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Abstract

A safer and more efficient drop-in shear connection (compared to conventional shear tab
and double angle connections) has been proposed for implementation in the commercial and
residential steel frame building industry. This effort is part of the American Institute of Steel
Construction’s (AISC’s) Need for Speed Initiative to reduce the steel construction cycle by 50%.
The objective of this thesis is to aid in the development of a future design process for the
proposed connection by evaluating the behavior of its various components, specifically the
connection angles, girder top flange, and column web, through full-scale testing. Eleven various
drop-in connections were tested in realistic girder-to-column and beam-to-column test setups at
Auburn University’s Advanced Structural Engineering Laboratory. Six girder top flanges and
eight angles were observed and analyzed utilizing Digital Image Correlation (DIC), an
established optical technique that allows for the visualization of complete strain fields on a
specimen’s surface. As well, two-column webs were observed via DIC for a typical one-sided
beam-to-column connection, like that which is utilized for an exterior beam in a building.

Testing revealed various ductile failure modes, such as transverse and longitudinal
bending of the girder’s top flange, allowing for large plastic deformations to occur before
ultimate failure. It was determined, through surface strains observed on the vertical angle legs,
that the current AISC equation to determine single-angle leg shear strength would be adequate
for the design of the tested connection angles. Finally, when utilizing a one-sided beam-to-
column connection in which the angles are attached to the column web, plastic deformation of

the web may occur and should be checked.
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Chapter 1: Introduction
1.1 Background

Structural steel has remained a competitive choice as the primary structural framing
material in the United States for many years and for various reasons. The American Institute of
Steel Construction (AISC), a century-old non-profit technical institute and advocate of the
American steel industry, implemented the Need for Speed Initiative with an ambitious goal of
decreasing the overall steel construction cycle timeline by half by 2025. Utilizing a large team of
researchers, fabricators, steel erectors, and industry panelists, various innovative ideas were
proposed to aid in the completion of this goal through new inventions and redevelopment of
current practices.

With a focus on the one aspect that many structures have in common, shear connections,
the new drop-in connection seeks to increase erection speed in the field, specifically for
residential and commercial steel systems. The shear tab is predominantly used as the connection
of choice for designers due to its conventional and reliable design. This connection consists of a
prefabricated plate that is shop-welded to a column and field-bolted (with a designer-specified
number of bolts) to the web of a beam (AISC, 2022). Figure 1 illustrates the field erection of a
shear tab connection. While simplicity is advantageous in this industry, for steel erectors, the
shear tab erection process is an inefficient use of time as the beam must be rigged to and upheld
by a crane until both sides of the beam have been successfully connected. This process may be

further exaggerated for larger shear reactions due to the multitude of bolts specified.
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Figure 1: Iron Worker Erecting a Beam with Shear Tab Connection (Boake)

Matthew Yarnold, Ph.D., P.E. and Kadir Sener, Ph.D., P.E. envisioned a shear connection
that would employ common practices and materials already familiar to those in the steel industry.
The drop-in connection, shown in Figure 2, utilizes two prefabricated steel angles that are shop-
welded to a column flange or web. During erection, the beam or girder, featuring a coped bottom
flange, 1s “dropped” or “knifed” between the two angles, creating immediate stability during the
erection process. A crane is no longer required to suspend the beam once it has been placed. Two
bolts are then placed and tightened in prefabricated holes featured in the beam’s top flange and

angles.
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Figure 2: SpeedConnect Drop-In Connection (a) Elevation View (b) Plan View and (c)
Cross-Section A-A

While more time and resources may be required during the fabrication process due to
welding of the angles to the column and coping of the beam’s bottom flange, the overall time
required to achieve a positive connection in the field is less than that of the shear tab because of
the inherent stability of the beam upon drop-in. As well, the current design proposal specifies
two bolts for a singular connection, far fewer than would be anticipated for a shear tab of similar
shear capacity. The orientation and location of the bolts are also greatly beneficial for erectors

due to their ease of access.
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1.2 Objectives

This project was funded by AISC to investigate the proposed drop-in connection for
future implementation in the structural steel industry. The primary goal of the research described
in this thesis is to aid in the development of a future design process via the following:

e Identify geometric limitations and propose a simple standardized process to be
considered before strength design.

e Identify and discuss plastic deformations of the girder top flange

e Identify and discuss plastic deformations of the vertical legs of the connection angles.

e Recommend probable yield line locations of the girder/beam top flange for use in future
design equations and yield line analysis.

e [Evaluate the shear strain experienced in the vertical angle leg during testing.

e Identify the plastic deformation in a column web due to a drop-in beam-to-column

connection.

1.3 Experimental Approach

This study consisted of the investigation of the proposed drop-in connection through full-
scale connection testing at the Advanced Structural Engineering Laboratory at Auburn
University. Nine girder-to-column drop-in connections, two beam-to-column drop-in
connections, and an industry-standard shear tab were tested and investigated via Digital Image
Correlation (DIC).

Prior to testing, a representative building layout was chosen for use as the benchmark
building in which all connections would be designed accordingly, resulting in industry-typical
connection sizes and shear capacities. A team of industry panelists was consulted to determine

best practices, ensuring the likelihood of implementation in the field. Table 1 provides the full
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list of project panel members. A testing matrix and test setup were then developed to best utilize
donated materials in an efficient way. As well, a DIC instrumentation plan was created to
properly assess the different connection components: the girder top flange, vertical angle leg, and

column web.

Table 1: Project Panel Members

Name Company/Institution
Devin Huber AISC
Carlo Lini AISC
Eric Bolin AISC
Erin Conaway AISC

Larry Kruth

AISC (retired)

Bo Dowswell

ARC International

W. Duff Zimmerman

Cooper Steel

Matthew Trammell Trammell Engineering Group, LLC
Keith Palmer Simpson Gumpertz & Heger

Larry Muir Consultant (former Cives/AlISC)
Brian Volpe Cives Steel

Tom Kuznick Herrick Steel (retired)

Victor Shneur

Lejeune Steel (retired)

Doug Abernathy

NAFCO

For full-scale testing, all connections were shop-welded to a stiff stub column web or
flange, and each drop-in connection was made with one of four angle sections and one of two
bearing lengths. Six tests were performed, in which two connections, one on each end of the
girder/beam, were tested at the same time via a connecting wide-flange section. Two wide-flange

sections, both of which are commonly used in the commercial and residential steel frame
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industry, were utilized. In total, for a girder-to-column connection, six girder top flange regions,
eight drop-in connection vertical angles, and one shear tab were assessed via DIC. For a smaller

beam-to-column connection, two column webs were assessed via DIC.

1.4 Organization of Thesis

This thesis is organized as follows. Chapter 2 discusses various requirements for a
connection to be considered simple or pinned for analysis, current simple shear connections, and
the basics of DIC and its use in structural testing. Chapter 3 provides a detailed overview of each
connection design, preliminary design considerations, the experimental testing setup, specimen
fabrication and preparation, and DIC verification. Geometric considerations are also discussed in
this chapter. Chapter 4 presents and discusses all test results through DIC data. Various figures,
tables, and images are utilized to adequately capture the discussed specimen behavior. The final

recommendations and conclusions derived from this research are stated in Chapter 5.
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Chapter 2: Literature Review
2.1 Introduction

Simple shear connections are easily found in all areas of the steel industry, especially at
the girder-column interface of a commercial or residential building. This chapter outlines the
current simple shear connection requirements in the AISC Steel Construction Manual and
Specification for Structural Steel Buildings, common shear connections, and DIC basics and

application in research.

2.2 Steel Shear Connections
2.2.1 Connection Classification

All connections can be subdivided into three categories, which can best be characterized
and defined by the moment-rotation behavior of the connection. A connection may be classified
as fully restrained or rigid if the angle between the beam and supporting element (such as a
column) remains constant in which a significant bending moment is then developed at the
connection; a simple or flexible (idealized as a hinge) connection develops little to no moment
and allows for sufficient rotation while a partially-restrained or semi-rigid connection is defined
as an intermediate case between a simple and rigid connection (AISC, 2022). Properties of
simple connections are emphasized herein due to the expected behavior of the drop-in
connection.

The defining behavioral characteristics of a connection are stiffness, strength, and
ductility, and are shown in the moment-rotation diagram in Figure 3. Connection stiffness, due to
the onset of non-linear behavior at low loads, is not determined by its initial stiffness but is

instead defined by the secant stiffness, Ks (AISC, 2022; Bjorhovde et al., 1990). This stiffness is
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defined in equation 2.1 as the ratio of the bending moment and relative rotation of the connection

at service loads.

K, = R 2.1
Where:
M= moment at service loads

0= rotation at service loads

—*6, Simple
Rotation, 6 (rad.) 0.03

Figure 3: Moment-Rotation Diagram of Connections
In testing noted by Astaneh (1989), it was observed that highly stressed areas of the
connection yielded under the combined effect of shear and moment. These yielded areas
proceeded to lose their stiffness, inducing a reduction in the global rotational stiffness of the
connection and a decrease in the produced moment at the connection. As well, a non-linear
response is observed after the elastic limit of the beam is reached, in which a small amount of

shear disproportionately increases the end rotation (Astaneh, 1989). To allow for this shedding of
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moment and increase in rotation, the secant stiffness should remain limited and must satisfy

equation 2.2 (AISC, 2022).

KL
<
El

Where:
K, = secant stiffness
EI = bending rigidity of the beam

L = length of beam

Connection strength is defined as the maximum or peak moment it is capable of carrying,
M., and is based on an analysis of the ultimate limit state of the connection or testing.
Connections that transfer less than 20% of the full plastic moment of the beam at a rotation of
0.02 radians can be considered to have no flexural strength and assumed a simple connection
(AISC, 2022; Astaneh, 1989; Bjorhovde et al., 1990).

Connection ductility, or rotational capacity, is defined as the rotation that corresponds to
either (a) a reduction of the resisting strength (M, ) by 20 percent or (b) the connection has
deformed beyond 0.03 radians. This available rotation capacity should then be compared to the
rotation required at the strength-limit state, considering a non-linear analysis of the connection. If
an accurate analysis is not available, a conservative rotational capacity of 0.03 radians is
considered adequate; 0.03 radians is roughly equivalent to the end rotation of a beam whose span
is 24 times its depth and is uniformly loaded with the maximum design load (AISC, 2022; Muir
& Thornton, 2011). Again, as this rotation increases in the connection, the rate of increase in
moment produced will steadily taper off; however, the shear forces will continue to rise in

proportion to the applied load. Overall, a simple connection is designed to provide sufficient
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strength to transfer the end reaction of a beam whilst also providing enough end rotation and
negligible end moments to qualify as a simply supported beam (Astaneh, 1989; Astaneh et al.,

1989).

