the column-footing connection for HC-FCS precast
columns are crucial. The connection must achieve the strength of HC-FCS columns to ensure the
ultimate strength is controlled by the column, provide pullout and slip resistance, and be
economical and easy to construct for ABC purposes (ElGawady, 2018).

Previous studies have examined multiple anchorage details for the footing-column connection of
conventional and CFST columns, including monolithic, pocket connection, post-tensioning system,
and socket connection designs (Moon, 2013; Pentelides and Neupane, 2022). These studies have
highlighted the advantages of each connection in developing the required strength of the columns.
Several parameters have been investigated, such as the embedment length of the column into the
footing, the diameter-to-thickness ratio of the steel tube, the footing compressive strength, and the
shear reinforcement of the footing (Moon, 2013; Pantelides and Neupane, 2022).

Recent studies by ElGawady investigated two types of footing-column connection for HC-FCS
columns. The results showed that the socket connection develops the full plastic flexural capacity
of the column and provides better ductility and energy dissipation compared with the monolithic
connection (ElGawady, et al., 2015; EIGawady, et al., 2018).

The research described in this thesis examined connection details between HC-FCS columns and
footings to develop foundation anchorage details and find the best embedment length for
connecting the column to the footing. The embedment length of the steel tube is crucial to provide

the ultimate flexural and shear capacities of HC-FCS columns.



1.2 Objectives and Goal
The overall goal of the research described in this thesis was to develop design procedures and
recommendations for HC-FCS column-footing connection. Progress toward this goal was made

through three objectives:

)] Evaluate the effect of inner steel tube thicknesses and embedment lengths on the column-
footing connection performance.

i) Identify the required embedment length to achieve the ultimate flexural capacity and shear
capacity of the HC-FCS column.

iii) Evaluate the effect of the footing compressive strength concrete and the use of a socket
connection with Ultra-High-Performance-Concrete (UHPC) to develop full capacity of the

HC-FCS column.



2. Literature Review

2.1 Hollow-Core FRP Concrete-Steel (HC-FCS) Columns

Fiber Reinforced Polymer (FRP) has become more commonly used in the civil engineering
industry due to its pronounced advantages in recent decades. It offers excellent strength and
superior corrosion resistance when compared to steel. Teng et al. (2007) proposed an innovative
column design that incorporates steel, concrete, and FRP, with the concrete core sandwiched
between an outer FRP tube and an inner steel tube. This design leverages the strengths of the three
materials, resulting in a structural element with significantly greater strength capacity than
concrete-filled double-skin steel tubular columns, as suggested by Han (2010). The double-skin
steel column has an outer hollow steel tube, an inner hollow steel tube, and concrete is filled in

between the tubes. Figure 1 shows a general cross-section view of HC-FCS columns.

- D>
FRP L L.

\, Steel tube Steel tube

() (b)
Figure 1. Cross-section view of (a) circular and (b) square HC-FCS columns (Han, 2010)

Several studies investigated a series of HC-FCS specimens to compare performance of the column
design relative to other column types. Han (2010) constructed four circular and four square HC-
FCS columns, as shown in Figure 1. All specimens were tested under combined axial load and

cyclic lateral load. The cyclic lateral load was applied in the middle of the specimens, and the ends



of each specimen were attached to cylindrical bearings. Figure 2 shows the testing setup used by

Han (2010).

Figure 2. Testing setup arrangement used by Han (2010)

The results of these tests showed that HC-FCS columns demonstrated high energy dissipation, and
an increase in the number of FRP layers improved the ultimate strength of the column. However,
further investigation was suggested to carry out a parametric study and better understand each
component of HC-FCS columns (Han, 2010).

Idris and Ozbakkaloglu (2014) investigated the effect of six parameters on the behavior of HC-
FCS columns: axial load, concrete strength, the amount of confinement, type of fiber, inner steel
tube thickness, and filling the inner steel tube with concrete (Idris and Ozbakkaloglu, 2014). Figure
3 shows a cross-section view of the specimens tested by Idris and Ozbakkaloglu (2014), and Figure

4 shows the side view of the specimens.
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Figure 3. Cross-section view of (a) circular HC-FCS, (b) square HC-FCS, and (c) CFFT columns (Idris

and Ozbakkaloglu, 2014)
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Figure 4. Side view of HC-FCS columns tested by Idris and Ozbakkaloglu (2014)
The test was conducted by applying a combined axial load with cyclic lateral load similar to testing
by Han (2010). Increasing the amount of confinement increased the lateral drift capacity, whereas
concrete strength and inner steel thickness did not have a significant effect on the lateral drift

capacity of the column (Idris and Ozbakkaloglu, 2014).



2.2 Foundation Connections for Circular Concrete-Filled Steel Tubes (CFSTs)

Moon (2013) examined column-footing connections for CFST columns to develop full capacity
and avoid pullout of the column from footing. He proposed two connection methods to achieve
ultimate ductility in seismic regions while ensuring simplicity and cost-effectiveness for CFST
columns. Moon (2013) investigated both direct and recessed connection approaches. The recessed
connection involved isolating the reinforcement of the footing from the steel tube using a
corrugated steel pipe (CSP) with a larger diameter than the steel pipe. The CSP was removed after
casting the footing, and the column was placed. Then, the gap between the footing and the steel
tube was filled with high-strength grout. The monolithic connection approach involved anchoring
the column to the footing using an annular ring welded to the end of the steel tube, and the footing
and column were cast simultaneously (Moon, 2013). Figure 5 illustrates the two types of

connections.

CFT column

Foundation
Concrete/Grout
Flexural & shear reinforcement fill
[— i
L 2 .
S AEE1 . %
. 1L

1% 1% < ] g -
f £3 l; = T _ \6 ] g - - - - - - - 4
Tube anchored to

Foundation ( a) Annular ring ( b)
lower lift

Corrugated plate

lower for construction

(a) (b)
Figure 5. Footing-column (a) monolithic and (b) socket connections (Moon, 2013)
A series of CFST specimens constructed with a monolithic connection was experimentally tested
by evaluating several parameters such as embedment length and shear reinforcement ratio. These
specimens were also analyzed with a finite element model to compare the test values with the

theoretical ones (Moon, 2013). Table 1 shows the parameters examined for the test specimens.



Table 1. Properties of Specimens Tested by Moon (2013)

Test Study Le/D fecFT fleFT fy fu
Specimen Parameter (MPa/ksi) | (MPa/ksi) | (MPal/ksi) | (MPa/ksi)
K1 No shear 0.6 75.8/11 75.8/11 525.7/76.3 | 602.2/87.4
reinforcement
K2 Shear 0.6 75.8/11 75.8/11 525.7/76.3 | 602.2/87.4
reinforcement
K3 Embedment 0.9 71/10.3 71/10.3 525.7/76.3 | 602.2/87.4
depth
1-50 Straight 0.8 59.9/8.7 75.8/11 337.6/49 413.4/60
welded tube
4-50 Spiral welded 0.8 59.3/8.6 74.4/10.8 351.4/51 537.4/78
tube

In order to further investigate the effect of embedment length and other crucial parameters, 56
specimen models were designed to evaluate several parameters by using non-linear finite element
analysis of the monolithic connection. The parameters included annular ring size, embedment
length, shear reinforcement ratio, concrete compressive strength of the footing, and steel tube
diameter-to-thickness ratio. Those parameters were studied to analyze the effect of each one on
the connection between the footing and column and understand the behavior of this type of
connection (Moon, 2013). Figure 6 shows the components of the finite element model used for

each specimen.

(a) Concrete: 8-node Solid Element
(b) Steel Tube: 4-node Shell Element
(¢) Interface: GAP Element

(d) Reinforcing bar: 2-node Truss Element

(@) (b) (©) (d)

Figure 6. Components of finite element model of specimens examined by Moon (2013)



Two failure modes were observed in this study. Pullout failure occurred when the footing failed to
confine the column, and the steel tube slipped out from the footing. Column buckling occurred
when the column exceeded its flexural capacity and failed near the interface surface between the
column and footing (Moon, 2013). Figure 7 shows the simulation results for the finite element

models.

Out-of-plane
deformation
of Steel Tube

(@) (b)
Figure 7. Finite element model results for (a) pullout failure and (b) column buckling failure (Moon,
2013)

The results showed the significance of those parameters indicated in Table 1 in the connection
design to transfer the full deformation demands from column loading to the footing. The
embedment depth of the steel tube had the largest effect on the footing-column connection. Two
embedment length equations were derived as a function of steel tube diameter and thickness and
footing concrete compressive strength based on the finite element analysis and the seismic
demands for the studied region (Moon, 2013). Equation 2.2.1 is for low and moderate seismic

regions and Equation 2.2.2 is for high seismic regions.
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In these equations, D; is the steel tube diameter, ts is the thickness of the steel tube, f, is the ultimate
yielding strength of steel tube, lc is the embedment length, /’cFr is the compressive strength of
footing.

2.3 Ultra-High Performance Concrete as a Structural and Connection Material

Ultra-High Performance-Concrete (UHPC) is an advanced cementitious composite material with
high durability and strength properties exceeding those of conventional concrete. UHPC was
developed in the late 20" century and is a product of advancements in superplasticizers, fiber
reinforcement, supplementary cementitious materials, and optimized gradation of dry materials
(Graybeal 2014). The Federal Highway Administration (FHWA) defines UHPC as a material with
compressive strength above 17.5 ksi (124 MPa), pre-and post-cracking tensile strengths above 0.75
ksi (5 MPa), and enhanced durability resulting from its discontinuous pore structure (FHWA,
2022). UHPC has been used in a wide range of structural applications as a material and connection
material, including bridge deck connection joints, bridge expansion joints, bridge overlays, precast
concrete elements, and high-rise buildings. The combination of strength and durability of UHPC
makes it desirable for structural element optimization (Graybeal, 2011).

Multiple research studies have shown that UHPC develops excellent bond with reinforcement and
conventional concrete. FHWA (2014) investigated the bond behavior of UHPC with reinforcing
rebars. The effect of embedment length, concrete cover, bar spacing, and bar size was studied over
200 direct tension pullout tests. The development length of embedded reinforcing rebars in UHPC
can be decreased due to its superior mechanical properties (FHWA, 2014). Soliman (2023)
investigated the bond behavior of three UHPC materials. They had different tensile strength
properties based on the composition of the cementitious materials in their mix designs. Rebar

pullout specimens were tested to evaluate the bond strength between UHPCs and Grade 60 No. 4
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reinforcing bars. All specimens demonstrated superior bond strength with a drastic decrease in the
development length compared with the conventional concrete bond strength with its required
development length (Soliman, 2023). Another study by Alkaysi (2017) investigated factors that
affected the bond strength of non-proprietary UHPC with steel reinforcement. These factors
include steel fiber content in the UHPC matrix, embedment length of reinforcing bars, and early
age characteristics of UHPC (Alkaysi, 2017).

Besides studying the bond strength of UHPC with steel reinforcement, several studies investigated
the bond strength between conventional concrete and UHPC in order to use UHPC as a repair
material. Valikhani (2019) tested thirty specimens under a bi-surface shear test to evaluate the
bond between UHPC and a substrate made of conventional concrete. He studied several parameters,
such as substrate roughness degree, mechanical connectors, and bonding agents (Valikhani, 2019).
Concrete substrate repaired with UHPC was two times stronger compared to concrete substrate
repaired with conventional concrete from literature. The strength was achieved due to an adequate
roughness degree of the substrate with and without mechanical connectors, and the failure mode
was transferred to the substrate concrete, indicating sufficient bond between the materials
(\Valikhani, 2019). Due to UHPC's superior bond strength with conventional concrete and
impermeability, it has been seen as an attractive material for bridge deck overlays and repair
applications. The bond performance between UHPC and conventional concrete was found to be
adequate for bridge overlays and other applications. Even though there were several factors
investigated that could potentially affect the bond strength, the bond between the two materials
was still sufficient to achieve the desired performance (Feng, 2022; Al-Madani, 2022; Munoz,
2013). According to FHWA (2023), UHPC has shown excellent performance in field-cast closure

pour or grout material to connect several structural elements on site, especially for connecting
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prefabricated elements in the field. Traditional connection solutions have hindered the use of
prefabricated elements due to a lack of simplification of the system and/or concerns about long-
term durability (FHWA, 2023). Several studies have investigated the durability and effectiveness
of UHPC as a grouting material. UHPC has demonstrated its good bonding characteristics for
repairing deterioration. Varbel (2020) conducted full-scale testing to evaluate the load-deflection
behavior of channel girder assemblages after repairing deteriorated shear keys with UHPC. Results
showed that UHPC bonded well with the girders even with minimal surface preparation (Varbel,
2020). UHPC grout and non-shrink grout had similar mechanical performance, however, the non-
shrink grout began to deteriorate faster under cyclic loading. Fu (2022) also investigated UHPC as
a grouting material but for splice sleeve joints. The results showed that UHPC was suitable to be
used as grouting material and provided the required bond strength with the steel interface. This
was attributed to the micro and fine particle components within the UHPC composite matrix (Fu,
2022).