2.2.2 Common Shear Connections

The following simple shear connections are distinctly recognized and easily designed
utilizing simple design tables in the AISC manual: double-angle connections, seated connections,
and single-plate connections (AISC, 2022). Though each connection has varying behaviors and
design limit states according to the geometry and components used, there are several design
considerations that apply to all previously listed. Each connection must develop a plastic hinge,
allowing for sufficient rotation as it is idealized as a pinned support; the location of this hinge
occurs at the most flexible point within the connection and will vary according to the connection
and its components. This location of the hinge will also determine the shear forces and bending
moments for the design of the individual elements (Geschwinder et al., 2017). For simple beam
connections, the permissible tolerance for beam underrun or overrun must be considered; while
tolerances are not typically considered in strength design, they should be considered for fit-up
purposes. Typically, for a beam-to-column connection, beams are set a nominal one-half inch
from the column face to accommodate for this tolerance; when considering edge distance from
the bolt hole to the edge of a member, the distance used in calculations should be one-quarter of
an inch smaller due to the possibility of an under-run beam length yielding at a lower strength

(AISC, 2022; Geschwinder et al., 2017).
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2.2.2.1 Double-Angle Connections

Double-angle connections are very common connections used in steel construction. They
consist of two angles; one leg of each angle is bolted or welded to the supporting member (such
as a column web or flange), and the opposing leg is bolted or welded to the web of the supported
beam. Two examples of this connection are shown in Figure 4. They are easily fabricated and are
most suitable when the end shear reaction is large and a singular angle is not sufficient. It is also
a relatively compact connection that is generally contained within the flanges of the supported
beam and is regularly used at the beam-to-column-web interface (AISC, 2022). However,
multiple in-field and shop practices must be considered prior to installation in the field, such as
when determining the element in which the angles will be shop-connected, coping of the beam
in-shop, or if the bolt holes will be short-slotted to allow for adjustments among others. For
example, if the angles are shop-attached to a column flange in what is called a knifed connection,
the supported beam flange must be coped, and an erection clearance must be provided to allow
for adjustments. As well, when double-angle connections are to be installed back-to-back,
especially at the column web, adjustments must be made, such as staggering the angles (AISC,

2022; Geschwinder et al., 2017).
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Figure 4: Double Angle Connections (a) Bolted-Bolted and (b) Bolted-Welded (AISC, 2022)

Forces in a double-angle connection are transferred through shear in the bolts, angles,
supporting member web or flange, and the web of the supported member. A multitude of limit
states are considered in the design of a bolted-bolted double-angle connection: shear rupture of
the bolts and angles, bolt bearing and tearout on the beam web and supporting member, shear
yielding of the beam web and angles, block shear on the coped beam web and angles, and coped
beam flexural strength. An additional limit state of weld rupture considering eccentric loading
must be checked if the connection utilizes welding in addition to bolts (AISC, 2022;
Geschwinder et al., 2017). Otherwise, the eccentricity on the supported side of the connection
may be neglected if a single vertical row of bolts with a distance from the face of the supported
member not exceeding three inches is used. To provide adequate flexibility, the thickness of the
angles is limited, and a weld should never be utilized at the topmost part of the angles (AISC,

2022).
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2.2.2.2 Seated Connections

Another common shear connection utilized is the seated connection. Both stiffened and
unstiffened seated connections consist of few components in which a beam is seated on top of an
angle that is welded or bolted to the supporting member; a stiffened seated connection utilizes a
seat plate and a stiffening element, such as a plate, structural tee, or pair of angles (AISC, 2022;
Geschwinder et al., 2017). An example of these connections is shown in Figure 5. For design
simplicity, AISC design procedures assume the use of two high-strength bolts to attach the angle
to the bottom flange of the beam, as well as a singular plastic hinge formation in the connection.
This assumption of a singular hinge leads to a conservative estimate, though: two hinges are
actually formed in flexural yielding of the angle (AISC, 2022; Carter et al., 1997; Chen et al.,

1997).
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Figure 5: Seated Connections (a) Unstiffened and (b) Stiffened (AISC, 2022)

All force in an unstiffened seated connection is assumed to be transferred through the
bearing of the beam on the angle seat and subsequently through the connection of the seat to the
supporting member. In a stiffened seated connection, the stiffening element and connection to the
supporting member are assumed to carry the entire end reaction (AISC, 2022; Chen et al., 1997;
Geschwinder et al., 2017). For stability purposes, another angle, typically a % in.-thick angle
with a 4-in. vertical leg, is connected to the supporting member and in one of two optional
locations of the beam, the top flange of the beam or the beam’s web. This stability angle may be

bolted to both members or line-welded to the toe of each angle leg at either the supporting
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member or the beam; minimal welding is required to provide adequate flexibility and rotation for
a simple connection. Though this angle is not designed for strength requirements, testing has
concluded that the top angle carries a substantial end reaction, and the exclusion of it may result
in an unconservative estimate of the beam web buckling capacity in both stiffened and
unstiffened seated connections (Roeder & Dailey, 1989).

The application of the seated connection in the steel industry is common, as there are
multiple advantages; the angles are easily prefabricated and attached to the column or supporting
member in the shop, and they can be utilized on both column flanges and webs. If adequate
clearance is provided, it can be attached to the web of a supporting girder. However, multiple
member tolerances must be consulted in design geometry to ensure proper fit and elevation in the
field. Since the bottom flange of a beam typically establishes the plane of reference for a seated
connection, tolerance in beam depth may result in variation in elevation of the top flange across
multiple spans; while this is non-consequential for a concrete slab or metal deck, it may be of
concern when utilizing a steel-plate or grating floor. When utilizing a bolt for the top
stabilization angle, it is recommended that due to overrun and underrun in the beam length,
slotted-bolt holes are utilized for ease and economy in fabrication and erection. If the top angle is
shop-welded, it must provide proper clearance; this angle can also be welded in the field to
ignore any variations in beam depth (AISC, 2022).

Unstiffened seated connections generally perform well as simple connections as the angle
can sufficiently rotate about the bottom of the beam without imposing any significant moment in
the column and has relatively few limit states to consider. Due to the flexibility of the unstiffened
angle, this connection is most commonly used with small shear end reactions (Geschwinder et

al., 2017). The design limit states for an unstiffened seated connection include the following:
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web local yielding and crippling due to bearing, seat angle flexural and shear yielding, and bolt
or weld shear with considered eccentricity (AISC, 2022; Geschwinder et al., 2017). Web
crippling is an atypical limit state to be checked for other shear connections, as seated
connections utilize bearing to transfer the shear force, unlike in a shear tab or double angle
connection.

In design, the minimum required bearing length of web yielding and crippling is first
determined and is a function of the web thickness, flange thickness, and beam depth. A thin web
will result in a larger required bearing length compared to a beam with a thicker web; as
minimum bearing lengths can be relatively small due to the small end reaction and flexibility of
the angle, a minimum bearing length taken as the value of kqe is required. The required and
minimum angle thickness is determined based on the flexural and shear yielding of the angle.
The assumed critical section location for an unstiffened seated connection is at the fillet edge of
the outstanding leg; an eccentricity of the distance from this critical section to the bolt centerline
(located at half the bearing length) is assumed for an unstiffened angle, and an eccentricity of
80% of the length of the stiffener parallel to the beam web is considered for the stiffened seated
connection. Finally, the weld and/or bolt groups must be designed with the applicable and
previously described eccentricity. As a stiffened seated connection is typically only utilized when
the unstiffened angle is insufficient for a large end reaction, an additional limit state of punching
shear in the supporting member must be checked for a stiffened seated connection (AISC, 2022;

Ellifritt & Sputo, 1999; Geschwinder et al., 2017).

2.2.2.3 Shear Tab Connections

Single-plate connections, typically referred to as shear tabs, consist of a plate that is fillet

welded (on both sides) to a support and field-bolted to the web of a beam or supported member
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(AISC, 2022; Muir & Thornton, 2011). An example of this connection is shown in Figure 6.
Shear tabs are widely used in the steel framing industry and are perceived as a preferred
connection due to the reduced material use and labor requirements compared to the previously
discussed simple shear connections, ease in fabrication, and ample clearance provided for
erection. However, as previously discussed in Chapter 1, the erection process is timely. In
testing, this connection has proven rather complex and must be checked against multiple limit
states. Design considerations to achieve the assumed rotation for a simple connection must also
be taken into account (Astaneh et al., 1989). Due to the many limit states, a conventional
configuration with prescriptive geometry and physical limitations has been produced in the AISC
specification so that only five limit states need to be considered (AISC, 2022; Geschwinder et al.,

2017; Muir & Thornton, 2011).

A |
Figure 6: Shear Tab (AISC, 2022)
The following limit states (eleven in total) must be checked for the design of a shear tab
that does not meet the requirements of the conventional design:

e shear rupture of the bolts considering eccentricity

31



e Dbearing and shear yielding of the supported beam web

e Dbearing and tearout of the plate

e flexural rupture and elastic yield moment of the plate

e shear yielding and rupture of the plate

e block shear rupture of the plate

e Dbuckling of the plate

e plastic flexural yielding with the shear reaction of the plate

e weld rupture considering eccentricity

To accommodate for the requisite beam end rotations of a simple connection, a shear tab

(connected to a rigid support) with standard holes utilizes a combination of the following: plate
flexural yielding, bolt deformation, and bolt plowing in which local yielding of the plate allows
for elongation in the bolt holes (Muir & Thornton, 2011). For the conventional configuration, an
upper-bound distance between the bolts and the weld is defined such that buckling of the plate
does not govern (AISC, 2022; Muir & Thornton, 2004; Muir & Thornton, 2011). This limiting
distance allows for only a small area over which yielding may occur; therefore, plate yielding is
usually not considered a sufficient means of accommodating the simple beam end rotation
(Astaneh et al., 1989; Muir & Thornton, 2011). This means that the two remaining methods to
achieve proper rotation are bolt deformation and bolt plowing, both of which must be activated
for significant horizontal movements like that required in a deep connection. For example, a deep
shear tab of 12 rows of single bolts results in a horizontal translation of almost half an inch at a
rotation of 0.03 radians. This movement cannot solely come from bolt deformation as it would
exhaust the capacity of the bolt; even the minimal deformation required by a two-bolt connection
would utilize 60% of the bolts’ capacity if bolt plowing is not initiated (Muir & Thornton, 2011).
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To allow for bolt plowing without extreme deformation or shearing of the bolt, limitations are
placed on the stiffness of the plate by limiting its thickness, i.e., a deeper connection will require
a thinner plate to allow for greater elongation of the bolt holes. The weld is also designed to
allow for flexible and ductile behavior considering eccentricity; a maximum limit is placed on
the weld (as a ratio of the plate thickness) to ensure that full yielding of the plate will initiate

before weld rupture (AISC, 2022; Astaneh et al., 1989; Muir & Thornton, 2011).

2.3 Digital Image Correlation

As the holistic behavior of the connection elements is of primary interest in this thesis, a
practical means of measuring the mechanical properties (deformations and strains) of a large area
was paramount. Strain gauges, while of common use in a laboratory setting, can only measure
properties at a specific location in which the gauge is placed, meaning that the researcher must
conclude where a strain field or strains of notable importance will occur before testing occurs.
Though finite element analysis had been performed within this study by Robel Alemayehu, Ph.D.
and provided insight into probable strain field formation, the large areas of interest and
improbability of placing the strain gauges directly where deformation would occur in testing led

to primary utilization of DIC.

2.3.1 Basics of DIC

DIC is a non-contact optical method that utilizes photographic images and a
mathematical correlation technique to measure deformations, displacements, and strain on a
prepared specimen that is subjected to a load. Two main branches of DIC will be further
discussed, 2D and 3D, both of which fundamentally track displacement in the same way

(Correlated Solutions, 2020a).
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A 2D-DIC setup consists of a singular camera that photographs the full field of interest.
Due to this monocular vision, out-of-plane motion is unable to be detected, and the object is
assumed to be planar, parallel to, and at a constant distance to the visual sensor during the entire
test (Correlated Solutions, 2020a; Sutton et al., 2009). Any change in the size of a region on the
specimen (due to both in or out-of-plane movement) will be reflected as strain in the results. For
example, if the specimen moves towards the camera, it will become larger in the image and
result in a tensile strain bias, and vice versa if it moves away from the camera, creating a
compressive strain bias. On the other hand, like human vision and our ability to perceive depth,
3D-DIC utilizes stereo-imaging (two cameras) to perceive 3D information and any out-of-plane
motions that occur, eliminating strain bias due to movement (Correlated Solutions, 2020a).

Both 2D and 3D-DIC track local and global movement via the same process of temporal
matching. Given a point and its uniqueness in the undeformed reference image, the system tracks
a point (in the form of a pixel in the image) on the test specimen’s surface throughout time and
across the deformed images. Due to this required uniqueness of a point, a pattern with certain
properties must be applied to the surface; this pattern will not interfere with correlation as it is
adhered to the surface and deforms with the surface (Sutton et al., 2009). Typically, a base coat
of white matte paint is applied to the specimen with a secondary black ink speckle pattern,
resulting in a high contrast pattern that provides high information content. The surface should be
isotropic without a noticeable orientation, random in placement, have sufficient variation, and be
of relatively uniform speckle sizing (Correlated Solutions, 2020a, 2023; Jones & ladicola, 2018;
Sutton et al., 2009).

As each point is inherently not distinguishable from another point, a grouping of pixels

around a point is used to distinguish the specific point. This surrounding neighborhood of pixels
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is called a subset and is user-defined according to the speckle pattern; a subset should be large
enough to allow for a point to be recognized from another but should remain small enough to
provide good spatial resolution (Correlated Solutions, 2020a). To establish the various points (in
memory), each pixel in the image is assigned to a gray-level natural integer ranging from 0 to
255, a black pixel is assigned a number of 0 and a white pixel is assigned a number of 255

(Correlated Solutions, 2020a, 2021; Sutton et al., 2009). An example of this is shown in Figure 7.

Image, in memory Image, on screen

Figure 7: Assigning Gray Scale to Reference Image (Correlated Solutions, 2020a)

As the specimen’s surface moves, the pixel number at that specific point (in memory)
will adjust accordingly. This is shown in Figure 8 in which the deformed image has shifted to the
right and up one pixel, causing the same shift in memory. In reality, the specimen doesn’t move
in pixel increments, therefore a grey level interpolation (not shown in the figure) is utilized to
represent a field of discrete grey levels as a continuous spline. By default, an 8-tap spline is used
as it typically results in more accurate displacement information (Correlated Solutions, 2020a;

Sutton et al., 2009).

35



Image after motion, in memory
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Figure 8: Adjusting Gray Scale to Deformed Image (Correlated Solutions, 2020a)
Utilizing the user-defined subset, the DIC system can track where each dot from the
reference image has moved. This is shown in Figure 9 in which the red pixel in the original

image is what is being “looked for” utilizing the surrounding pixels through subset matching.
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Figure 9: Subset Matching (Correlated Solutions, 2020a)

To find the proper subset match in the deformed image, a classic correlation function is

utilized to check several possible matches. This function is a sum of the squared differences
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(SSD) of the pixel values, in which a smaller value indicates greater similarity in the subset
considered. If the function, shown in Figure 10, results in a high error, another point is
considered until the lowest error possible is achieved. Ideally, a correlation function of 0 means a
perfect match; however, in reality, a result of 0 is not possible due to the corruption of the image

caused by noise (Correlated Solutions, 2020a; Sutton et al., 2009).

Pixel coord., referenceimage [ Pixel value at (x+i; y+j) J Pixel value at (x+u+i; y+v+))

C(x,y,u,v)= Z Ux+i,y+ j)=1 @c+u+i,y+v+j))

i,j=-nl/2

Image before motion Image after motion

n: subsetsize (5 in our example)

Displacement (disparity)

Correlation function

Figure 10: Correlation Function (Correlated Solutions, 2020a)

During subset matching, there are other considerations that the algorithm accounts for
such as photometric mapping and subset shape function. Photometric transformations are utilized
in the correlation function as the patterns on a specimen become lighter or darker due to
expansion and compression or the exposure times change (Correlated Solutions, 2020a; Jones &
Iadicola, 2018). It cannot, however, correct major lighting changes due to glares or shadows cast
onto the specimen (Correlated Solutions, 2020c). In the reference image, a subset is square; as
the specimen moves, the subset changes shape and does not remain a square. A subset shape
function accounts for this change in the shape of the subset (Correlated Solutions, 2020a; Jones
& ladicola, 2018). Once the subset is successfully matched, the system can measure surface
displacement relative to the reference image, leading to the formation of vector fields and strain

maps (McCormick & Lord, 2010).
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For a 3D-DIC analysis, further correlation occurs as stereo-imaging is utilized to form a
3D model of the specimen. The overall process is shown in Figure 11 and is similar to 2D-DIC
analysis; to begin the analysis, the two images produced at the same time, for example, an image
from Camera A (Picture A1) and an image from Camera B (Picture B1) taken at time equal to 1
second, are compared and the points on Picture A1 are matched to points on Picture B1 through

stereo-correlation via stereo-triangulation to create a 3D point.

3D Point

Creation
Via Stereo-
Correlation

2D Point 2D Point
Tracking Tracking

Via Subset Via Subset
Matching Matching

3D Point

Tracking
Via Stereo-
Correlation

3D Model
Created Via
Stereo-
Triangulation

Figure 11: 3D DIC Process (a) Example Stereo-Rig and (b) Example Process

Stereo-triangulation uses the known locations of the sensors to compute the intersection
of two optical rays (Epipolar Projection Lines) to locate features on the 3D specimen and define
3D points (Correlated Solutions, 2020a, 2021; Sutton et al., 2009). To do this, the optical rays

must be in a common coordinate system; this is done by calibrating the stereo-rig (two-camera
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system) via imaging of calibration targets in various arbitrary motions, shown in Figure 12

(Correlated Solutions, 2020a, 2020c).

CameraA | = Camera B

Figure 12: Calibration Photo Example

Calibration is a shape-measurement process that builds the model of the stereo-rig
parameters using the shape of the calibration target. All calibration parameters are extracted from
the calibration images alone and a transfer function is then built from the pair of 2D images
(Correlated Solutions, 2020a). Calibration targets have a known spacing and are imaged in
various arbitrary movements to calculate extrinsic properties of the cameras, like angle and
distance. Intrinsic properties of the sensors, such as distortion, focal length, etc. are also utilized
in the stereo-triangulation process (Correlated Solutions, 2020a; Jones & Iadicola, 2018).

After the subsets of both images taken at the same time (A1 and B1 in Figure 11) are
matched via stereo-correlation to create 3D points, subset matching occurs for each subsequent
image (A1l to A2 and B1 to B2) to track the subset deformation (Correlated Solutions, 2020a).
This subset matching process is the same as described in the 2D-DIC analysis. Stereo-
triangulation is then used to build the deformed 3D model. As the full field displacement of each
point is known, strains can be computed. For each data point, three neighboring data points are

assessed to compute the strain; this point density is called the step size and can be adjusted by the
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user (Correlated Solutions, 2020a, 2020c, 2021; Sutton et al., 2009). Various strain tensors are

available in the system as well as user-input equations.

2.3.2 DIC Use in Structural Engineering

Though Digital Image Correlation (DIC) has been in use since the 1980s, its use in both
the laboratory and field setting has greatly increased in recent years; in fact, the quantity of
published research papers utilizing DIC in civil engineering has more than tripled from 2010 to
2020 (Mousa et al., 2023). This influx of DIC use can be attributed to the advancement of optical
sensors (like cameras) and the computational capacity of computers. As high-resolution cameras
are continuously improving, the increasing pixel density, spatial resolution, and frame rate have
allowed for a broader array of specimens to be analyzed, from large structural frames undergoing
dynamic loading to small structural components like joints (Desai, 2016; Mousa et al., 2023;
Shih & Sung, 2014). DIC’s portability, accuracy, full-field analysis, and non-contact method
have made it a great option both in the laboratory and field compared to other conventional
options that can only measure results at a discrete number of locations and require more
laborious activity for installation (Niezrecki et al., 2018; Oats et al., 2022).