2.4 Socket Connection

Multiple studies examined the use of a socket connection instead of a monolithic connection
between columns and foundations due to its advantages in terms of durability and fast construction.
ElGawady et al. (2018) investigated the seismic behavior of two large-scale HC-FCS columns
with two different footing connections: monolithic connection and socket connection. One
specimen was cast monolithically with an embedment depth of the column into the footing of 1.6D;.
The specimen failed due to pullout of the steel tube, indicating insufficient embedment depth and
was reused to create a socket connection. The steel tube, with a thickness of 0.25 in., was then
reinserted into a newly constructed footing including CSP to create a socket. Another specimen

was cast with a socket connection having the same embedment depth as the first socket connection
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specimen but using a steel tube with a 0.5 in. thickness. The gap between the columns and sides
of the socket for the specimens was filled using a high-strength grout (EIGawady, et al., 2018).
The results showed that the column with a socket connection and 0.25 in. thick steel tube achieved
the plastic capacity including yielding of the steel tube with minimal damage to the footing.
However, the socket connection was not able to develop the ultimate capacity of the column for
the 0.5 in. thick steel tube, and pullout failure occurred with severe damage to the footing
(ElGawady, 2018).

Another study by Khaleghi (2012) investigated the advantages of a socket connection over
monolithic connection method in terms of construction time and construction tolerance for the
ABC method. As socket connections are typically used in precast bridge construction to connect
precast elements, the study aimed to develop a socket connection that could provide the necessary
strength and durability and be easily and quickly constructed on site. The study proposed systems
for column-to-footing and column-to-beam connections for ABC and was implemented in
Washington. At the base, the column was connected to a spread footing using a socket connection,
while at the top, it was connected to the cap beam using bars grouted in ducts (Khaleghi, 2012).
The intention to use a socket connection only for the column-footing connection was to provide
generous tolerances and fast construction, but the connection design was not as beneficial for use
for the column-cap beam connection as it required casting the cap beam in place, which would
eliminate the time advantage of prefabrication. (Khaleghi, 2012).

Similarly, Haraldsson (2013) studied a socket connection design for connecting spread footings
and precast columns in bridges. For this system, columns were precast and placed in their position,
and then footing reinforcement was positioned in place and the footing was cast (Haraldsson, 2013).

Figure 8 shows the construction sequence of the socket connection concept.
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1) Excavate and prepare ground

2) Position and brace precast column

‘ll | |

3) Place footing reinforcement and cast

|
4) Position precast crossbeam with ducts and grout to
protruding column bar

Figure 8. Construction sequence of a typical socket connection by Haraldsson (2013)

The proposed structural details of the connection were modified from the conventional monolithic
connection method to avoid having bars cross the column-footing interface and eliminate bending
out the longitudinal column reinforcement at the bottom. The longitudinal column bars were
straight and were terminated with mechanical anchors (Haraldsson, 2013). By doing that, the
resistance to vertical loads depended only on shear friction across the roughened interface between
the column and the footing, and the method provided a more direct transfer of internal forces

without the need for grout. These bars were straight and terminated with headed anchors, which
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simplified transportation and reduced the hazards posed by protruding bars (Haraldsson, 2013).
The socket connection design was evaluated by conducting axial load and cyclic lateral load tests
on three column-footing connection specimens. Three parameters were studied, including
embedment depth of the column into the footing, use of mechanical anchors, and footing diagonal
steel and ties, to investigate the strength of the proposed socket connection. The performance of
the connection in multiple loading conditions was better than that of a conventional cast-in-place
connection system (Haraldsson, 2013). The proposed connection also had several advantages over
the conventional method as it allowed generous placement tolerance, did not need grouting, and
prevented any potential difficulties with bent rebars (Haraldsson, 2013).

Cheng (2019) examined several parameters that could affect a socket connection design using
corrugated steel pipe (CSP) to create a socket. Eight specimens were constructed to evaluate the
side shear strength in preformed socket connections with three types of surface textures for the
embedded portion of the column and CSP-to-embedded member clearance. High-strength grout
with a compressive strength of 8000 psi was used to fill the gap between the column and footing
(Cheng, 2019). The specimens were subjected to uniaxial compression force at the top of the
column segments, with cyclic axial loading applied only to four specimens. The results showed
that all specimens, except the one with a smooth column surface, provided significant side shear
strength against the axial load applied to the column segments. The gap between the column
segments and CSP affected the performance of the socket connection. The fixity of the connection
was less for specimens with a larger gap due to potentially having a bonding issue between surfaces
and discontinuity of load transfer. Thus, exposed aggregate for embedded member surface
preparation, a standard pattern of corrugation for CSP, and high-strength grout were recommended

for better performance of socket connections (Cheng, 2019; He, 2021).
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Similarly, White (2016) investigated the performance of socket connections using grout in the gap
between the column and footing. The socket connection provided a good seismic response after
being subjected to biaxial quasi-static cyclic loading. The results of the socket connection tests in
terms of energy dissipation and ductility were comparable to those of a conventional monolithic
connection (White, 2016). However, significant damage to the column occurred with the socket
connection design such as spalling of concrete and buckling of longitudinal reinforcement.
Zhang (2023) investigated the seismic performance of three different connections of double-
column piers: monolithic connection, UHPC grouted corrugated duct connection, and UHPC
socket connection. UHPC grouting helped to ensure a rigid connection and reliability for the socket
connection and grouted corrugated duct connection. It provided good adhesion at the interface
surfaces between the column and footing. All connections had comparable levels of energy
dissipation and ductility, but the residual displacement of the socket connection specimen was
significantly smaller than the other specimens, indicating its excellent seismic resistance and self-
resetting ability (Zhang, 2023, Zhang 2021).

2.5 The Knowledge Gap in Socket Connection

Socket connection has several advantages over the conventional connection methods in column-
footing connections. It improves the seismic performance of structures, reduces construction time,
and simplifies construction processes, which aligns well with the concept of Accelerated Bridge
Construction. However, there is a lack of knowledge about the best practices and implementation
of this kind of connection since there is limited research on evaluating the performance of socket
connections. One significant challenge is determining the requirements of the socket connection
in terms of the socket’s size and shape. This is essential in order to understand the load transfer

between the structural elements through the connection. The definition of the socket connection is
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vague as some research approaches its design differently than other research studies. This is shown
in the design differences between Khalegi (2012), Haraldsson (2013) and EIGawady et al. (2018).
Another substantial challenge is the uncertainty about the long-term durability of the socket
connection. Since it has not been widely used in construction, the safety and reliability of structures
incorporating this kind of connection are difficult to evaluate. Thus, further investigation is
required to develop design guidelines and construction practices to help standardize the socket

connection design.

17



3. Approach and Procedure

Small-scale Hollow Core-Fiber Reinforced Polymer-Concrete-Steel (HC-FCS) column-footing
connections were designed, constructed, and tested to investigate the connection strength and
required embedment length of steel tube for the full-scale column-footing connection. The small-
scale column to footing connection specimen was designed to be tested as a simply supported beam
using a typical load frame. In this loading condition, the contribution of axial load to the connection
was neglected resulting in testing the connection specimens in worst case relative to bending. Three
associated failure mechanisms were investigated: pullout failure, flexure failure, and footing failure. The
column portion of the specimen was in the form of only a steel tube, and nine specimens were
designed following the half-scale HC-FCS columns designed by Milner (2023). The specimens
were constructed to evaluate the required embedment length as a function of the diameter and
thickness of the steel tube and footing concrete compressive strength. Figure 12 shows the trial
specimen after casting.

Three embedment lengths were selected for this research study. Embedment lengths of 1.6Di and
1.8Di were selected based on results of previous studies, where Di represents the inner steel tube
diameter, and an embedment length determined by following Equation 2.2.1 proposed by Moon
(2013) in Section 2.2 was also used.

In Equation 2.2.1, t, is the thickness of the steel tube, F, is the ultimate yielding strength of steel
tube, [, is the embedment length, and £ - is the compressive strength of footing. Additionally,
two different diameter-to-thickness ratios were investigated to evaluate the effect on the footing-
column connection. The failure modes investigated included steel tube buckling failure, footing

failure, and steel tube pullout failure.
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3.1 Column Capacity Calculations

Capacity calculations were conducted for the full HC-FCS columns for use in design of the
connection test specimens and testing apparatus following procedures used by ElGawady et al.
(2015). Calculations were first conducted on a column from the literature to verify that the methods
were applied properly and then were applied to the dimensions of the half-scale HC-FCS column
used in this project. Table 2 shows the resulting calculated flexural and shear capacities of the half-
scale HC-FCS column design used for this project.

Table 2. Half-scale HC-FCS column capacity

Nominal Bending Moment, My (k-ft) 414

Nominal Shear Strength, Vi (Kips) 124

3.1.1 Column Flexural Strength Calculations

Flexural strength calculations for the HC-FCS column were conducted following guidance
reported by ElGawady (2015). Strain compatibility and Bernoulli-Euler assumptions were
considered when calculating the flexural strength of the column. It was assumed that plane sections
are plane before the column deforms and remain plane after deformation, and the stress-strain
behavior of the HC-FCS column steel tube was assumed to be elastic-perfectly plastic. The stress-
strain relationship used for the confined concrete of the HC-FCS column was taken from Yu et al.

(2006) and is shown in Equation 3.1.1.1.

oc = feo lﬁ (i)zl (3.1.1.1)

gCO SCO

In Equation 2, o, is the stress in the confined concrete (psi), &, is the strain in the confined concrete

(in./in.) taken as 0.003, f;, is the unconfined compressive strength of concrete taken as 4500 psi,
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and &, is the strain corresponding to compressive strength (in./in.). Figure 9 shows the cross

section of the column used to calculate flexural strength.

Figure 9. Cross-section of the column used in Milner (2023)

The calculations were performed using a Microsoft Excel spreadsheet. The distance to the neutral
axis from the most extreme compression fiber, ¢, was initially assumed, and the compression and
tension sides of the column cross-section were divided into 100 segments based on a polar angle
(shown in Figure 10). The compressive force in the concrete shell portion of the column was then
calculated by summing the resultant compressive forces for each segment considering a solid
concrete column, then subtracting the summation of the resultant compressive forces for each
segment for a virtual concrete column inside the void.

Angles a4, a,, and a3 (radians) with their corresponding polar angles are shown in Figure 10.
Angle a; is the angle from the intersection of the neutral axis and column surface to the positive

vertical axis considering the column as a solid concrete column, a, is the angle from the
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intersection of the neutral axis and outer steel tube surface to the positive vertical axis considering
virtual concrete column inside the void, and a5 is the angle from the intersection of the neutral
axis and outer steel tube surface to the negative vertical axis of the tension side steel in the steel
tube. The polar angles (8, 8,, 85) were calculated using Equation 3.1.1.2, where n is the number

of segments.

a
91 = — ,92 = ,93 = (3112)

The shape of the segments was assumed to be rectangular in order to efficiently calculate the area
of each segment. The corresponding strain and stress for each segment were then calculated based
on the strain compatibility assumption, Hooke’s law, and Equation 2, and used with the area to
calculate the concrete and steel compressive forces and steel tension force. Hooke’s law was used
throughout the steel elastic range, where the steel strain was below yielding strain, but steel
yielding stress was used once the steel yield strain was exceeded. The steel compressive and

tension forces for each segment were summed to obtain the total forces for the column.
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(b) (c)

Figure 10. Cross-section of the column for a segment to calculate compressive and tension forces in (a)
assumed solid concrete in compression, (b) virtual concrete and steel in compression, and (c) steel in

tension
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Multiple iterations were done until force equilibrium ), F, = 0 was obtained for the compression
and tension forces, based on varying the depth to neutral axis c. Accordingly, the internal bending
moment was then computed about the centroid of the HC-FCS column cross-section. Figure 11
shows the cross-sectional analysis, including the strain and concrete stress profiles. The strain and
stress for the solid column for each segment were denoted by &;_,,9; and 6;_,,91, and the strain
and stress for the virtual column for each segment were denoted by &,_,, and 6,,_,4,. Steel

strains are shown as €.4:_ng2 and &:5:_ng3 fOr the compressive steel and tension steel, respectively.