Many studies have been performed on various structures to confirm the accuracy of DIC
through comparison to strain gauges and other established methods. These studies include but are
not limited to, in-the-field evaluation of existing structures, such as bridges, and analysis of
structural connection components in the laboratory setting. Though a greater variation in DIC
versus strain gauge results are more likely to occur in the field (though still minimal), due to
external circumstances such as weather and ground movement, laboratory experiments have
resulted in higher accuracy of DIC use (Blikharsky & Kopiika, 2024; Elhadary et al., 2024;

Niezrecki et al., 2018; Oats et al., 2022).
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Chapter 3: Methodology
3.1 Introduction

The overarching objective of this research was to evaluate the behavior and deformations
of the girder top flange, connection angle, and column web of drop-in shear connections through
DIC in full-scale testing. To adequately capture a representative range of behavior, nine girder-
to-column drop-in connections, one girder-to-column shear tab, and two beam-to-column drop-in
connections were tested in a total of six tests. This chapter provides an overview of the specimen
and connection design, geometric constraints to be considered before strength design, testing
preparation, setup, and procedure. Also, verification of the DIC system and the post-testing data

analysis procedure are included.

3.2 Connection Design

To provide an industry-suitable connection design, a benchmark building from AISC’s
steel solutions center, “Office. Conventional Steel Framing Study”, was selected (AISC, 2018).
As seen in Figure 13, a W24x48 girder with a span length of 30° and spacing of 45°-6"" was
determined to be an appropriate girder for the drop-in connection. The provided loadings result
in a factored beam-column force of 39 kips and a girder-column force of 78 kips. Utilizing the
same benchmark building design loads and a modified smaller building layout, a W16x36 with a
girder spacing and span length of 30” was chosen to investigate a relatively small girder-column
connection with a factored reaction of 52 kips. A stocky column size of W14x82 was chosen to
provide adequate flange width and minimal column bending. See Appendix E for loading

calculations.
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Figure 13: Girder Selected from Office Benchmark Building (AISC, 2018)

A benchmark girder-column drop-in connection and conventional shear tab were
designed for the W24x68 and W16x36 girders utilizing the AISC V.16 Steel Construction
Manual (AISC, 2022). An elevation view of these connections is shown in Figure 14 and Figure
16. In addition, Figure 15 shows a cross-sectional and plan view of the W24x68 benchmark
drop-in connection. All drop-in connections varied in one or more of the following to provide a
range of behavior: angle size, bearing length, weld geometry and thickness, beam/girder size,

and angle orientation. The final connection design summary is found in subsection 3.2.2.
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Figure 15: W24x68 Benchmark Drop-In Girder-Column Connection (a) Section View and

(b) Plan View
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Figure 16: W16x36 Benchmark Designs for a Girder-Column (a) Shear Tab Connection
and (b) Drop-In Connection

3.2.1 Considerations in Design

During the preliminary design of the drop-in connection, the general geometry of the
connection elements was first considered to ensure proper fit-up during erection. The connection
must allow for the minimum edge distance of the angle and girder/beam, as well as the entering
and tightening clearance to be satisfied (AISC, 2022). Figure 17 shows all considered geometric

constraints and their associated references.
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Figure 17: Considered Geometric Constraints

It is of importance to know that, in general, a girder/beam with a relatively small flange
width and/or a large fillet zone (ki) will produce a limited number of acceptable angle sections
due to scant transverse length available to be seated on the angle. To increase this transverse
length and subsequently decrease the transverse distance between the angles, one may take
advantage of AISC’s fillet encroachment, the maximum of which is listed in Fig. 10-3 of the
AISC Steel Manual according to the difference between ki and half the web thickness of the
girder/beam section (AISC, 2022). For this project, fillet encroachment was not utilized in the
design of the drop-in connections. The angles were transversely spaced at two times the AISC
listed ki value for the associated girder/beam. For simplification of future design, Figure 18
shows the steps considered when choosing an angle section that will satisfy geometric

constraints with a known girder/beam section and bolt size. An asterisk notes the subsequent
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limitations determined at the choice chosen each step, i.e.: the bolt size chosen directly
influences the bole hole dimensions, entering and tightening clearance, and minimum edge
distance required. As well, it assumes the bolt will be located at the distance required by the
entering & tightening clearance from the fillet end of the angle. To further prove that geometric
compatibility does not eliminate many possible W-Sections and/or angle sections and therefore is
probable to be implemented in the field, a preliminary design side-study was performed utilizing
industry common sections and the common bolt size of 7/8 in. It was determined that
approximately 70% of all AISC angles with both legs greater than or equal to a length of three
inches (110 possible angle sections) were geometrically compatible with all W16 to W30
sections equal to or less than 100 pounds per linear foot and with a flange width greater than six

inches.

[ Determine Girder/Beam Size* ]

*Maximum Fillet Encroachment

!
[ Determine Bolt Size & Angle* ]‘

*Bolt Hole Dimensions, Entering & Tightening Clearance, Minimum Edge Distance

No, choose

1 new angle
J or smaller
bolt size

[ Does the bolt fit in the angle?

Horizontal Leg Length - k4,4 - Entering & Tightening Clearance < Min. Angle Edge Distance
lYes

[ Does the angle fit under the flange? ]

? -k, + Fillet Encroachment - kjn g — Entering & Tightening Clearance < Min. Flange Edge Distance
l Yes

[ Angle is Geometrically Acceptable ]

Figure 18: Steps for Geometric Compliance
If possible, the machinery utilized by the fabricator in the automation of hole-punching of
the angles should be considered when determining the bolt-hole placement of the drop-in

connection. While this automated process was not considered in Figure 18 or preliminary design
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due to the limited number needed for testing, it would be beneficial in an industry application
due to the large number of angles likely needed. If the design does not allow for the use of
automated machinery, the fabricator may manually drill the holes, as was done in this project.

While only considered in beam setback due to beam length under-run or over-run, the
allowable dimensional tolerances discussed and listed in ASTM A6 Section 12 were not
considered elsewhere in the design (ASTM, 2024). Due to unavoidable variations in the listed
geometrical dimensions of hot-rolled shapes, the most extreme allowable tolerances may impact
the geometrical constraints when designing a drop-in connection.

In the strength design portion of the preliminary design process, the controlling limit states
of weld rupture, angle shear, and transverse bending of the girder/beam flange were considered
for the drop-in connection. The most likely of which is the transverse bending of the flange,
providing a ductile failure mode. Angle shear may govern if a relatively thin and shallow angle is

utilized, and weld rupture may control if the weld is undersized.

3.2.2 Connection Design Summary

The following Table 2 details the full-scale connection design summary. All girder/beam
flanges feature a standard bolt hole, and angles feature a short-slotted (oriented long-side
transversely) bolt hole to aid in fit-up. All bolts were ASTM F3125 Grade A325. These
connections did not utilize the advantage of fillet encroachment and are transversely spaced at
the location of the AISC listed ki value of the flange. The longest leg of the angle section is
always oriented as the vertical leg, allowing for the greatest shear resistance. The bearing length
is shown in Figure 19 and is described as the length is which the beam/girder top flange is in

bearing on the horizontal angle leg. It should be noted that the design weld sizes are reported in
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the table; Appendix C provides the measured weld sizes at varying intervals for each connection.

All drawings are found in Appendix A

Figure 19: Bearing Length Visual
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Table 2: Connection Design Summary

Size and | Bearing Vertical | Horizontal
Conn. | Conn. | Beam | Angle/Shear Weld ) )
_ _ No. of Length . Weld Size | Weld Size
Type | Name Size Tab Size ) Position ) )
Bolts (in.) (in.) (in.)
A L8x4x3/4 5 2V&2H 13/16 5/16
B L8x4x3/4 5 2V&2H 3/8 5/16
Two %4>’
C B L8x4x3/4 3 V&2H 5/16 1/4
3
D = L6x4x5/16 5 V&H 5/16 5/16
e
S
§ E L8x4x1/2 | Two % 5 V&2H 5/16 5/16
o
o F 3/8x5x12.5 | Four 1”’ - 2V 5/16 -
©
o G © L6x4x5/16 3 V&2H 5/16 5/16
™
S Laxax12 | Two%
H = ) 3 2V&2H 5/16 5/16
(Flipped)
I L6x4x5/16 5 2V&2H 5/16 5/16
Two %’
J Q L4x3x1/2 3 2V&2H 5/16 5/16
X
<
= < K g L6x4x5/16 5 2V&2H 5/16 5/16
£ 5 Two %>’
£ 8 L L4x3x1/2 5 2V&2H 5/16 5/16

The intent of each connection is explained below:

Connections A and B evaluated the general behavior of the girder top flange and drop-in

connection angles. The angles were oversized to induce a flange bending failure mode.

Connection C evaluated the effect of a reduced bearing length while maintaining the same

angle size as Connections A and B.
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e Connection D evaluated the effect of a reduced angle size and weld.

e Connections E and F were the benchmark drop-in connection and shear tab.

e Connection G investigated general behavior for a smaller girder (reduced flange width and
thickness) and angle size.

e Connection H evaluated the effect of a mirrored/flipped angle orientation.

e Connection I is a modification of Connection D, in which the weld geometry was
improved.

e Connection J investigated the behavior of undersized angles, inducing an angle failure.

e Connections K and L evaluated column web behavior opposite the drop-in connection for

a beam-column connection.