Eco
T €5 nt Os ng1
€y082, Ecsting2 Ty ne2
Etst-ne3
Etst
(@) (b)

Figure 11. Cross-sectional analysis of the column showing the (a) strain profile for the column and (b)
stress profile for the concrete

3.1.2 Column Shear Capacity Calculations

The shear capacity of the HC-FCS column depends primarily on the steel tube capacity where the
FRP tube provides additional shear resistance (Yu et. al., 2006). The shear strength of the steel
round hollow structural section was determined based on the American Institute of Steel

Construction (AISC) Manual. Section G6 provides guidance for calculating the nominal shear
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strength, 1}, (kips), according to the limit states of shear yielding and shear buckling (AISC, 2011

edition). Equation 3.1.2.1 from AISC Manual (2011) was used to calculate 1;,.

Fy XA,

. 2 (3.1.2.1)

F,, in Equation 3.1.2.1 is the larger of Equations 3.1.2.2 and 3.1.2.3 but shall not exceed 0.6F,

1.6E
Fop = ——— (3.1.2.2)
L, (D2
3(%)
0.78E
F, = (3.1.2.3)

In Equation 6, F,,. is the critical stress (ksi), E is Young’s modulus of steel (ksi), L,, is the distance
from maximum to zero shear force (in.), 4, is the gross cross-sectional area of the steel tube (in.2),
D is the outer diameter of the steel tube (in.), and t is 0.93 times the nominal steel tube thickness
(in.).

3.2 Trial Specimen

3.2.1 Column Capacity Calculations and Footing Design

A single trial specimen was constructed as a smaller representation of the test specimens to
evaluate the design and testing methods for the small-scale column-footing connection specimens
before the primary specimens were constructed. A 5 in. diameter steel pipe was used for the trial
specimen chosen due to availability at the Fears Structural Engineering Laboratory. Column
capacity calculations were conducted for a column using this pipe diameter following the same
procedure used for the half-scale HC-FCS column. Table 3 shows the calculated flexural and shear

capacities of the trial HC-FCS column.
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Table 3. HC-FCS trial column capacity

Nominal Bending Moment, M, (k-ft) 49

Nominal Shear Strength, Vi (kips) 47

The concrete footing portion of the trial specimen was designed to support the nominal capacities
of the trial HC-FCS column specimen and to ensure failure in the column or the connection. The
footing dimensions were 19 in. by 18 in. by 38 in., and the design followed requirements of the
AASHTO LRFD Bridge Design Specifications (2017) and ACI Building Code Requirements for
Structural Concrete (ACI 318-19).

3.2.2 Casting Procedure, Testing Setup and Results

The footing portion of the trial specimen was cast horizontally using Rapid Set® cement self-
consolidating concrete cast in Fears Laboratory with a compressive strength of 7,200 psi. The 5 in.
diameter steel pipe was embedded into the footing a length of 1.6Di from each end, and the steel
pipes were extended 4 ft-2 in. from the interface of the footing to result in a moment large enough
to ensure the specimen would fail in flexure or due to pullout of the pipe. Figure 12 shows the trial

specimen after casting.

Figure 12. Trial specimen before removing the formwork
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The specimen was tested with an 11 ft-6 in. simple span with the ends of the pipe placed on steel
supports placed on steel reinforced neoprene bearing pads. A vertical load was applied to the
midspan of the footing using a hydraulic cylinder, and a wire potentiometer was placed on each
side of the specimen at the load point to measure the vertical deflection of the footing. In addition,
a linear variable differential transformer (LVDT) was placed on the end of each steel pipe to
measure the vertical deflection resulting from the placement of the steel supports on bearing pads.

Figure 13 displays the trial specimen in the testing frame.

Figure 13. Testing setup for the trial footing-column connection specimen

The specimen failed due to pullout of the steel pipe, as intended, with a failure load of 20 kips. At
one end of the footing section, there was a vertical separation of approximately 0.125 in. at the
interface between the steel pipe and the concrete, while at the other end, the steel pipe pulled out
of the footing directly approximately 0.25 in. Figure 14 presents the pullout failure mechanisms at

each end of the footing.
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Figure 14. Pullout connection failure from each end of the footing

The results of the trial specimen test indicated that the specimen concept and testing methods were
sufficient for evaluating the connection. No failure of the footing section or supports was observed
with all damage localized at the connection.

3.3 Small-scale Column Connection Specimens

3.3.1 Parameter Matrix

Nine small-scale column-footing connection specimens were constructed to evaluate five
parameters including steel pipe embedment in the footing, diameter to thickness ratio, footing
concrete compressive strength, presence of shear lugs on the steel pipe, and use of an ultra-high
performance concrete (UHPC) socket connection. An 8.625 in. diameter steel pipe with a thickness
of 0.219 in. was chosen for eight specimens, while a 6.625 in. diameter steel pipe with a thickness
of 0.25 in. was selected for one specimen. In five specimens, the 8.625 in. diameter steel pipe was
embedded into a 2 ft by 2 ft by 4 ft-1 in. footing at lengths of 1.6D; and 1.8D; from each end and
using the minimum embedment length equation (Equation 1) from Moon (2013). Two of these
specimens had high-strength concrete footings with embedment lengths of 1.6D; and 1.8Di. One
specimen had the 6.625 in. diameter steel pipe, resulting in a different diameter/thickness ratio.
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Another specimen had shear lugs welded to the end of the steel pipe. The steel pipes in both the
smaller diameter pipe and shear lug specimens were embedded into a footing made with normal-
strength concrete at an embedment length of 1.6Di. Two specimens were cast with a socket
connection using UHPC at embedment lengths of 1.4D; and 1.8Di. Table 4 summarizes the
parameter matrix for the small-scale column connection specimens. In Table 4 and throughout the
report CF is used for “column-footing”.

Table 4. Parameter matrix of the small-scale column-footing connection specimens

Specimen Embedment Diameter/ ferr On Testing | Connection
Length (in.) Thickness (in./in.) Day (psi) Type
CF-1 1.6D 8.625/ 0.219 9,910 Monolithic
CF-2 1.8D 8.625/0.219 9,270 Monolithic
CF-3 1.6D 8.625/0.219 5,970 Monolithic
CF-4 1.8D 8.625/0.219 5,270 Monolithic
CF-5 Eq.1 8.625/0.219 5,270 Monolithic
CF-6 1.6D 8.625/0.219 4,530 Monolithic
with shear
lugs
CF-7 1.6D 6.625/0.25 4,890 Monolithic
CF-8 1.6D 8.625/0.219 5,500 Socket
CF-9 1.6D 8.625/0.219 5,400 Socket

3.3.2 Column Capacity Calculations and Footing Design

Column capacity calculations were conducted for the small-scale specimens following the same

procedure used for the half-scale HC-FCS column. Table 5 shows the calculated flexural and shear
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capacities of the equivalent small-scale HC-FCS column with the same concrete shell thickness
used in the half-scale HC-FCS column design.

Table 5. Small-scale HC-FCS column capacity

Nominal Bending Moment, M, (k-ft) 136

Nominal Shear Strength, Vi (kips) 73

The footing portion of the specimen was designed to support the nominal capacities of the small-
scale HC-FCS column and ensure failure in the column or the connection. The footing design
followed the AASHTO LRFD Bridge Design Specifications (2017) and ACI Building Code
Requirements for Structural Concrete (ACI 318-19). The cross-section of the footing was designed
to prevent concrete breakout failure in the footing following guidelines of ACI 318 section 17.7
(ACI 318-19). The breakout strength of the concrete for the chosen dimensions exceeded the
anticipated ultimate applied load required to achieve the nominal flexure capacity of the small-
scale HC-FCS column. The footing dimensions were 2 ft by 2 ft by 4 ft-1 in. with rebar
reinforcement as shown in Figure 15 and Figure 16. The footings were reinforced with four No. 6

bars top and bottom and No. 3 bars for shear reinforcement and confinement.
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Figure 15. (a) Footing cross-sectional view, (b) No. 3 rebar, (c) No. 6 rebar, and (d) No. 3 stirrups
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Figure 16. Footing reinforcement (a) top view, (b) left-side view, and (c) right-side view
3.4 Specimen Construction

3.4.1 Monolithic Column Connection Specimens

Specimens 1, 2, 3, 4, and 5 followed the same construction procedure. Two 2 ft by 2 ft formwork
end plates were cut, each with an 8.625 in. diameter circular hole at the center to ensure a proper
fit for the steel pipe. Figure 17-a shows a completed end plate. The footing formwork walls and

end plates were placed on a 4 ft by 5 ft plywood base and secured in place using wood screws. The
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joints along the sides of the formwork were sealed using caulk, as shown in Figure 17-b. Caulk
was allowed to set for 24 hours, and then concrete form release agent was applied on the formwork
surfaces. Subsequently, the footing reinforcing steel cage was placed inside the formwork, as
illustrated in Figure 17-c. Steel pipes were cut at lengths of 102 in. and 104 in. for 1.6D; and 1.8D;
specimens, respectively, for each end of the specimen. As the footing was cast horizontally, an
insulation foam plug was sealed inside each pipe at the required embedment length in order to
prevent concrete filling the pipe outside of the footing surface. The pipes were then carefully
pushed inside the formwork until the same embedment length was achieved on both ends, as shown

in Figure 17-d. Caulk was applied around the pipe and was allowed 24 hours to set.

(© (d)

Figure 17. Formwork (a) end plate (b) before placing steel cage (c) after placing steel cage and (d) after

placing the steel pipes
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After the placement of the steel pipes, the insulation foam plug inside each pipe was supported by
a wooden plug attached to a piece of 2 in. by 4 in. lumber. The lumber extended out of the pipe
and was held in place horizontally by a concrete block. Figure 18 presents a complete view of the

formwork for a small-scale column connection specimen.

Figure 18. Complete formwork of a small-scale HC-FCS column connection specimen

Two concrete mix designs were used for casting the specimens. A conventional concrete mix
design with a water-cement ratio (w/c) of 0.48, % in. nominal maximum size limestone coarse
aggregate, and a targeted slump of 8 in. was used for casting normal-strength concrete footings.
The two specimens with high-strength concrete utilized a self-consolidating concrete (SCC) mix
design with a w/c = 0.35, % in. nominal maximum size limestone coarse aggregate, and a 25 in.
slump flow. A high-range water reducing (HRWR) admixture was added to achieve the desired
slump and slump flow for the conventional concrete and SCC mixes. Table 6 presents the mix
designs used for casting the small-scale column connection specimens. All concrete was mixed at
Fears Laboratory using a large stationary concrete and all castings were carried out inside of Fears
Laboratory. Concrete was transferred to the mixer utilizing a concrete transfer bucket and overhead

crane and was placed into the center of the formwork to avoid displacing the pipes. Conventional
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concrete specimens were consolidated using a concrete vibrator, and the SCC specimens were

allowed to consolidate under the weight of the concrete only.

Table 6. Concrete mix designs in SSD

Mix Proportion

Conventional

Self-Consolidating Concrete

0z./cwt)

Concrete

Sand (Ib/yd®) 1219 1476
5/8 in. Coarse Aggregate (Ib/yd?) - 1445
3/4 in. Coarse Aggregate (Ib/yd®) 1725 -
Cement (Ib/yd®) 682 825
Water (Ib/yd®) 327 289
Adva Cast 575 fHRWR Admixture (fl - 7-10
0z./cwt)

Glenium 7920 HRWR Admixture (fl 1-2 -

All specimens were covered with plastic sheeting to facilitate a wet condition before the removal

of formwork. They were then covered with wet burlap after the concrete reached final set and were

cured for seven days after casting. Compressive strength tests were conducted at 7 days, 28 days,

and on testing day for each footing. Figure 19 shows column footing specimen 1 after demolding

at 7 days of age.