3.3 Specimen Fabrication

Detailed drawings used for the fabrication of the girders, connections, columns, and lateral
braces were developed. These drawings can be found in Appendix A. All specimen fabrication
was performed according to the approved drawings by certified individuals. All unfabricated
steel rolled sections and plate were acquired by AISC from Sisken Steel & Supply, including
steel from Gerdau, Nucor, SSAB, and Steel Dynamics. The average material properties obtained
from mill test reports for the specimens are provided in Table 3. The full mill test reports can be
found in Appendix B. All supplementary steel sections not utilized in fabrication were donated to

the laboratory, some of which were later used in the final development of Test 6.
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Table 3: Average Mill Test Report Results

Fy Fu Elongation
Shape Grade (ksi) (ksi) (%)
W24x68 A572/A992 55.9 72.4 23.7
W16x36 A572/A992 58.0 73.0 26.5
W14x82 A572/A992 55.1 711 24.7
L 8x4x3/4 A572 54.6 75.3 26.1
L8x4x1/2 A36/572 56.5 73.0 26.0
L 6x4x5/16 A36 (Meets AS72 57.9 76.1 25.0
Gr.50)

L4x3x1/2 A36/50 55.1 735 29.0
3/8" Plate A572 GR.50 67.0 777 31.0

The North Alabama Fabrication Company (NAFCO) donated their time, facility, and

personnel to fabricate the specimens. NAFCO developed official shop drawings, which were

then reviewed and approved by the research team. During fabrication, the research team was

informed of the limitations of the available equipment to punch holes in the desired location on

the angle. This limitation resulted in the holes being manually drilled. Fabrication was completed

in October 2023 and shipped to the Advanced Structural Engineering Laboratory (ASEL). Figure

20 provides a photo of two fabricated columns with drop-in angle connections at the NAFCO

facility and Figure 21 shows a photo of the specimen and supplementary material’s arrival at

ASEL.
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Figure 21: Specimen and Supplementary Material Arrival at ASEL

3.4 DIC Verification

Before full-scale testing occurred, the DIC software results were verified by performing a tensile
test on a specimen with a 2D DIC setup. The specimen was a 12-inch-long steel plate with a

cross-section of 2.96 inches by 0.26 inches (cross-sectional area of 0.7696 in?) that was similarly
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prepared for DIC to that described for other specimens, excluding mill scale removal. The test

setup is shown in Figure 22.

Figure 22: DIC Verification Test

Utilizing the laboratory’s Universal Testing Machine (UTM), the specimen was
uniformly and gradually extended at a rate of 0.0125 inches per second to a force of 14.5 kips
and held for approximately 40 seconds. Figure 23 shows the strain reported via DIC at this load.
Utilizing Hooke’s Law, a calculated stress of 18.8 ksi, and an assumed Modulus of Elasticity of
29,000 ksi, an approximate strain of 650 microstrains was expected and confirmed on the

specimen via DIC.
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Figure 23: Verified DIC Result (Longitudinal Strain (gyy) — Engineering)

3.5 Specimen Preparation

To ensure accurate DIC results, specimen preparation was carefully planned and
performed according to the following steps and recommendations. Per Correlated Solution’s
Speckle Kit User Manual (Version 6), the following steps were taken to achieve reliable DIC
results (Correlated Solutions, 2023). In general, the areas of interest for DIC analysis of the
connection (in varying capacities for each test) included the exterior facing visible angle leg of
one angle, the entire width and variable length of the top flange, and the column web located
opposite the connection. These dimensions are noted in Chapter 4 and were approximated via
finite element modeling performed by Robel Alemayehu, Ph.D.

To prepare the specimen, a thin layer of matte white spray paint was applied in multiple

passes to create a uniform background. For all tests, apart from Test 2 (Connections C and D),

54



the mill scale was carefully removed from the surface of the steel with an angle grinder prior to
the application of paint. This removal allowed for optimal bonding of the spray paint to the steel
and minimized the likelihood of the paint flaking off due to high strain during testing.

Utilizing the provided speckle kit, shown in Figure 24, a speckle pattern was applied on
the white paint with black ink and a stamp/stamp roller, providing a stark contrast between the
dots and background. The dot sizes utilized on these specimens ranged from 0.13” to 0.5 and
were placed at random to produce confidence in the results. The dot size was chosen with
consideration of the area of interest and the camera’s field of view; for example, a larger area of
interest required a larger dot size due to the greater field of view. To further achieve the desired
50/50 white/black color, a black fine-tipped marker was utilized to add more speckling,
particularly in areas that the stamp/stamp roller was unable to properly reach. Figure 25 and

Figure 26 show the progression of an angle and top flange being prepared for DIC use.

C

] |
-

(&)

Speckle Pattern
Stamps

Figure 24: Speckle Kit
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Figure 26: Top Flange DIC Preparation Progression
In some cases, the top flange featured strain gauges and rosettes that were not removed
prior to the application of paint and were present during testing. These strain gauges were
covered by electrical tape and the wires were routed and taped in such a way to stop movement
during testing. The tape was then covered in paint and speckled like the rest of the area of
interest; an example is shown in Figure 27. These areas in which the steel was not visible to the

camera were not included in post-testing analysis.
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X3 §

Figure 27: Top Flange with Strain Gauges for DIC

3.6 Testing Setup

All full-scale testing was performed in the ASEL high bay from February to July of 2024.

3.6.1 General Overview

This experimental test setup idealized a realistic application by testing two opposing
connections at once with a connecting girder/beam undergoing four-point bending. It utilized
W14x82 stub columns with a shop-welded connection on each flange, allowing for the column to
be reused in the testing of a different connection and reducing the total number of columns
needed for the test program. The general girder-column experimental setup is shown in Figure 28
and is similar for the beam-column setup. Though the true application of this connection is
intended for composite construction, this test evaluated the girder without a composite slab. To
account for realistic composite slab behavior, the beam span lengths were reduced for testing to
provide reasonable combined shear and rotation at the connections. The column center-to-center
spacing for the W24x68 and W16x36 were 18’ and 14°, respectively. Calculations of the center-

to-center spacing chosen for representative shear and rotation of a composite slab are found in
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Appendix D. Also, lateral supports were provided on each side of the girder/beam at three

locations to prevent lateral buckling and replicate lateral restraint due to a composite slab for all
tests unless noted otherwise. These supports, shown in Figure 29, were located at midspan and
five feet from the center line of each stub connection column, set back/shimmed a maximum of

half an inch from the flange(s), and lubricated before testing.

Hydraulic Ram

Different Connection

Spreader Beam
Design Per side

ﬁ Loading Frame & Additional Lateral
Support at Mid-Span (Not Shawn)

Q000

Anchor Bolt to \ / Stub Column

: %W Lateral Supports j
il il il

— —

Figure 28: Girder-Column Testing Setup
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Figure 29: Lateral Supports
Figure 30 provides a rendering designed by Robel Alemayehu, Ph.D. of the general test

setup in the laboratory.
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lil

Figure 30: Rendering of Test Setup

An existing double-column load frame was utilized for all tests. A 600-kip capacity
Power Team hydraulic ram actuator and 400-kip load cell, featuring a safe over-range of 150%,
were mounted on the underside of the load frame headers. Two point-loads were applied at 1/3™
distances of the girder/beam length (directly above the stiffeners) via the connected hydraulic
ram and spreader beam contacting the supports. These loading supports, shown in Figure 31,

were well lubricated using dry lube immediately before testing to prevent the effects of friction.
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Figure 31: Closeup of Point Loads and Lubrication

The loading frame, stub columns, and lateral supports were anchored to the strong floor
via pre-tensioned Dywidag bars. Each girder/beam was erected with an overhead crane to
realistically evaluate the true construction process of the drop-in connection. All bolts were
conservatively tightened to 20% of the minimum required slip-critical bolt pretension found in
AISC Table J3.1 using a calibrated wrench. For example, 3/4 in. bolts were tightened to
approximately 6 kips, and 1 in. bolts were tightened to approximately 10 kips (AISC, 2022).
Some connections utilized bolts that were oriented upside down to allow for a better view of the
connection angle to be seen by the DIC cameras; the shear plane of the upside down bolts did not
vary from the shear plane intended with an upright bolt, an example of this is shown in Figure

32.
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Figure 32: Example of Upside-Down Bolts
Due to top-flange local buckling at the location of the point loads, Cross-Laminated
Timber (CLT) blocks were wedged adjacent to the stiffener in later tests. Figure 33 shows an

example of the CLT block locations.

Blocks at
- Stiffeners

Figure 33: CLT Blocks to Prevent Top-Flange Local Buckling
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3.6.2 DIC Setup

For all tests noted in this thesis, DIC was utilized in varying capacities to capture the
yield lines and deformations in 2D or 3D of various members of the connection. The potential
locations/areas of interest (AOI) to be investigated via DIC that were considered for each test
were the girder/beam top flange, vertical angle leg, shear tab, and column web. A typical setup
includes the following: a computer with VIC-2D and VIC-3D DIC software, a tripod with
connected aluminum arm extension, multiple light sources, 12.3 Megapixel camera(s), and
appropriate lense(s), and cabling. It is to be noted that two cameras are required for a 3D
analysis, while a 2D analysis requires only one camera. Due to a limited number of cameras
(four total), tests were limited to the number of connection components that could be captured

via DIC. Typical DIC setups are shown in Figure 34 and Figure 35.

*Dimensions vary
. with each connection

| o
' . - q‘;h.‘\‘ )
‘ A

- Cameras

Cardboard to
Prevent
Reflection**

= ~ Lighting ¥

**Not present = . e, T~
in all tests \'Q - \ i e ',";_, f

Figure 34: Typical DIC Setup for Angles, Tab, and Column Web
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Cameras

Wooden
Table
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with each connection I

Figure 35: Typical DIC Setup for Girder Top Flange
To begin, the proper lens for each camera was chosen with consideration of the size of the
AOI, distance between the camera and the specimen, lighting available, and expected out-of-
plane movement. The available lenses were two f2.8/12 mm lenses, two f2.0/28 mm lenses, and
two f2.8/50 mm lenses; each of which is shown in Figure 36. If a 3D analysis was being
prepared, the same lens was chosen for both cameras focused on the same specimen. After

selection, the camera and lens were connected and attached to the tripod.
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Figure 36: Cameras and Lenses

For all specimens, the tripod was positioned in such a way that allowed for the attached
camera to achieve an optimal view of the specimen. For a 3D analysis, the cameras are angled in
such a way that allows for out-of-plane movement to be captured, while a 2D analysis requires
that the camera be planar to the specimen. For connection angles, the shear tab, and column
webs, the tripod was placed at a similar height and approximately 4 ft. from the AOI. Due to the
height of the girder and the limited height of the tripods, two wooden tables measuring
approximately 40” and 60 tall, shown in Figure 37, were built to elevate the tripod for proper
viewing of the top flange. These tables were placed next to the specimen and the tripod was then
placed carefully on top of the tables, with the aluminum arm cantilevering over the girder. Once
the cameras were properly positioned, the cameras were connected to the computer and VIC-

Snap was opened, displaying the camera’s view and allowing for adjustments to be made.
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Figure 37: Built Wooden Tables

Supplementary lighting was provided in the form of multiple LED lamps, which were
adjusted to illuminate the specimen for analysis. Proper lighting was critical to minimizing
aliasing (wave-like patterns) or incomplete results due to reflection. White and blue LED lights
were used in this project; blue light may be noticeable in regular pictures taken but did not
influence DIC results. The amount of light entering the camera was able to be fine-tuned by
adjusting the aperture setting on each lens to accommodate for the lack of or abundance of light.
After observing ideal exposure (lighting) results on VIC-Snap, the focus on the lens was adjusted
to properly view the AOI and produce minimal noise.