Figure 19. Column footing specimen 1 at 7 days of age
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3.4.2 Monolithic Column Connection Specimen with Welded Shear Lugs

Specimen 6 was cast with shear lugs welded to the embedded end of each steel pipe. The design
of the shear lugs in this specimen followed the guidelines outlined in ACI Section 22.9.4 (ACI
318-19), ensuring a sufficient number of studs to prevent pullout failure of the steel pipe. The shear
stud chosen had a diameter of 0.75 in. and was 5.25 in. long. Studs were welded to the steel pipe
by the Fears Lab technician. The adequacy of the weld connection between the stud and steel pipe
was validated by using a simple bend test taking the stud more than 30 degrees from vertical.
Figure 20 demonstrates the deformation of the trial shear stud without causing a failure in the

connection.

Figure 20. Result of stud bending test

Five shear studs were welded at a distance of 1.5 in. from the end of each steel pipe for the column-
footing specimen. They were spaced at 5.5 in. around the circumference of the pipe, as displayed
in Figure 21-a and Figure 21-b. The formwork was assembled after the studs were welded and the
pipes put in place, following the same procedure used for the monolithic specimens. Figure 21-c
and Figure 21-d portray the steel pipes inside the formwork and the complete formwork for
specimen 6, respectively.
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Figure 21. (a) Close-up view of a shear stud, (b) shear studs welded at the end of the steel pipe, (c)

placement of the steel pipes after welding, and (d) complete formwork for specimen 6
The specimen was covered with plastic sheeting to facilitate a wet condition before the removal of
the formwork was cured with wet burlap for 7 days after casting. Compressive strength tests were

conducted on 7 days, 28 days, and testing day for the footing.
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3.4.3 Socketed Column Connection Specimens

Specimens 8 and 9 were cast using a socketed connection with UHPC between the steel pipe and
the concrete footing. Two trial specimens were cast before casting specimens 8 and 9 with the
socketed connection evaluate construction methods since the specimens were to be cast
horizontally. A 12 in. diameter corrugated steel pipe (CSP) was employed to create the socket. The
first trial specimen used a CSP with no modification and was unsuccessful as the CSP could not

be easily removed after casting the footing as shown in Figure 22.

(@) (b)

Figure 22. Attempt to remove the CSP from trial specimen 1 showing (a) a portion of the CSP extending

from the footing and (b) damage to the CSP and socket caused by attempts to remove the CSP

The second trial specimen included a few modifications to the construction methodology and was
successful. For the second trial socketed specimen, the CSP was partially cut along its length, and
plastic sheeting was used to cover the CSP and de-bond it from the concrete footing as shown in
Figure 23. An insulation foam plug was sealed at the end of the CSP to prevent concrete entering
the socket. After the removal of the CSP, a steel pipe section was placed in the socket, a plywood

ring was used as formwork to seal the gap, and a trough was constructed at the top of the pipe to
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facilitate placement of UHPC. UHPC was successfully cast in the trial socketed connection 2. The
J3 UHPC mix design developed by previous research conducted at the University of Oklahoma
serves as the baseline mix for this study. The concrete properties and characteristics are outlined
in Looney et al. (2019). The composition of J3 UHPC with a 2% steel fiber content by volume is
shown in Table 7 (Looney et al. 2019). The mixing procedure used followed that of Looney et al.
(2019). The flow of J3 UHPC was measured using ASTM C1856 (2017).

Table 7. Weight ratios of J3 UHPC Composition (Looney, 2019)

Constituent Mix Proportion
Type | Cement 0.6
Silica Fume 0.1
Slag Cement 0.3
Masonry Sand (1:1 agg/cm) 1.0
w/cm 0.2

Steel Fibers 2% by volume

High Ranger Water Reducer Admixture 18-24 oz/cwt

Figure 24 displays trial socketed connection specimen 2 before and after the CSP was removed
from the footing, and Figure 25 shows the complete trial specimen after casting UHPC and

demolding the specimen.
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Figure 24. Trial specimen 2 after demolding and removing (a) CSP and (b) plastic sheeting
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Figure 25. Complete trial socketed connection specimen

After successfully evaluating the construction method for the socketed connection specimens, the
footings for specimens 8 and 9 were cast using a 12 in. diameter CSP. The specimens were
constructed following the same footing design and used the same 8.625 in. diameter steel pipe size
as the previous specimens. For each specimen, the socket dimensions allowed for approximately
1.5 in. of space on the sides and end of the steel pipe with the desired embedment length of the
steel pipe provided in bonded length to the UHPC. The CSP was partially cut along its length from
both sides of the specimen, and the CSP was covered with plastic sheeting to de-bond it from the
concrete footing, both done to facilitate removal of the CSP from the footing as illustrated in Figure
26-b and Figure 26-c. An insulation foam plug was placed and sealed at the end of the CSP to
prevent concrete entering the socket shown in Figure 26-a. Figure 26-d shows the placement of
one of the end plates of the formwork with the CSP at the location needed to obtain the required

embedment length.
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(c) (d)

Figure 26. The CSP (a) sealed with the insulation foam plug, (b) partially cut along its length, (c) covered

with plastic sheeting, and (d) placed in the formwork

Minor changes to the reinforcing bar spacings were required to accommodate the CSP and
resulting socket. Once the first end plate was in place the steel reinforcement cage was placed
followed by the other end plate with the other CSP. Caulk was used to seal any gaps in the
formwork and was allowed to set for 24 hours before casting. Concrete form release agent was
applied on the formwork's surfaces. Figure 27 displays the completed formwork for specimen 8

and casting the footing.
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Figure 27. Specimen 8 (a) complete formwork and (b) halfway through casting the footing

The specimens were covered with plastic sheeting to facilitate a wet condition before the removal
of formwork and were cured with wet burlap for 7 days after casting. Compressive strength tests
were conducted on 7 days, 28 days, and testing day for each footing. Once the formwork was
removed, the pieces of CSP were removed and the sockets were sand-blasted to expose the
aggregate beneath the surface and create a rough substrate. Figure 28 shows the steps to prepare

for casting the socket for specimen 8.

(a) (b)
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Figure 28. Specimen 8 (a) after demolding at 7 days of age, (b) after removing CSP and plastic sheeting,

and (c) after sand-blasting the surface of the socket

The steel pipes were cut after the preparation of the sockets was completed. Two 1.5 in. rebar
chairs were welded to the end of the pipe to create proper offset from the bottom of the socket, and
one was welded on the side to ensure the pipe was centered in the socket, as shown in Figure 29-
a. An insulation foam plug was sealed inside each pipe at the required embedment length in order
to prevent concrete flowing into the pipe past the end of the footing. The pipes were then carefully
pushed inside the socket on each end of the footing at the same embedment length. After the
placement of the steel pipes, each foam plug inside the pipes was supported by a wooden plug
attached to a 2 in. by 4 in. piece of lumber. The lumber extended out of the pipe and was held in
place horizontally by a concrete block. Formwork was constructed around the pipes using a
plywood ring, shown in Figure 29-b, cut to match the corrugation of the socket with a plywood
tray constructed on the top of the ring to allow for placement of the UHPC as shown in Figure 29-

b. Caulk was applied to seal the gaps in the formwork and was allowed to set for 24 hours.
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(a) (b)
Figure 29. (a) 1.5-in. rebar chairs welded on the steel pipe and (b) formwork used for the socket cast

Subsequently, the sockets were filled with J3 UHPC to create the connection between the pipe and
the footing, with an intended overfill in the formwork to ensure complete filling of the socket. The
resulting blocks formed by the tray fill for each end of specimen 8 can be seen in Figure 30-a and
Figure 30-b. Figure 30-c shows specimen 8 after casting the socketed connections and demolding

the specimen.

(@) (b)
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Figure 30. Specimen 8 (a) north end, (b) south end, and (c) entire specimen after demolding the sockets

3.5 Testing Specimens

3.5.1 Instrumentation and Testing Setup

The nine specimens were tested using the same testing configuration as the trial specimen, but with
an 18 ft span length. A vertical load was applied to the midpoint of the footing using a hydraulic
cylinder and was measured using a load cell. A wire potentiometer was placed on each side of the
specimen at the load point to measure the vertical deflection of the footing. A foil strain gauge was
placed on the bottom of the steel pipe 3 in. from the interface with the concrete footing on each
side to measure strain in the steel pipe. Two LVDTs were placed on the steel pipe transverse to
the end of footing on each side to measure the displacement of the steel pipe relative to the footing.
One of the LVDTs was placed close to the neutral axis, and the other was on the extreme tension
fiber of the steel pipe. Additionally, an LVDT was placed on the end of each steel pipe at each
support to measure the vertical deflection resulting from compression of the neoprene bearing pads
used as supports. The bearing pad was placed on a steel frame on top of a concrete block on each

end of the steel pipe. The steel frame was provided to restrain lateral movement of the end of the
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pipe and neoprene pads were placed between the steel pipe and the vertical portions of the steel

support frame. Figure 31 illustrates the placement of the instruments on the specimen.

(© (d)

Figure 31. Placement of (a) the strain gauge on the bottom of the steel pipe, (b) the two LVDTs placed at

each interface, (c) the LVDT used to measure support deflection, and (d) the wire potentiometer

A few modifications were made to the testing setup after testing specimen CF-1 due to large

deflections of the bearing pads at the support. The original LVDTs used at the supports for
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specimen CF-1 were substituted with longer-stroke LVDTs to ensure sufficient range for
measuring vertical deflection resulting from compression of the bearing pads. The unreinforced
neoprene bearing pads used for test CF-1, shown in Figure 32-a, were also replaced with stiffer
steel reinforced pads to provide better support. Figure 33-a shows the structure of the steel-
reinforced bearing pads. Specimen CF-1 also exhibited a significant vertical deflection, and the
space underneath the specimen (visible in Figure 32-b) was not sufficient to accommodate this
deflection using only the concrete support blocks. Thus, steel blocks were placed on top of each
concrete support block to elevate the specimen, allowing for more vertical deflection, as illustrated

in Figure 33-b.

(a) (b)

Figure 32. Testing setup for specimen CF-1 showing (a) unreinforced neoprene bearing pad and (b)

overall testing setup
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Figure 33. Testing setup for specimens CF-2 to CF-9 showing (@) steel reinforced neoprene bearing pad

and (b) overall testing setup

3.5.2 Procedure

All nine specimens were tested following the same testing procedure. The steel pipes were polished
and cleaned for a distance of 6 in. from the interface with the concrete footing. This allowed for
easy identification of cracks near the interface and facilitated placement of the strain gauges and
LVDTs. Then, the specimen was moved to the testing frame and placed on the supports, as shown
in Figure 33. A strain gauge was then placed on the steel pipe at a distance of 3 in. from each
interface with the concrete footing. The placement of the strain gauges followed the manufacturer's
recommendation and the methodology used on the half-scale HC-FCS columns.

The two LVDTs placed near the interface were attached to steel mounting brackets glued to the
steel pipe on each side using a high strength adhesive. The LVDT on the end of the steel pipe at
each support was mounted on the steel bracing frame using a magnetic stand. After the placement
of the instruments, the specimen was adjusted into the final position for testing, and the load cell

and spacers were placed under the hydraulic cylinder. Finally, a steel L-bracket was adhered to
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each side of the footing at the midpoint to hook the wire potentiometer for vertical deflection

measurements. Figure 34 displays a complete specimen with all instruments placed before testing.

Figure 34. Complete specimen setup before testing

A pre-test was conducted on all instruments to ensure they were functioning properly before testing
a specimen. Immediately before application of the load the specimen was rotated by hand until the
top surface of the footing was level. The load was then applied in 2 kip increments until failure.
Manual vertical deflection measurements and inspection of the specimen for new cracks were
conducted after each load increment throughout testing. Additionally, pictures were captured every
two load increments to document any changes in the specimen. Notes were made whenever the
first crack on the footing or separation at the interface of the steel pipe with the concrete footing
was observed. Each test was continued until reaching a vertical deflection of 5 in. or 6 in.,
depending on the severity of the damage observed during testing. The specimen was then unloaded,

the program was stopped, and the final deflection was recorded before removing the instruments.
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4. Results

This section presents the results of testing the nine small-scale column footing connection
specimens. The failure mechanism of the specimens is evaluated and a comparison between the
parameters tested is presented. The self-weight of the footing was not included in the moment
calculations, which means that the presented experimental moment capacity is an underestimate
of the actual capacity. However, this did not affect the failure mechanism of the specimens and the
results were only taken as a comparative study. Five parameters were evaluated including steel
pipe embedment length, steel pipe diameter to thickness ratio, connection type, inclusion of shear
studs, and compressive strength of the footing. Table 8 and Table 9 show the compressive strength
of the footing concrete and UHPC used for the socket connections for each specimen on the testing
day, respectively.