Immediately before testing, calibration photos were taken with a NIST-certified
aluminum calibration board, all options considered are pictured in Figure 38. The calibration
spacing was chosen in which all three hollow dot marks on the board were visible to the
camera(s). The board was positioned in front of the camera at relatively the same distance as the
specimen and rotated at various angles in and out-of-plane with each calibration photo for a 3D-
DIC analysis. The board was kept planar to the camera for a 2D-DIC analysis. These images
were processed before testing to confirm adequate calibration images and allowed for strain to be
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calculated in measurement units rather than pixels for a 2D-DIC analysis. They also provided for

stereo-triangulation in a 3D-DIC analysis.

9.9694 mm 2.9906 mm 19.9305 mm
13.9573 mm v o

4.9827 mm
6.9768 mm

Figure 38: Calibration Boards (Spacing Noted)

3.7 Testing Matrix and Procedure

Six total tests were conducted: five girder-to-column tests and one beam-to-column test.
Table 4 below describes the testing matrix. In total, 12 connections were tested, as two different
connections were utilized in each test with the full details of each connection provided in Table
2. If a connection failed before the connection on the opposite end of the girder/beam, the test
was repeated after retrofitting the failed connection. While a retrofitted/repeated test was
performed for all girder-to-column tests, DIC data was determined to be inconsequential in these

repeated tests due to already observed strain patterns and are therefore not discussed in this

thesis.
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Table 4: Testing Matrix and Order

Test Connections
1 A&B

2 C&D

3 E&F

4 G&H

)

6

| &J
K&L

A Power Team hydraulic pump connected to the actuator was utilized to apply force to
the beam/girder at a variable rate. Via VIC-Snap (a Correlated Solutions Software), the DIC
cameras captured images and loading data at a rate of 1.0 Hz for the entire duration of the test.
Photos were captured immediately before the engagement of the spreader beam and the load
points and concluded at their disengagement. Interval force measurements and associated picture
numbers were recorded by hand for later use in verifying the force experienced in each picture.
During testing, people walked around the specimen to ensure safety and captured images of the

specimen under load.

3.8 Post-Testing DIC Analysis

Upon completion of testing, the DIC images were analyzed in VIC-2D and VIC-3D. A
reference image of the specimen (taken before loading was applied) was selected. All measured
strains and displacements were relative to the reference image. An area of interest that would
appropriately capture the connection’s deformation was then selected on this image to be
analyzed. It is important to note that all areas of interest excluded any strain gauges, bolts, and

areas of improper speckling. Therefore, the final strain profile may not be complete in the figures
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shown. An example is provided in Figure 39 where strain gauges and bolts were excluded from

the AOI shown in red.

3] AOI Editor; FullTest-000000_3 4 : =& (s
7 1

Figure 39: Selected AOI Excluding Strain Gauges
As well, a step and subset size were chosen according to the speckle pattern and size;
both were automatically set by the system to produce accurate results while also accounting for
spatial resolution. Before running the analysis in VIC-2D or VIC-3D, options to adjust the
factory-set interpolation spline, subset weight, correlation criterion equation, etc. were presented.
All initial factory settings were retained. Post-processing options included selecting a tensor
type; engineering strain was chosen, but various other tensors were also available to be used. The

analysis then ran, and strain data was produced.
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4.1 Introduction

This chapter describes the execution and results of the testing matrix previously discussed

Chapter 4: Execution of Testing Program

in this thesis. As variations of the DIC system were utilized for various connection elements, the

summary table of areas investigated is shown below in Table 5. The dimensions of the areas of

interest for each specimen are noted in its respective subsection; these areas were determined

through prior FEA modeling performed by Robel Alemayehu, Ph.D., which predicted the most

likely area to view plastic deformations.

Table 5: Connection DIC AOI

2D or 3D
Test Connection Girder
Angle/Plate Column Web
Top Flange

A 2D - -
1

B 3D 2D -
) C 2D 2D -

D 2D 2D -

E 3D 2D -
3

F - 2D -

G - 2D -
4

H 3D 2D -

I - 3D -
5

J - 3D -

K - - 3D
6

L - - 2D
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All transverse (€x), longitudinal (&), and shear (&) strains presented in this thesis
were calculated using the engineering strain tensor programmed in Correlated Solution’s VIC-2D
and VIC-3D software (Correlated Solutions, 2022). This shear strain (g4y) is described as half
the value of the engineering shear strain (Yyy). The Von Mises strains (gv) were calculated

utilizing equation 4.1, provided by Correlated Solutions in the DIC post-processing software. As
the DIC system only calculates surface strain, this equation uses a principal plane strain

formation (Correlated Solutions, 2020b).

z2 [, 2
& = §\/£1 —&& t+¢& 4.1
Where:
&= X-axis principal strain
&, = y-axis principal strain
As well, due to the discussion of yield lines in this chapter, a summary table of each steel

section’s theoretical strain at yield is noted in Table 6.
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Table 6: Steel Section Yield Strains According to Mill Report

Theoretical Tensile Theoretical Shear

Steel Section Strain at Yield Strain at Yield

(microstrain) (microstrain)
W24x68 1930 1470
W16x36 2000 1520
W14x82 1900 1445
L8x4x3/4 1880 1430
L8x4x1/2 1950 1480
L6x4x5/16 2000 1520
L4x3x1/2 1900 1445
3/8” thick plate 2310 1755

These yielding tensile strains (utilized for comparison to all shown strains) were
calculated via Hooke’s Law. The average tensile yield stress (fy) provided in Table 3 and an
assumed Modulus of Elasticity (E) of 29,000 ksi were used in this calculation to determine the

above values. The engineering yield shear strain (yyy) was calculated with an assumed shear

— £, and an assumed shear modulus (G) of 11,000 ksi. This engineering strain

yield stress of 7ty

value was then divided by two to produce the above shear strains at yield for each steel section.
These values are beneficial when viewing the 2D and 3D strain profiles when noting plastic and
elastic deformation. While a positive or negative transverse or longitudinal strain indicates
tension or compression, it is to be noted that for all shear strain profiles produced, a positive or

negative value indicates the angular change.
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The shear reactions experienced in testing are compared to the current AISC equation
G3-1 shown in equation 4.2 below (AISC, 2022). Because the full cross-sectional strain profile
cannot be determined via DIC, the strain at the surface will be discussed but cannot be directly
compared to the above equation. This equation determines the nominal shear strength of a single-
angle leg assuming complete shear yielding of the cross-section. In addition, this expression
accounts for shear buckling, but does not apply in the discussed testing as all angles have a shear
buckling value equal to one.

Vo = 0.6F,btC,, 4.2

Where:

V,, = nominal shear strength

F,, = tensile yield stress

b = depth of the leg resisting the shear force

t = thickness of the angle leg

Cy, = web shear buckling coefficient

For clarity, the transverse and longitudinal orientations are shown in Figure 40. For a
beam/girder, longitudinal refers to the direction parallel to the beam/girder span and transverse
refers to the direction perpendicular to the span. For the column web, longitudinal refers to the

vertical direction and transverse refers to the horizontal direction when looking at the web.
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Longitudinal

Transverse

Transverse

Figure 40: Longitudinal and Transverse Directions (a) Flange and (b) Column Web

4.2 Test 1

Test 1 utilized a W24x68 girder to test the girder-to-column connections, A and B, both of
which were made of L8x4x3/4 angles with a bearing length of five inches. Using all four
available DIC cameras, images of Connection A’s girder top flange and Connection B’s girder
top flange and angle were captured for DIC analysis. Connections A and B are pictured in Figure

41 before testing; Connection B is encased in blue light due to DIC lighting.

74



Figure 41: Test 1 Before Testing (a) Connection A and (b) Connection B

Test 1 achieved a maximum force of approximately 280 kips on the test girder, equating
to a maximum shear of 140 kips at each connection, well above the connections’ factored design
strength of 78 kips. Testing was concluded due to instability of the spreader beam and girder,
caused by lateral torsional buckling (LTB) and local buckling of the web and flange near the
loading points; CLT stiffeners had not been utilized adjacent to the steel stiffeners. The plasticly-
deformed girder and rotated spreader beam are shown in Figure 42. A relative rotation of 0.019
radians was achieved for Connection A and a relative rotation of 0.016 radians for Connection B;
it is noted that these are not the absolute maximum rotations achieved for these connections as
another round of testing was performed that resulted in connection failure; that subsequent test is

not discussed in length in this thesis.
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Buckling

Figure 42: Test 1 Deformed Girder (a) Spreader Beam Instability due to LTB of Girder
and (b) Local Buckling of Flange and Web Near Loading Points

While little noticeable visual plastic deformation occurred in Connections A and B during
testing, as shown in Figure 43, surface strains determined via DIC shine a light on the behavior

of each connection.

Figure 43: Test 1 After Testing (a) Connection A and (b) Connection B
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4.2.1 Connection A

To investigate Connection A’s top flange, an approximate area of 117 square inches (13
inches longitudinally by the width of the girder top flange) was prepared closest to the column
face. Upon completion of the test, the captured images of Connection A were analyzed in VIC-
2D. It is noted that due to the attached strain gauges on Connection A’s top flange obstructing the
camera’s view of the underlying steel, the associated wires and tape were excluded from the
defined AOI in the VIC-2D analysis. This area is seen in the middle and lower portions of the
flange and remains white with black speckling in all progression images. Steel strain cannot be
concluded in these areas and should be understood when looking at Connection A top flange
figures. Also, due to out-of-plane movement during testing and monocular vision of the DIC
system (see Chapter 2 for further explanation), a clear compression bias has formed beyond the
bearing length of the angles as the girder moved away from the sensor. While this area towards
midspan is not suitable for conclusive evidence about strain magnitude, the flange area bearing
on the angles stayed in relative original planar view, producing reliable data.