Table 8. Compressive strength of footing concrete

Specimen fc pr at testing day (psi)
CF-1 9,910
CF-2 9,270
CF-3 5,970
CF-4 5,270
CF-5 5,270
CF-6 4,530
CF-7 4,890
CF-8 5,500
CF-9 5,400
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Table 9. Compressive strength of UHPC

Specimen/Socket fc pr at testing day (psi)
CF-8 North Side 18,130
CF-8 South Side 18,690
CF-9 North Side 17,120
CF-9 South Side 16,600

4.1 Column-Footing Specimen 1

Specimen CF-1 made with high strength concrete and a 1.6D; embedment was tested as a simple
beam with an 18 ft span length as described in Section 3.5.1. Specimen CF-1 specifications and
properties are described in Table 4 in Section 3.3.1.

The specimen failed due to the steel pipe buckling locally at a maximum load of 21 kips and was
taken to a maximum deflection of 5.6 in., as shown in Figure 35. The moment at the interface
corresponding to the maximum load was calculated to be 74 Kkip-ft, exceeding the calculated
flexural strength of the pipe: 68 Kip-ft. This indicates that the connection developed the full
strength of the pipe with a high-strength concrete footing and an embedment length of 1.6Di. Based
on the load-displacement curve, the specimen exhibited an initial linear load-displacement
behavior, followed by a nonlinear behavior leading to a peak load post-cracking in the footing and
ultimately load-sustaining behavior to some extent. It should be noted that the initial stiffness of
the specimen from the load-displacement curve may be affected by the deflection from the bearing
pads that were placed at the ends of this specific specimen. As loading was continued beyond the
maximum load, it was observed that the specimen exhibited some gradual load loss, while vertical

deflection continued to increase until the specimen was considered to have failed and the test was
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stopped. This load loss may be a result of loading equipment limitations rather than a true

representation of behavior.
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Figure 35. Load vs. displacement curve for specimen CF-1

The failure occurred due to local buckling in the pipe on both sides of the specimen with more
evident buckling on the south side as the test continued. The initial crack in the footing concrete
was observed at approximately 12 Kips, and the initial visible separation at the interface between
the steel pipe and footing on the north and south sides of specimen CF-1 started at a load of 8 Kips.

Figure 36 shows the local buckling of the steel pipe from each side of the footing.
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Figure 36. Local buckling of the steel pipe at the (a) north side and (b) south side of the footing for

specimen CF-1
The relative horizontal displacement between the footing and the steel pipe on the tension side of
the pipe increased significantly on each side of the specimen after the load exceeded approximately
19 Kips, as shown in Figure 37. The maximum horizontal displacement, measured by the bottom
LVDT, reached 0.19 in. with a corresponding maximum strain of 0.0032 in the steel pipe on the
north side of the specimen. On the other hand, the maximum horizontal deflection was 0.14 in.
with a maximum strain of 0.022 on the south side. Strain on the tension side of both the north and
south side pipes exceeded the theoretical yield strain of the steel pipe, which was determined to be
0.0018. Figure 38 presents the load vs. strain curve for the tension side of the steel pipes on both
sides of specimen CF-1. As load continued to be applied after reaching the peak load, the north

side exhibited an increase in the horizontal displacement, but the strain remained relatively
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constant (fluctuation between 0.0008-0.0009). This suggests a potential discontinuity in the
connection on the north side of specimen CF-1. This fluctuation behavior could also indicate that
the strain gauge might have been damaged after failure. Although there may have been a loss of

bond, the steel pipe on the north side exhibited local buckling as evident in Figure 36-a.
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Figure 37. Load vs. tension side horizontal displacement curve for specimen CF-1
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Figure 38. Load vs. strain curve for specimen CF-1
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4.2 Column-Footing Specimen 2

Specimen CF-2 made with high strength concrete and a 1.8D; embedment was tested as a simple
beam with an 18 ft span length as described in Section 3.5.1. Specimen CF-2 specifications and
properties are described in Table 4 in Section 3.3.1.

The specimen failed due to the steel pipe buckling locally at a maximum load of 22.5 kips and was
taken to a maximum deflection of 6 in., as shown in Figure 39. The moment at the interface
corresponding to the maximum load was calculated to be 78.4 kip-ft, exceeding the calculated
flexural strength of the pipe: 68 Kip-ft. This indicates that the connection developed the full
strength of the pipe with a high-strength concrete footing and an embedment length of 1.8Di. Based
on the load-displacement curve, the specimen exhibited an initial linear load-displacement
behavior, followed by a nonlinear behavior leading to a peak load post-cracking in the footing and
ultimately load-sustaining behavior. As loading was continued beyond the maximum load, it was
observed that the specimen exhibited some gradual load loss, while vertical deflection continued
to increase until the specimen was considered failed and the test was stopped. This load loss may

be a result of loading equipment limitations rather than a true representation of behavior.
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Figure 39. Load vs. displacement curve for specimen CF-2
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A local buckling failure occurred in the steel pipe on the south side of the footing, but the same
failure was not observed on the north side, as shown in Figure 40. The initial crack in the footing
was observed at approximately 8 kips, and the initial visible separation at the interface between
the steel pipe and footing on the north and south sides of specimen CF-2 also started at a load of 8

Kips.

(@) (b)

Figure 40. Steel pipe at the (a) north side and (b) south side of the footing at failure for specimen CF-2

The relative horizontal displacement between the footing and the steel pipe on the tension side of
the pipe exhibited different behaviors on the north and south sides of specimen CF-2 after reaching
a load of 22.2 kips. The relative horizontal displacement notably increased after reaching that load
on the south side. However, on the north side, the relative displacement remained relatively
constant until the test was stopped, as illustrated in Figure 41. This indicates that the location of
the failure was on the south side of the specimen. The maximum horizontal displacement,
measured by the bottom LVDT, reached 0.1 in. with a corresponding maximum strain of 0.022 in
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the steel pipe on the north side of the specimen. On the other hand, the maximum horizontal
deflection was 0.3 in. with a corresponding maximum strain of 0.031 in the pipe on the south side.
Strain on the tension side of both the north and south side pipes exceeded the theoretical yield
strain of the steel pipe, which was determined to be 0.0018. Figure 42 presents the load vs. strain
curve for both sides of specimen CF-2. As loading was continued after reaching the peak load, the
south side exhibited an increase in the horizontal displacement and an increase in the strain up to
a load of 20 kips. Then, the strain exhibited a drop from 0.031 to 0.025 which suggests a potential
discontinuity in the connection on the south side of specimen CF-2. Although there may have been
a loss of bond, the steel pipe on the south side surpassed its theoretical flexural strength, and local
buckling failure occurred in the pipe at failure as evident in Figure 40-b. This suggests that the
embedment length was sufficient to develop the full strength of the steel pipe and footing despite

the fact that the pipe was slipping relative to the footing.
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Figure 41. Load vs. horizontal displacement curve for specimen CF-2
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Figure 42. Load vs. strain curve for specimen CF-2
To obtain a closer value of the actual horizontal displacement, the elongation that occurred in the
tension side of the pipe was taken into consideration. This elongation was calculated by
multiplying the measured strain by the distance to the location of the LVDT on the pipe relative to
the surface of the footing. This elongation was then subtracted from the measured horizontal
displacement in order to have corrected values of the displacement. Figure 43 presents the load vs.
corrected horizontal displacement curve for both sides of specimen CF-2. The north displacement
showed a decrease after reaching approximately 20 kips. This decrease suggests that the pipe kept
elongating with having a constant measured horizontal displacement. Simultaneously, the trend of
the south corrected horizontal displacement was similar to the uncorrected one but with a smaller
0.24 in. maximum displacement. Although the pipe of the south side exhibited local buckling,
there was likely a loss of frictional resistance between the pipe and concrete and steel relaxation
occurred, as indicated by the horizontal displacement magnitude. The trend of the corrected graphs

was similar for this specimen and other specimens compared to their respective original graphs.
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Thus, the cleaner original graphs were used to evaluate the failure mechanism instead of the

corrected graphs.
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Figure 43. Load vs. corrected horizontal displacement curve for specimen CF-2
The south side strain behavior was further analyzed to understand the significant observed drop in
the strain. Since it was not clear how the measured strain and measured horizontal displacements
were related, strain vs time and corrected horizontal displacement vs time graphs were created to
evaluate the occurrence of events in the specimen response, as shown in Figure 44 and Figure 45.
From the graphs, the strain and corrected horizontal displacement increased with time until the
strain reached 0.031. Then, the strain dropped to 0.024 in approximately 2 seconds, whereas the
displacement continued to increase with time. After that, strain fluctuated (increased and
decreased) over time while the displacement increased. This again suggests a potential
discontinuity in the connection on the south side of specimen CF-2 or a potential malfunction in

the strain gauge.
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4.3 Column-Footing Specimen 3

Specimen CF-3 made with normal strength concrete and a 1.6D; embedment was tested as a simple
beam with an 18 ft span length as described in Section 3.5.1. Specimen CF-3 specifications and
properties are described in Table 4 in Section 3.3.1.

Specimen CF-3 failed due to the steel pipe pulling out (or slipping) from one side of the footing at
a maximum load of approximately 19 kips and the test was stopped at a maximum deflection of
3.7:in., as illustrated in Figure 46. The test was stopped at that deflection instead of going to the
same limit as the other specimens due to the severity of the damage to the footing. The moment at
the interface corresponding to the maximum load was calculated to be 66.4 Kip-ft, which did not
exceed the calculated flexural strength of the pipe: 68 kip-ft. This suggests that the connection was
not sufficient to develop the full strength of the steel pipe with normal strength concrete at an
embedment length of 1.6Di. As shown from the load-displacement curve in Figure X5, the
specimen exhibited a significant load drop after reaching the maximum load, which is indicative
of a pullout failure. The specimen initially exhibited a linear load-displacement behavior, followed
by a nonlinear behavior leading to a peak load post-cracking in the footing, and then a sudden
significant loss of load carrying capacity. The pullout failure occurred on the north side of the
specimen and no damage was observed on the south side, as shown in Figure 47. After the steel
pipe started pulling out of the footing, severe damage to the footing occurred on the north side of
the specimen corresponding to the location of the pullout failure. The initial crack in the footing
was observed at approximately10 Kkips, and initial visible separation at the interface between the
steel pipe and footing on the north and south side of specimen CF-3 was also observed at a load of

10 Kips.
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Figure 46. Load vs. displacement curve for specimen CF-3
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Figure 47. Steel pipe at the (a) north side and (b) south side of the footing at failure for specimen CF-3

The relative horizontal displacement between the footing and steel pipe on the tension side of the
pipe exhibited a similar linear behavior on each end of specimen CF-3 until reaching a load of 17

kips. However, the horizontal displacement on each end of specimen CF-3 exhibited different
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behaviors after reaching that load. On the south side, the horizontal displacement continued to
increase in a linear fashion until peak load, whereas on the north side, the increase in relative
displacement was non-linear and notable, as shown in Figure 48. The maximum horizontal
displacement on the north side, measured by the bottom LVDT, was 0.5 in. with a corresponding
maximum strain of 0.0026 on the tension side of the steel pipe. However, on the south side, the
maximum horizontal deflection was 0.05 in. with a maximum strain of 0.0070. Strains on the
tension side of both the north and south side pipes exceeded the theoretical yield strain of the steel
pipe, determined to be 0.0018. Figure 49 presents the load vs. strain curve for both sides of
specimen CF-3. The footing exhibited significant diagonal cracks on the north side of the
specimen. This cracking can be attributed to the pullout failure that occurred at the connection. A
few cracks started widening as the horizontal displacement increased. Visual inspection at that
time indicated that the specimen potentially exhibited concrete breakout failure in the footing after
the pullout failure occurred on the north side. The relative horizontal displacement on the north
side notably increased after a significant load drop occurred after reaching 17.5 kips. Loading
continued with increasing relative horizontal deflection but decrease in measured load, while the
strain on the tension side of the steel remained relatively constant until the test was stopped. This
implies a discontinuity in load transfer within the structural system which allowed a relaxation of
stress in the steel pipe. Simultaneously, the horizontal displacement and strain remained constant
on the south side after reaching the peak load, even as loading continued with increasing deflection

and decreasing measured load.
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Figure 48. Load vs. horizontal displacement curve for specimen CF-3
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Figure 49. Load vs. strain curve for specimen CF-3
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4.4 Column-Footing Specimen 4

Specimen CF-4 made with normal strength concrete and a 1.8Di embedment was tested as a simple
beam with an 18 ft span length as described in Section 3.5.1. Specimen CF-3 specifications and
properties are described in Table 4 in Section 3.3.1.

The specimen failed due to the steel pipe buckling locally at a maximum load of 21 kips and was
taken to a maximum deflection of 5.5 in., as shown in Figure 50. The moment at the interface
corresponding to the maximum load was calculated to be 72.5 kip-ft, exceeding the calculated
flexural strength of the pipe: 68 Kip-ft. This indicates that the connection developed the full
strength of the pipe with a normal-strength concrete footing and an embedment length of 1.8D;.
Based on the load-displacement curve, the specimen exhibited an initial linear load-displacement
behavior, followed by a nonlinear behavior leading to a peak load post-cracking in the footing and
ultimately load-sustaining behavior. As loading was continued beyond the maximum load, it was
observed that the specimen exhibited some gradual load loss, while vertical deflection continued
to increase until the specimen was considered failed and the test was stopped. This load loss may

be a result of loading equipment limitations rather than a true representation of behavior.
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Figure 50. Load vs. displacement curve for specimen CF-4

A local buckling failure occurred in the steel pipe on the north side of the footing, but the same
failure was not observed on the south side, as shown in Figure 51. The initial crack in the footing
was observed at approximately 10 Kips, and the initial visible separation at the interface between

the steel pipe and footing on the north and south sides of specimen CF-4 was observed at a load of

6 kips.
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Figure 51. Steel pipe at the (a) north side and (b) south side of the footing at failure for specimen CF-4

The relative horizontal displacement between the footing and steel pipe on the tension side of the
pipe exhibited a similar linear behavior on each end of specimen CF-4 until reaching a load of 18
Kips, then the horizontal displacement exhibited a notable increase up to 20 kips. However, the
horizontal displacement on each end exhibited different behaviors after reaching that load. The
relative horizontal displacement increased after reaching that load on the north side but remained
relatively constant on the south side, as illustrated in Figure 52. This indicates that the location of
the failure was on the north side of the specimen. The LVDT on the tension side of the pipe on the
north side fell off the pipe during testing after the specimen reached 5.5 in. of vertical deflection.
This resulted in the stopping of data collection for that LVDT, and therefore, an interruption at the
end of the curve. The maximum horizontal displacement, measured by the bottom LVDT, reached
0.25 in. with a corresponding maximum strain of 0.031 in the steel pipe on the north side of the

specimen. On the other hand, the maximum horizontal deflection was 0.08 in. with a corresponding
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maximum strain of 0.012 in the pipe on the south side. Strain on the tension side of both the north
and south side pipes exceeded the theoretical yield strain of the steel pipe, which was determined
to be 0.0018. Figure 53 presents the load vs. strain curve for both sides of specimen CF-4. As
loading was continued after reaching the peak load, the north side exhibited an increase in the
horizontal displacement and an increase in the strain. This suggests that the embedment length was
sufficient to develop the full strength of the steel pipe and footing despite the fact that the pipe was
slipping relative to the footing. The pipe surpassed its theoretical flexural strength, and local

buckling failure occurred in the pipe at failure.
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Figure 52. Load vs. horizontal displacement curve for specimen CF-4
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Figure 53. Load-strain curve for specimen CF-4

4.5 Column-Footing Specimen 5

Specimen CF-5 was made with normal-strength concrete and had an embedment length
determined using methods identified in the literature review. The embedment length was
calculated to be 14.5 in. (1.68Di) using Equation 1, and the specimen was tested as a simple beam
with an 18 ft span length as described in Section 3.5.1. Specimen CF-3 specifications and
properties are described in Table 4 in Section 3.3.1.

Specimen CF-5 failed due to the steel pipe pulling out (or slipping) from one side of the footing at
a maximum load of approximately 18 kips and the test was stopped at a maximum deflection of 5
in., as illustrated in Figure 54. The moment at the interface corresponding to the maximum load
was calculated to be 63.4 kip-ft, which did not exceed the calculated flexural strength of the pipe:
68 Kkip-ft. This suggests that the connection was not sufficient to develop the full strength of the
steel pipe with normal strength concrete and an embedment length calculated using Equation 1.
As shown from the load-displacement curve in Figure 54, the specimen exhibited a significant load

drop after reaching the maximum load, which is indicative of a pullout failure. The specimen
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initially exhibited a linear load-displacement behavior, followed by a nonlinear behavior leading
to a peak load post-cracking in the footing, and then a sudden significant loss of load carrying
capacity. The pullout failure occurred on the south side of the specimen and no damage was
observed on the north side, as shown in Figure 55. After the steel pipe started pulling out of the
footing, severe damage to the footing occurred on the south side of the specimen corresponding to
the location of the pullout failure. The initial crack in the footing was observed at approximately
12 kips, and initial visible separation at the interface between the steel pipe and footing on the

north and south side of specimen CF-5 was observed at a load of 10 Kips.
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Figure 54. Load vs. displacement curve for specimen CF-5
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Figure 55. Steel pipe at the (a) north side and (b) south side of the footing at failure for specimen CF-5

The relative horizontal displacement between the footing and steel pipe on the tension side of the
pipe exhibited a similar linear behavior on each end of specimen CF-5 until reaching a load of 16
kips. However, the horizontal displacement on each end of specimen CF-5 exhibited different
behaviors after reaching that load. On the north side, the horizontal displacement continued to
increase in a linear behavior until peak load, whereas on the south side, the increase in relative
displacement was nonlinear and notable, as shown in Figure 56. The LVDT on the tension side of
the pipe on the south side was removed for safety of the instrument after the specimen reached 4
in. of vertical deflection. This resulted in the stopping of data collection for that LVDT, and
therefore, an interruption at the end of the curve. The maximum horizontal displacement on the
south side, measured by the bottom LVDT, was 0.4 in. with a corresponding maximum strain of
0.0047 on the tension side of the steel pipe. However, on the north side, the maximum horizontal

displacement was 0.04 in. with a maximum strain of 0.0021. Strains on the tension side of both
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the north and south side pipes exceeded the theoretical yield strain of the steel pipe, determined to
be 0.0018. Figure 57 presents the load vs. strain curve for both sides of specimen CF-5. The footing
exhibited significant diagonal cracks on the south side of the specimen. This cracking can be
attributed to the pullout failure that occurred at the connection. A few cracks started widening as
the horizontal displacement increased. Visual inspection at that time indicated that the specimen
potentially exhibited concrete breakout failure in the footing after the pullout failure occurred on
the south side. The relative horizontal displacement on the south side notably increased after a
significant load drop occurred upon reaching 18 Kips. Loading continued with increasing relative
horizontal deflection but decreasing measured load, while the strain on the tension side of the steel
remained relatively constant after reaching the peak load. This implies a discontinuity in load
transfer within the structural system which allowed a relaxation of stress in the steel pipe.
Simultaneously, the horizontal displacement and strain remained relatively constant on the north
side after reaching the maximum load, as loading continued with increasing deflection and
decreasing measured load. This implies that damage in the specimen mainly concentrated on the
south side after reaching 18 kips. This was further confirmed by visual inspection, as the specimen

exhibited larger visible vertical deflection on the south side than the north side.
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Figure 56. Load vs. horizontal displacement curve for specimen CF-5
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Figure 57. Load vs. strain curve for specimen CF-5
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4.6 Column-Footing Specimen 6

Specimen CF-6 was made with normal strength concrete and had an embedment length of 1.6D;
with shear lugs welded to the embedded end of each steel pipe. The specimen was tested as a
simple beam with an 18 ft span length as described in Section 3.5.1. Specimen CF-3 specifications
and properties are described in Table 4 in Section 3.3.1.

Specimen CF-6 failed due to the concrete breaking out in the footing. This then led to the pipe
pulling out from one side of the footing at a maximum load of approximately 21 kips and the test
was stopped at a maximum deflection of 4.75 in., as illustrated in Figure 58. The test was stopped
at that deflection due to the severity of the damage to the footing. The moment at the interface
corresponding to the maximum load was calculated to be 74 kip-ft, which exceeded the calculated
flexural strength of the pipe: 68 kip-ft. This suggests that the connection was sufficient to develop
the full strength of the steel pipe with normal strength concrete and an embedment length of 1.6D;
with shear studs welded at the end of each steel pipe. As shown from the load-displacement curve
in Figure 58, the specimen exhibited a significant load drop after reaching the maximum load,
which corresponds to the concrete breakout failure. The specimen initially exhibited a linear load-
displacement behavior followed by a nonlinear behavior leading to a peak load post-cracking in
the footing, and then a sudden significant loss of load carrying capacity. The concrete breakout
failure occurred on the south side of the specimen and little damage was observed on the north
side, as shown in Figure 59. Severe pipe pullout occurred on the south side of the specimen due to
concrete breakout failure. The initial crack in the footing was observed at approximately 14 Kips,
and the initial visible separation at the interface between the steel pipe and footing on the north

and south side of specimen CF-6 was observed at a load of 8 Kips.
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Figure 59. Steel pipe at the (a) north side and (b) south side of the footing at failure for specimen CF-6

The relative horizontal displacement between the footing and steel pipe on the tension side of the
pipe exhibited a similar linear behavior on each end of specimen CF-6 until reaching the peak load

of 21 kips. However, the relative horizontal displacement significantly increased after reaching

76



that load on the south side but remained relatively constant on the north side, as illustrated in Figure
60. This indicates that the location of the failure was on the north side of the specimen. The LVDT
on the tension side of the pipe on the south side was removed for safety of the instrument after
reaching the maximum vertical deflection. This resulted in the stopping of data collection for that
LVDT, and therefore, an interruption at the end of the curve. The maximum horizontal
displacement, measured by the bottom LVDT, reached 0.064 in. with a corresponding maximum
strain of 0.0062 in the steel pipe on the north side of the specimen. On the other hand, the maximum
horizontal deflection was 0.70 in. with a corresponding maximum strain of 0.0045 in the pipe on
the south side. Strain on the tension side of both the north and south side pipes exceeded the
theoretical yield strain of the steel pipe, which was determined to be 0.0018. Figure 61 presents
the load vs. strain curve for both sides of specimen CF-6. As loading continued after reaching the
peak load, the south side exhibited an increase in the horizontal displacement but a relatively
constant strain. This suggests that the pipe was slipping relative to the footing and implies a
discontinuity in load transfer within the structural system, which allowed a relaxation of stress in
the steel pipe. Although pipe pullout occurred in the specimen after concrete breakout failure
occurred, the pipe surpassed its theoretical flexural strength and there was visual evidence of

footing failure.
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Figure 61. Load vs. strain curve for specimen CF-6
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4.7 Column-Footing Specimen 7

Specimen CF-7 was made with normal strength concrete and had an embedment length of 1.6Di.
The specimen was constructed with a 6.625 in. diameter steel pipe with a 0.25 in. thickness,
resulting in a different diameter/thickness ratio compared to the other specimens. It was tested as
a simple beam with an 18 ft span length as described in Section 3.5.1. Specimen CF-3
specifications and properties are described in Table 4 in Section 3.3.1.