Figure 44 visualizes the girder’s strain field progression, in microstrain units, with (a)
Von Mises strains (gv), (b) transverse strains (&xx), and (c) longitudinal strains (&yy) for a

connection shear (or reaction) of 40, 60, 80, 100, and 140 kips.
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100 kips

100 kips

Figure 44: Connection A (Test 1) 2D DIC Flange Deformation Progression (a) Von Mises
Strain (ev) (b) Transverse Strain (exx) — Engineering, and (c) Longitudinal Strain (gyy) —

Engineering
Figure 44 is oriented in such a way that the midspan of the girder is in the upper direction
of the progression photo and the stub column/connection angles are in the lower portion of the
photo. Shown by both Von Mises and transverse strains, a wide initial yield line begins to form
on the centerline of the flange closest to the face of the column, in the region unsupported by the
connection angles at a shear of 40 kips. It then gradually moves towards the midspan of the

beam, eventually passing the transverse edge of the angles. Further insight and according to
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Figure 44 (b), the region between these initial yield lines is in compression. Though the
magnitude of these yield lines cannot be concluded beyond the bearing length, the flaking of the
speckle pattern, due to the deformation of the underlying steel, suggests that they extend
approximately 2.5 inches beyond the supported region. This observation is further shown in
Figure 45 in which the end of the bearing length and continuation of the yield lines (seen via
flaking of paint) are noted. At a shear of 100 kips, a secondary set of yield lines are seen forming
along the interior angle edges. Initially, the area at the left-hand angle edge farthest from the
column exhibits yielding, followed by complete yielding over both angle’s interior edges at the
maximum shear. These secondary yield lines encase an area of tension as the flange bends about
the interior edge of each angle.

Referencing Figure 44 (c), longitudinal strains are seen forming at the location of the
transverse edge of the underlying angle at a shear of 100 kips, this is the same time in which
transverse yield lines begin to show plastic deformation about the interior angle edge; this region
has reached complete yield at the maximum shear of 140 kips. This late yield line formation
about the transverse angle edge encases an area of tension and suggests greater in-plane
rotational development at higher shears as the flange begins to deform about the transverse edge
of the angle. Again, a rotation of 0.019 radians was achieved for this connection during this test
sequence. Though not visible to the human eye, the surface of this girder flange went mostly

plastic by the end of testing, as seen in the Von Mises strain progression.
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Figure 45: Connection A (Test 1) Yield Line Length According to Flaking of Paint
To further investigate the initial failure mode of flange bending about the interior
longitudinal edges of the angles, a transverse cross-sectional cut was made approximately
midway between the transverse edge of the angles and the bolt centerline at various shear forces,

as shown in Figure 46.
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Figure 46: Connection A (Test 1) DIC Flange Section Cut Transverse Strain (exx) Profile
The theoretical centerline (CL) of the flange (with the edges of the flange web noted on

each side) and the edge of the right-hand and left-hand angles (as seen from plan view with the
midspan of the girder into the plane) are noted for reference in Figure 46. Maximum tensile
strains of 0.023 and 0.014 are located approximately 0.12 in. (3 mm.) left of the left-hand angle
and 0.38 in (9.6 mm) right of the right-hand angle. From the available data, a maximum
compressive strain of 0.028 is revealed 0.34 in. (8.6 mm) left of the web edge, likely in or near
the actual fillet of this girder. Conclusively, three (likely four, had the strain gauges not been
present) plastic hinges formed across the width of the girder flange during this test. Again, due to

LTB of the girder, these results are not symmetric.

4.2.2 Connection B

The investigation of Connection B’s behavior included the analysis of the girder’s top
flange and the vertical angle leg via DIC. For the girder, an approximate area of 117 square
inches (13 inches longitudinally by the width of the girder top flange) was prepared closest to the

column face, and a rough area of 46 square inches (entire visible vertical angle face) was
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prepared for the angle. The captured images of Connection B’s top flange were analyzed in VIC-

3D and the angle was analyzed in VIC-2D.

Figure 47 displays the girder’s 2D strain field during testing, in microstrain units, with (a)
Von Mises strains (&v), (b) transverse strains (€xx), and (c¢) longitudinal strains (exx) for a
connection shear of 40, 60, 80, 100, and 140 kips. It is noted that small areas of incomplete data

seen in the lower middle portion of the flange are due to preliminary flaking of the spray paint on

top of the flange beginning at a shear of 80 kips.
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Figure 47: Connection B (Test 1) 2D DIC Flange Deformation Progression (a) Von Mises
Strain (ev), (b) Transverse Strain (exx) — Engineering, and (c) Longitudinal Strain (gyy) —

Engineering
Figure 47 is oriented in such a way that the midspan of the girder is in the upper direction
of each progression photo and the stub column/connection angles are in the lower portion of each
image. In parts (a) and (b), at a shear of 40 kips, a prominent strain field approaching yield and
indicating a region of compression is seen having formed on the longitudinal centerline of the

flange closest to the face of the column, between the regions supported by the angles. Through
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the progression, it gradually moves towards the midspan of the beam, eventually spreading out at
an angle once passing the transverse edge of the connection angles. These yield lines continued
for an approximate distance of five inches beyond the edges of the angles. According to Figure
47 (b), the region encased between these initial yield lines is in compression. As well, at a shear
of 40 kips, a strain line approaching yield and encasing an area of tension, appears along the
interior longitudinal left-hand angle edge and progresses towards midspan, branching out at an
angle similar to, but shallower, than that of the initial yield lines. Eventually, a latent yield line
like that of the previously described has fully formed along the right-hand angle’s longitudinal
interior edge at the maximum shear of 140 kips.

Starting to be revealed at a shear of 80 kips, longitudinal strains are seen encroaching the
yield limit along the transverse edges of the angles. Shown in Figure 47(c), this area is in tension
as the flange begins to deform about the transverse edge of the angles, resulting in an increase of
in-plane rotation; again, a rotation of 0.016 radians was achieved in this test. While the strains
shown are not equivalent about the longitudinal centerline of the flange, these strains could likely
be concluded as such had LTB not occurred in testing. Overall, the strain fields presented for
Connection B are comparable to Connection A in their magnitude and formation; both flange
surfaces were plastically deformed by the end of testing.

To further describe the deformations and strains that occurred in Connection B, Table 7
(noted in units of microstrain) visualizes the flange in a 3D space in which the displacement in
the z-direction is amplified by 25% compared to the X and Y axes. The Z-axis is relative to the
initial position of the flange immediately before testing (in which z equaled zero) and becomes
negative as the specimen deformed away from the camera and towards the ground. The X-axis

ranges from -4.75 in. to 4.75 in., in which 0 in. is located at the longitudinal centerline of the
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flange; a positive X-value reflects part of the flange that is to the right of the centerline and over
the right-hand angle (in reference to the plan view seen in Figure 47) and vice-versa. The Y-axis
ranges from -6.5 in. to 6.5 in., the largest value of 6.5 in. represents the part of the flange closest
to midspan, while the smallest value of -6.5 in. represents the part of the flange closest to the

stub column. Figure 48 shows a reference to orient the viewer for the 3D figures shown in Table

7.

Figure 48: Connection B 3D Reference
In addition to the results discussed for the 2D strain progression; at a maximum shear of
140 kips, the flange is shown with a shallow deformation along the longitudinal centerline
between the two connection angles. In the region in which the flange is no longer bearing on the
angles (Y-coordinates of -1.5 in. and greater), the flange is seen deforming in the negative Z-
direction with a maximum deformation of approximately 0.4 inches located at the far left-hand

side of the flange.
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Table 7: Connection B (Test 1) 3D DIC Flange Deformation Progression

Von Mises Strain (ev)

Transverse Strain (exx) -

Engineering

Longitudinal Strain (gyy) -

Engineering

Load
(Kips)

>2500 2000 1500 1000 500

22500 1500 500
I

-500 -1500  =-2500
1

40

60

80

100

140

In further investigation of the initial failure mode, a transverse cross-sectional cut, like

that of Connection A, was made approximately halfway between the transverse edge of the
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angles and the bolt centerline at the same shear reactions as previously listed. This is shown in

Figure 49.
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Figure 49: Connection B (Test 1) DIC Flange Section Cut Transverse Strain (exx) Profile
The theoretical centerline (CL) of the flange (with the edges of the flange web noted on
each side) and the edge of the right-hand and left-hand angles (as seen from plan view with the
midspan of the girder into the plane) are noted for reference in Figure 49. Two plastic hinges
developed in this flange, one of which occurred near or at the longitudinal edge of the left-hand
angle and another that occurred near the left edge of the web in the fillet zone. Specifically, an
absolute maximum tensile strain of 0.025 and maximum compressive strain of 0.03 developed
approximately 0.2 in. (5.0 mm) left of the left-hand angle and 0.22 in. (5.7 mm) left of the left
web edge, respectively. Again, these results are not symmetrical due to LTB of the girder.
Figure 50 shows the Connection B vertical angle leg strain formation, in microstrain
units, in (a) Von Mises strain (&v) and (b) shear strain (exy) for a connection shear of 40, 60, 80,
100, and 140 kips. The upper right-hand area (free end) of the angle begins to yield and extends

across the angle to the left lower corner (attached to the column), displaying a complex strain
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field and areas of plastic deformation. It is noted that a small region in both (a) and (b) at 140

kips does not display data due to lighting variances encountered during testing.
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Figure 50: Connection B (Test 1) DIC Angle Deformation Progression (a) Von Mises Strain
(ev) and (b) Shear Strain (exy) — Engineering

Utilizing equation 4.2 and the noted average yield stress for this angle section, a nominal
shear strength of approximately 195 kips would be predicted for a singular L8x4x3/4 angle and
390 kips for both connection angles. According to Figure 50 (a) and (b), the upper portion of the
angle has exceeded the predicted yield shear strain, but full failure of the angle was not reached

in this test.

4.3 Test 2
Test 2 consisted of girder-to-column connections, C and D, the former of which was
made of L8x4x3/4 angles, same as connections A and B, but with a smaller bearing length of 3.0

inches, and the latter which utilized shallower and thinner L6x4x5/16 angles with a bearing
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length of 5.0 inches (same bearing length as connections A and B). A limited weld size was
provided for Connection D and was the controlling limit state according to preliminary design. A
W24x68 girder was utilized for this test. Using all available DIC cameras, images of both
connection C and D’s girder top flange and angle legs were captured for 2D-DIC analysis.