The specimen failed due to yielding of the steel pipe on one side of the footing at a maximum load
of approximately 12 kips and was taken to a maximum deflection of 7 in., as shown in Figure 62.
The moment at the interface corresponding to the maximum load was calculated to be 41 kip-ft,
exceeding the calculated flexural strength of the pipe: 35 kip-ft. This indicates that the connection
developed the full strength of the pipe with a normal-strength concrete footing and an embedment
length of 1.6Di. Based on the load-displacement curve, the specimen exhibited an initial linear
load-displacement behavior, followed by a nonlinear behavior leading to a peak load post-cracking
in the footing and ultimately load-sustaining behavior. As loading was continued beyond the
maximum load, it was observed that the specimen exhibited minimal load loss while vertical
deflection continued to increase until the specimen was considered failed and the test was stopped.
The steel pipe yielding failure occurred on the north side of the specimen and no damage to the
footing was observed on both sides, as shown in Figure 63. The initial crack in the footing was
observed at approximately 10 kips, and the initial visible separation at the interface between the
steel pipe and footing on the north and south sides of specimen CF-7 was also observed at a load

of 10 kips.
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Figure 62. Load vs. displacement curve for specimen CF-7
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Figure 63. Steel pipe at the (a) north side and (b) south side of the footing at failure for specimen CF-7

The relative horizontal displacement between the footing and steel pipe on the tension side of the

pipe exhibited a similar linear behavior on each end of specimen CF-7 until reaching a load of 9.5
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kips, then the horizontal displacement exhibited a notable increase up to the maximum load on
each side. However, the magnitude of the horizontal displacement was larger on the north side
than the south side, as illustrated in Figure 64. This indicates that the location of the failure was
on the north side of specimen CF-7. The maximum horizontal displacement, measured by the
bottom LVDT, reached 0.25 in. with a corresponding maximum strain of 0.031 in the steel pipe
on the north side of the specimen. On the other hand, the maximum horizontal displacement was
0.08 in. with a corresponding maximum strain of 0.012 in the pipe on the south side. Strain on the
tension side of both the north and south side pipes exceeded the theoretical yield strain of the steel
pipe, which was determined to be 0.0018. Figure 65 presents the load vs. strain curve for both
sides of specimen CF-7. As loading was continued after reaching the peak load, the horizontal
displacement and strain on both sides of the specimen remained steady which suggests that the
embedment length was sufficient to develop the full strength of the steel pipe and footing despite
the fact that the pipe was slipping relative to the footing. The pipe surpassed its theoretical flexural

strength with no visible damage to the footing on both sides.
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Figure 64. Load vs. horizontal displacement curve for specimen CF-7
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Figure 65. Load vs. strain curve for specimen CF-7

4.8 Column-Footing Specimen 8

Specimen CF-8 was made with normal strength concrete and a 1.4D; embedment length within a
socketed connection made with UHPC between the steel pipe and the concrete footing. The
specimen was tested as a simple beam with an 18 ft span length as described in Section 3.5.1.
Specimen CF-3 specifications and properties are described in Table 4 in Section 3.3.1.

The specimen failed due to the steel pipe buckling locally at a maximum load of 21 kips and was
taken to a maximum deflection of 5.7 in., as shown in Figure 66. The moment at the interface
corresponding to the maximum load was calculated to be 72.4 kip-ft, exceeding the calculated
flexural strength of the pipe: 68 kip-ft. This indicates that the connection developed the full
strength of the pipe with a normal-strength concrete footing, and an embedment length of 1.4D;,
within a UHPC socketed connection. Based on the load-displacement curve, the specimen
exhibited an initial linear load-displacement behavior, followed by a nonlinear behavior leading to

a peak load post-cracking in the footing and ultimately load-sustaining behavior. As loading was
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continued beyond the maximum load, it was observed that the specimen exhibited some gradual
load loss, while vertical deflection continued to increase until the specimen was considered failed
and the test was stopped. This load loss may be a result of loading equipment limitations rather

than a true representation of behavior.
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Figure 66. Load vs. displacement curve for specimen CF-8
A local buckling failure occurred in the steel pipe on the south side of the footing, but the same
failure was not observed on the north side, as shown in Figure 67. The initial crack in the footing
was observed at approximately 14 Kips, and the initial visible separation at the interface between
the steel pipe and footing on the north and south sides of specimen CF-8 was observed at a load of

10 kips.
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Figure 67. Steel pipe at the (a) north side and (b) south side of the footing at failure for specimen CF-8

The relative horizontal displacement between the footing and steel pipe on the tension side of the
pipe exhibited a similar linear behavior on each end of specimen CF-8 until reaching a load of 18
Kips, then the horizontal displacement exhibited a notable increase up to 20 kips. However, the
horizontal displacement on each end exhibited different behaviors after reaching that load. The
relative horizontal displacement increased after reaching that load on the south side but remained
relatively constant on the north side, as illustrated in Figure 68. This indicates that the location of
the failure was on the south side of the specimen. The LVDT on the tension side of the pipe on the
south side fell off the pipe during testing after reaching a 5 in. of vertical deflection. This resulted
in the stopping of data collection for that LVDT, and therefore, an interruption at the end of the
curve. The maximum horizontal displacement, measured by the bottom LVDT, reached 0.08 in.
with a corresponding maximum strain of 0.0087 in the steel pipe on the north side of the specimen.
On the other hand, the maximum horizontal deflection was 0.35 in. with a corresponding maximum
strain of 0.030 in the pipe on the south side. Strain on the tension side of both the north and south
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side pipes exceeded the theoretical yield strain of the steel pipe, which was determined to be
0.0018. Figure 69 presents the load vs. strain curve for both sides of specimen CF-8. As loading
was continued after reaching the peak load, the south side exhibited an increase in the horizontal
displacement and an increase in the strain. The strain dropped from 0.03 to 0.015 after reaching
20 kips which implies a potential discontinuity in the connection on the south side of specimen
CF-8. This drop could also indicate that the strain gauge might have been damaged after failure.
Although there may have been a loss of bond, the steel pipe on the south side exhibited local
buckling as evident in Figure 67-b. The pipe surpassed its theoretical flexural strength, and local
buckling failure occurred in the pipe at failure. This suggests that the embedment length was
sufficient to develop the full strength of the steel pipe despite the fact that the pipe was slipping

relative to the footing.
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Figure 68. Load vs. horizontal displacement curve for specimen CF-8
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Figure 69. Load vs. strain curve for specimen CF-8

4.9 Column-Footing Specimen 9

Specimen CF-9 was made with normal strength concrete and a 1.8Di embedment length within a
socketed connection made with UHPC between the steel pipe and the concrete footing. The
specimen was tested as a simple beam with an 18 ft span length as described in Section 3.5.1.
Specimen CF-3 specifications and properties are described in Table 4 in Section 3.3.1.

The specimen failed due to the steel pipe buckling locally at a maximum load of 21 kips and was
taken to a maximum deflection of 5.6 in., as shown in Figure 70. The moment at the interface
corresponding to the maximum load was calculated to be 74.6 kip-ft, exceeding the calculated
flexural strength of the pipe: 68 kip-ft. This indicates that the connection developed the full
strength of the pipe with a normal-strength concrete footing, and an embedment length of 1.8D;,
within a UHPC socketed connection. Based on the load-displacement curve, the specimen
exhibited an initial linear load-displacement behavior, followed by a nonlinear behavior leading to

a peak load post-cracking in the footing and ultimately load-sustaining behavior. As loading was
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continued beyond the maximum load, it was observed that the specimen exhibited some gradual
load loss, while vertical deflection continued to increase until the specimen was considered failed
and the test was stopped. This load loss may be a result of loading equipment limitations rather

than a true representation of behavior.
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Figure 70. Load vs. displacement curve for specimen CF-9
A local buckling failure occurred in the steel pipe on the south side of the footing, but the same
failure was not observed on the north side, as shown in Figure 71. No cracks in the footing were
observed throughout testing, and the initial visible separation at the interface between the steel

pipe and footing on the north and south sides of specimen CF-9 was observed at a load of 12 kips.
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Figure 71. Steel pipe at the (a) north side and (b) south side of the footing at failure for specimen CF-9

The relative horizontal displacement between the footing and steel pipe on the tension side of the
pipe exhibited a similar linear behavior on each end of specimen CF-9 until reaching
approximately the maximum load. However, the horizontal displacement on each end exhibited
different behaviors after reaching approximately the maximum load. The relative horizontal
displacement increased after reaching that load on the south side but remained relatively constant
on the north side, as illustrated in Figure 72. This indicates that the location of the failure was on
the south side of the specimen. The maximum horizontal displacement, measured by the bottom
LVDT, reached 0.07 in. with a corresponding maximum strain of 0.023 in the steel pipe on the
north side of the specimen. On the other hand, the maximum horizontal deflection was 0.25 in.
with a corresponding maximum strain of 0.012 in the pipe on the south side. Strain on the tension
side of both the north and south side pipes exceeded the theoretical yield strain of the steel pipe,
which was determined to be 0.0018. Figure 73 presents the load vs. strain curve for both sides of

specimen CF-9. As loading was continued after reaching the peak load, the south side exhibited
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an increase in the horizontal displacement and an increase in the strain. The strain decreased after
reaching peak load which implies a potential discontinuity in the connection on the south side of
specimen CF-9. This drop could also indicate that the strain gauge might have been damaged after
failure. However, it should be noted that unusual behavior was noted in the south side strain data
that may be indicative of the gauge being damaged after reaching peak load. Although there may
have been a loss of bond, the steel pipe on the south side exhibited local buckling as evident in
Figure 71-b. The pipe surpassed its theoretical flexural strength, and local buckling failure
occurred in the pipe at failure. This suggests that the embedment length was sufficient to develop
the full strength of the steel pipe and footing despite the fact that the pipe was slipping relative to

the footing.
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Figure 72. Load vs. horizontal displacement curve for specimen CF-9
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Figure 73. Load vs. strain curve for specimen CF-9
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5. Discussion/Comparison

This section provides a summary of the small-scale column footing connection specimen results,
as shown in Table 10. It also presents several comparisons based on the respective parameters
evaluated in order to suggest HC-FCS column-footing connection design recommendations.
Throughout this section, the discussion of horizontal displacement and strain on the tension side
of the steel pipes only focuses on the failure sides of the specimens.

Table 10. Results summary for the small-scale column footing connection specimens

Maximum Maximum
Specimen Maximum Load Moment at Mmax/Mn of Deflection Failure | Failure
P (Ib) Interface, Mmax the Pipe (in) Side Type
(kip-ft) '
CF-1 21,050 74.0 1.09 563 | Both | -0
buckling
CF-2 22,400 78.0 1.22 600 | South | O
buckling
CF-3 18,620 66.4 0.98 3.70 | North | Pullout
CF-4 20,740 725 1.07 559 | North |  -o¢
buckling
CF-5 18,110 634 0.93 485 | South | Pullout
CF-6 21,140 74.0 1.09 477 | South | Concrete
breakout
CE-7 11,730 41.0 1.17 6.92 North | Yielding
CF-8 20,700 724 1.06 565 | South | , -
buckling
CF-9 21,320 74.6 1.10 562 | South | -0
buckling

5.1 Specimens CF-3, CF-4 and CF-5

The comparison of specimens CF-3, CF-4, and CF-5 shows the behavior of three specimens with
the same diameter pipe and different embedment lengths: 1.6D;j, 1.8D;, and 1.68D; (the minimum
embedment length derived from the literature review). These specimens were all cast

monolithically with normal-strength concrete. As shown in the load vs. displacement curves in
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Figure 74, specimen CF-4 exhibited a load-sustaining behavior after reaching the peak load, while
specimens CF-3 and CF-5 experienced a sudden drop in load after reaching their respective peak
loads. This implies that the embedment lengths of the steel pipes in specimens CF-3 and CF-5
were not sufficient to develop the load-sustaining behavior exhibited in specimen CF-4. The
minimum embedment length derived from the literature review (1.68D;i) and 1.6D; resulted in the
steel pipe on the south side of the respective specimens pulling out of the footing, leading to a loss
of bond between the footing and steel pipe. Specimen CF-5 did not reach the maximum load
obtained for specimen CF-3, but the vertical deflection was taken to 4.85 in., with less visual
damage to the footing. The maximum load for specimen CF-4 exhibited a more drastic drop

compared to the load drop for specimen CF-3.
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Figure 74. Load vs. displacement curves for specimens CF-3, CF-4, and CF-5
In terms of horizontal displacement, specimens CF-3 and CF-5 exhibited larger displacements than
specimen CF-4, as shown in Figure 75. Although the test of specimen CF-3 was stopped at a
vertical deflection of 3.70 in., the maximum horizontal displacement was the largest among all the

specimens. As observed from the load vs. strain curves in Figure 76, the maximum strain on the
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tension side of the steel pipe was 0.0047 and 0.0026 for specimens CF-5 and CF-3, respectively.
This higher strain for specimen CF-5 indicates that the column footing connection performed
slightly better when compared to specimen CF-3 due to the increase in the embedment length of
the steel pipes. When comparing specimen CF-4 to the other two specimens, it was clear that the
specimen had an adequate connection between the steel pipe and footing. The embedment length
was sufficient to develop the full strength of the steel pipe and footing despite the fact that the pipe
was slipping slightly relative to the footing. The pipe surpassed its theoretical flexural strength,

and local buckling failure occurred in the pipe at failure as described in Section 4.4.
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Figure 75. Load vs. horizontal displacement curves for specimens CF-3, CF-4, and CF-5
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Figure 76. Load vs. strain curves for specimens CF-3, CF-4, and CF-5

5.2 Specimens CF-1 and CF-2

Specimens CF-1 and CF-2 were both cast with high-strength concrete at embedment lengths of
1.6Dj and 1.8D;, respectively. Both specimens failed due to local buckling of the steel pipes, and
minimal damage to the footing was observed. As shown in Figure 77, specimen CF-2 exhibited a
higher initial stiffness and failed at a higher maximum load than specimen CF-1, but specimen CF-
1 showed a less notable load drop after reaching the maximum load. This can be attributed to the
concrete compressive strength of the footing, the failure mechanism of the specimen, and
potentially the test setup. Specimen CF-1 had relatively higher concrete compressive strength than
specimen CF-2 and exhibited visible local buckling failure on both sides of the specimen. It should
be noted that specimen CF-1 was tested using softer rubber bearing pads as supports. Corrections
were made to the vertical deflection using the measured pad deflection, but this may have affected
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the resulting initial stiffness. On the other hand, local buckling was only visible on one side of

specimen CF-2, meaning that the load was better distributed in specimen CF-1.
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Figure 77. Load vs. displacement curves for specimens CF-3 and CF-2
Although both specimens were tested until reaching a vertical deflection of approximately 6 in.,
both sides of specimen CF-1 showed significantly less horizontal displacement than the failure
side of specimen CF-2, as displayed in Figure 78. This suggests that the column footing connection
in specimen CF-1 developed full fixity, where both sides did not have significant slippage of the
steel pipe. This also can be indicated by the behavior of the strain on the tension side of the steel
pipes. As shown in Figure 79, the decrease in strain after reaching the maximum load was more
noticeable on the south side of specimen CF-2 than on the south side of specimen CF-1. This
implies that the potential discontinuity in the connection and loss of bond on the south side of

specimen CF-2 was more severe despite exhibiting a higher maximum strain in the steel pipe.
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Figure 78. Load vs. horizontal displacement curves for specimens CF-2 and CF-1
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Figure 79. Load vs. strain curves for specimens CF-1 and CF-2
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5.3 Specimens CF-3, CF-1, CF-6, CF-7 and CF-8

This comparison shows the behavior of the five specimens with an embedment length of 1.6D;,
except specimen CF-8, which had an embedment length of 1.4Di. As shown in Figure 80,
specimens CF-1, CF-7, and CF-8 exhibited load sustaining behavior after reaching the peak load,
whereas specimens CF-3 and CF-6 experienced a sudden load decrease after reaching their
respective maximum load. The load-sustaining behavior indicates that the column footing
connection design was sufficient to achieve the theoretical flexural strength of the steel pipes, and
local buckling failure occurred in the pipe at failure. On the other hand, the sudden load decrease
for specimens CF-3 and CF-6 implies a discontinuity and a loss of bond between the footing and
steel pipe, leading to pullout and concrete breakout failures. The primary difference in behavior
between specimen CF-3 and specimen CF-6 was that specimen CF-6 failed at a higher maximum
load. Based on visual inspection and maximum horizontal displacement, the order of events in the
two failures differed. Specimen CF-6 failed due to footing concrete breaking out before pullout
failure occurred, whereas pullout failure occurred first for specimen CF-3. Specimen CF-7 was the
only specimen that failed due to the yielding of the steel pipe and failed at a much smaller load
which were a function of the smaller diameter of the pipe. No visual local buckling was detected

at failure, with minimal damage to the footing.
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Figure 80. Load vs. displacement curves for specimens CF-1, CF-3, CF-6, CF-7 and CF-8
Figure 81 and Figure 82 present the load vs. horizontal displacement and load vs. strain,
respectively, for all the specimens that were embedded at 1.6D; or 1.4D;. In terms of horizontal
displacement, specimen CF-3 made with normal strength concrete exhibited the most horizontal
displacement, which aligns with the theory suggested in the literature review. The literature
suggests that a 1.6D; embedment length of the steel pipe is not sufficient to develop the flexural
strength of HC-FCS columns. However, the results indicate that a few modifications could be
made to the connection design with that embedment length in order to prevent pullout failure.
Based on test results, specimen CF-1 (with high-strength concrete) and specimen CF-8 (with a
socketed connection using UHPC) developed the steel pipe’s flexural strength, and local buckling
failure occurred at failure. Specimen CF-6 (with shear lugs welded at the end of the embedded
steel pipe) developed the full flexural strength of the steel pipe, but the pipe did not locally buckle

and severe damage to the footing occurred. Specimen CF-7 with a smaller diameter to thickness
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ratio also developed the full strength of the pipe with limited slip and high strain, but since both
the diameter and thickness changed for this specimen, the effect of this parameter is not entirely
clear. Therefore, high-strength concrete, smaller diameter to thickness ratio, the use of socketed
connection with UHPC, or welding a series of lugs at the end of the steel pipe could potentially
improve pullout resistance.

The maximum strain on the tension side of the steel pipe for specimen CF-3 was the lowest of all
the specimens, indicating a loss of bond between the footing and steel pipe, which caused a
discontinuity in load transfer in the specimen. The strain behavior for specimens CF-1 and CF-8
was similar as it slightly increased after the maximum load but then suddenly decreased. However,
the strain in specimen CF-8 was higher than in specimen CF-1, which suggests a better bond
between the footing and steel pipe despite its short embedment length. The strain significantly
decreased after reaching the peak load for specimen CF-8, whereas specimen CF-1 exhibited less
strain decrease. This implies a more notable loss of bond leading to slippage of the steel pipe
relative to the footing in specimen CF-8. The strain for specimen CF-6 did not reach the same
magnitude as that of specimens CF-1 and CF-8. This can be explained due to the damage that
occurred to the footing before the horizontal displacement increased. Then, due to concrete
breakout failure, the horizontal displacement got notably larger while the strain stayed relatively

constant.
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Figure 81. Load vs. horizontal displacement curves for specimens CF-1, CF-3, CF-6, CF-7 and CF-8
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Figure 82. Load vs. strain curves for specimens CF-1, CF-3, CF-6, CF-7 and CF-8
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5.4 Specimens CF-2, CF-4, and CF-9

This comparison presents the behavior of specimens CF-4, CF-2, and CF-9 cast with normal-
strength concrete, high-strength concrete, and socketed connection using UHPC, respectively, at
an embedment length of 1.8Di. As shown in Figure 83, all specimens showed a load-sustaining
behavior after reaching the maximum load and failed due to local buckling in the steel pipe.
Specimen CF-2 reached the highest peak load, but all three specimens exhibited a decrease in load
and then sustained approximately 17.5 kips. No visible damage was observed to the footing for
specimen CF-9, while specimens CF-2 and CF-4 exhibited minimal damage as cracks were

detected in the footing.
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Figure 83. Load vs. displacement curves for specimens CF-2, CF-4, and CF-9
In terms of horizontal displacement, the behavior of the three specimens was similar, where they
experienced a linear increase in horizontal displacement up to 14 kips followed by a nonlinear
increase, as shown in Figure 84. The magnitude of the horizontal displacement was the highest in
specimen CF-2 compared to the other two specimens potentially due to the higher maximum load.

In terms of the strain, specimens CF-4 and CF-2 exhibited similar maximum strain, but the
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decrease in strain after reaching the peak load was more significant for specimen CF-2. This
indicates a more noticeable loss of bond leading to slippage of the steel pipe relative to the footing.
The strain behavior of specimen CF-9 did not follow the trend of the other two specimens, as
shown in Figure 85. This could potentially be due to damage of the strain gauge placed on the
south side of the specimen. Although there may have been a loss of bond in the three specimens,
the steel pipes on the failure sides exhibited yielding of the steel and local buckling at failure. This
indicates that the embedment length of 1.8D; for the steel pipes was sufficient to develop the full

flexural strength of the steel pipe for each of the three concrete types.

25000
20000 il
~ 15000 il
o L
°
IS
o -
—! 10000 +
5000 I CF-2 South Side
F e CF-4 North Side
=== CF-9 South Side
0 |||||||||||||||||||||||||||||||||

0 0.05 01 015 0.2 1 0.25 0.3 0.35
Horizontal Displacement (in.)

Figure 84. Load vs. horizontal displacement curves for specimens CF-2, CF-4, and CF-9
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6. Conclusion/Recommendations

6.1 Conclusion

Full development of the column footing connection for the HC-FCS column design was achieved
after making a few modifications to the connection design. Parameters such as embedment length,
diameter-to-thickness ratio, a series of lugs welded to the ends of the steel pipes, the use of
socketed connection with UHPC, and compressive strength of the concrete footing can potentially
change the behavior of the connection. Based on the results, the short embedment lengths (1.6D;
and 1.68D;) were not sufficient to develop the steel pipe flexural strength with a normal-strength
concrete footing. However, the use of socketed connection with UHPC, a high-strength concrete
footing, and welding a series of lugs prevented the steel pipe from pulling out to some extent, and
local buckling occurred in the steel pipe at moment greater than the calculated capacity of the steel
pipe. The socketed connection with UHPC had the shortest embedment length (1.4Di) but
outperformed the other specimens with 1.6D; and 1.68D; embedment lengths.

The 1.8Di embedment length prevented the steel pipe from pulling out whether using the socketed
connection with UHPC, high-strength concrete, or normal-strength concrete. The specimens
exceeded the flexural strength of the steel pipe, and local buckling failure occurred at failure. This
supports the conclusion that the column footing connection with a 1.8D; embedment length is
sufficient on its own to develop full capacity of the steel pipe.

Using a smaller diameter-to-thickness ratio changed the nature of the failure of the connection.
However, further investigation of this parameter is needed to evaluate its effect on the connection

between the column and footing.
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6.2 Recommendations

Based on the column-footing connection testing for HC-FCS columns, the following

recommendations and future research work are suggested:

i)

i)

Measure the vertical deflection from the interface of the footing and steel pipe on each
side of the specimen. This would give a more accurate deflection measurement for each
side of the footing.

Construct additional socketed connection specimens with high-strength grout to
compare with UHPC socketed connection specimens.

Since using a smaller diameter-to-thickness ratio changed the nature of the failure of
the connection, further investigation of this parameter is needed to evaluate its effect
on the connection between the column and footing. In this research, both the diameter
and thickness of the steel pipe were different than the control specimen (CF-3). It would
be better to have a different thickness of the same pipe diameter to get a better
comparison between specimens and have a better understanding of the effect of the
parameter on the performance of the connection.

Evaluate the connection of half-scale HC-FCS column-footing specimens instead of
having the column portion of the specimen in the form of only a steel tube. This could
potentially help investigate the effect of the concrete shell and FRP tube on the
connection between the column and footing. This could also help examine the
confinement of concrete and FRP on steel tube and its effect on the connection.
Further investigation of the socketed connection design is desired since the steel pipe
in both socketed connection specimens (CF-8 and CF-9) surpassed its theoretical

flexural strength, and local buckling failure occurred in the pipe at failure. Studying the
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Vi)

effect of the space between the embedded steel pipe and the footing could help optimize
the socketed connection design.

Testing the specimens vertically with axial and lateral cyclic loading could achieve
more realistic results. Thus, evaluating the suggested embedment lengths for half-scale
HC-FCS column-footing specimens with that loading condition would help further

understand the behavior of the connection and effect of axial load on the connection.
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