Connections C and D are pictured in Figure 51 before testing.

a. b.

Figure 51: Test 2 Before Testing (a) Connection C and (b) Connection D
Test 2 reached a maximum force of approximately 258 kips on the test girder, equating to

a maximum shear of 129 kips at each connection. The test was immediately concluded due to a
brittle failure of the horizontal and vertical welds (of one angle) on Connection D. The
connection shear at this time was well above the design capacity of each connection. The
connections after testing are shown in Figure 52. While little plastic deformation is visibly seen
in Connection C, Connection D had plastically buckled near or at the time of weld failure. At
weld failure, Connection D reached a relative rotation of 0.01 radians and Connection C rotated
0.015 radians. While not discussed in this thesis, further testing was conducted with Connection

D and a retrofitted side to successfully fail the connection.
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Figure 52: Test 2 After Testing (a) Connection C and (b) Connection D

4.3.1 Connection C

An approximate area of 81 square inches (9.0 inches longitudinally by the width of the
girder top flange) was prepared closest to the column face to investigate Connection C’s girder
top flange. A rough area of 30 square inches (entire visible vertical angle face) was prepared for
the angle. Once Test 2 was concluded, both sets of images were analyzed in VIC-2D.

Figure 53 exhibits the girder’s yield line formation, in units of microstrain, with (a) Von
Mises strains (ev) and (b) transverse strains (exx) for a connection shear (or reaction) of 25, 30, 35,
40, and 125 kips. Figure 53 is oriented in such a way that the midspan of the girder is in the upper
direction of the progression photo and the stub column/connection angles are in the lower portion

of the photo.
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Figure 53: Connection C (Test 2) DIC Flange Deformation Progression (a) Von Mises

Strain (ev) and (b) Transverse Strain (exx) — Engineering

In both strain tensors at a shear of 25 kips, large areas of yielding (in compression) are seen
beginning to form on the longitudinal centerline of the flange closest to the face of the column and
gradually move towards the midspan of the beam, like that of previously discussed girders. Also,
at the maximum shear of 125 kips, tensile yield lines are prominent along the interior longitudinal
edges of the angles, corresponding to the observations shown in previous connections. At the
conclusion of this test, the flange surface had completely yielded, as shown in the Von Mises strain
progression.

Longitudinal strains (eyy) were not included in this figure due to insignificant data
observed, likely due to the placement of the strain gauges in areas where large magnitudes of
longitudinal strain would likely have occurred. These areas where the strain gauges were located

were covered with tape and excluded from the defined area of interest in the VIC-2D analysis.
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This area is seen in the middle and lower portions of the flange and remains white with black
speckling in all progression images.

Like that of Connection A, the area of the flange beyond the bearing length (towards
midspan) cannot be referenced to provide any reliable data because of the girder’s movement away
from the visual sensor; as discussed in Chapter 2, a singular camera cannot interpret this out-of-
plane movement properly and perceives it as compression, creating a compression bias in this
region. Though this area towards midspan is not suitable for conclusive evidence pertaining to
strain magnitudes and exact yield line progression distance, the flaking of paint shown (at the
maximum shear) beyond the bearing length provides insight into the probable length of the yield
lines. As the underlying steel surface deformed, the spray paint began to flake off, revealing the
extent of the yield lines. Through this inference, it can be concluded that the yield lines extended
approximately three to four inches beyond the bearing length of three inches.

To further investigate the transverse strain observed in Connection C’s girder top flange,
a transverse cross-sectional cut was made approximately midway between the transverse edge of

the angles and the bolt centerline at various shear forces, as shown in Figure 54.
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Figure 54: Connection C (Test 2) DIC Flange Section Cut Transverse Strain (exx) Profile

The theoretical centerline (CL) of the flange (with the edges of the flange web shown on
each side) and the edge of the right-hand and left-hand angles (as seen from plan view with the
midspan of the girder into the plane) are noted for reference in Figure 54. While large portions of
strain data are not visible due to the strain gauges, two plastic hinges are apparent near the
longitudinal edges of the angles; another plastic hinge is found near the web edge, likely in the
fillet zone. Precisely, two tensile strains of 0.04 and 0.038, at a connection shear of 125 kips, are
located approximately 0.47 in. (12 mm) and 0.18 in. (4.6 mm) to the right and left of their
respective angle’s edge. A maximum compressive strain of 0.02 is located approximately 0.79 in.
(20 mm) left of the right-hand web edge.

In Figure 55, the strain field formation of Connection C’s vertical angle leg, in
microstrain units, is shown in (a) Von Mises strain (€v) and (b) shear strain (exy) for a connection

shear of 25, 30, 35, 40, and maximum of 125 kips.
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Figure 55: Connection C (Test 2) DIC Angle Deformation Progression (a) Von Mises Strain
(ev) and (b) Shear Strain (exy) — Engineering

As the angle is stocky compared to its bearing length, the lower left-hand area (fixed to
the column) of the angle does not show signs of surface yielding until a connection shear of 125
kips is reached. This area extends diagonally across the angle to the upper right-hand corner (free
end), resulting in small amounts of plastic deformation. Like that of Connection B, a large
nominal shear strength of approximately 195 kips would be predicted for a singular L8x4x3/4
angle and 390 kips for both connection angles, according to equation 4.2. As displayed in Figure
55 (b) and ignoring stress concentrations near the weld, a majority of the angle remains
approximately equal to the yield prediction. However, complete angle failure of this connection

was no observed.

94



4.3.2 Connection D

Identical to the analysis of Connection C, Connection D’s behavior was investigated via
2D-DIC of both the girder’s top flange and the vertical angle leg. For the girder, an approximate
area of 126 square inches (14 inches longitudinally by the width of the girder top flange) was
prepared closest to the column face; a rough area of 34 square inches (entire visible vertical
angle) was prepared for the angle.

Figure 56 displays the girder’s strain formation, in units of microstrain, with (a) Von
Mises strain (gv) and (b) transverse strains (exx) for a connection shear of 25, 30, 35, 40, and 125
kips. Progression photos are oriented in such a way that the midspan of the girder is in the upper
direction of each photo and the stub column/connection angles are in the lower portion of the

photo.
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Figure 56: Connection D (Test 2) DIC Flange Deformation Progression (a) Von Mises

Strain (ev) and (b) Transverse Strain (exx) — Engineering

Prominently shown at a shear of 30 kips, is a wide strain field along the longitudinal
centerline of the flange showing plastic deformation. According to Figure 56(b), this unsupported
region between the angles has yielded in compression. While this initial yield line is akin to
previously discussed connections, the exclusion of yield lines along the interior longitudinal
edges of the angles proves contrary to those seen in previous connections that utilized stiffer
angles. Longitudinal strain (eyy) formation was not included in this figure due to little beneficial
data in terms of connection behavior due to the location of the strain gauges.

Similar to connections A and C, conclusive strain magnitudes beyond the edges of the
angles cannot be determined due to out-of-plane movement of the area beyond the bearing

length. The monocular vision of the 2D-DIC system cannot capture this movement so a clear
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compression bias was formed and is evident throughout progression images. While this area
towards midspan is not suitable for conclusive evidence pertaining to strain magnitude, the
flaking of the speckle pattern, shown at the maximum shear, can provide insight into the length
and progression of the yield lines. Due to yielding at the steel’s surface, the paint flakes off,
revealing areas of deformation. With this deduction, it can be assumed that the yield lines extend
approximately three to four inches beyond the bearing length of five inches.

In further investigation of the discussed primary failure mode, a transverse cross-
sectional cut of Connection D’s girder top flange is presented in Figure 57. The cut was made
approximately halfway between the transverse edge of the angles and the bolt centerline at
various shear forces. The theoretical centerline (CL) of the flange (with the edges of the flange
web noted on each side) and the edge of the right-hand and left-hand angles (as seen from plan
view with the midspan of the girder into the plane) are shown. Unlike that seen previously in
stiffer deeper connections, very little tensile strain is observed. The maximum compressive strain

provided is 0.01 and is located 19 mm (0.75 in.) left of the web edge. If flaking had not occurred
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at the centerline late in testing, perhaps a compressive strain of greater magnitude would have

been revealed closer to the web, similar to that seen in previous connections.
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Figure 57: Connection D (Test 2) DIC Flange Section Cut Transverse Strain (exx) Profile
The strain field formation of Connection D’s vertical angle leg is shown, in microstrain

units, in Figure 58 (a) Von Mises strain (gy) and (b) shear strain (exy) for a connection shear of 25,
30, 35, 40, and maximum of 125 kips. The upper right-hand area (attached to the column) of the
angle begins to yield and extends along and down the angle to the lower right-hand corner (fixed
end). As would be expected, the highest shear strain occurred closest to the column face and
actual connection interface. At the highest shear, a majority of the angle has yielded according to
the Von Mises strain. It is noted that this angle’s weld did not fail but experienced buckling at the

time of its counterpart’s weld failure.
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Figure 58: Connection D (Test 2) DIC Angle Deformation Progression (a) Von Mises Strain
(ev) and (b) Shear Strain (exy) — Engineering

A nominal shear strength of approximately 65 kips would be predicted for a singular
L6x4x5/16 angle and a total nominal shear strength of 130 kips for both connection angles,
according to equation 4.2. According to Figure 50 (a) and (b), the upper portion of the angle has
exceeded the predicted yield shear strain. From the surface strains shown and the knowledge that
angle buckling occurred at the end of testing (though it is unknown if buckling of the angle
occurred before or after weld failure), the current AISC shear strength can be considered

reasonable in determination of the nominal strength for this angle.

4.4 Test 3

Test 3 served as the benchmark test to compare a typical industry shear tab and a
proposed drop-in connection of similar capacity (based on preliminary design). It consisted of
connections E and F, utilizing a connecting W24x68 girder. Connection E was composed of
L8x4x1/2 angles (same geometry but % inch thinner than connections A, B, and C) and a bearing

length of 5.0 inches. Connection F was a conventional shear tab with a plate size of 3/8x5x12.5
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and four 1.0 in. bolts. All four available cameras were used to capture Connection E’s vertical leg
angle and girder top flange, as well as the Connection F shear tab. Connections E and F are

presented in Figure 59 before testing.

Figure 59: Test 3 Before Testing (a) Connection E and (b) Connection F
To reduce the likelihood of LTB of the girder occurring during testing, the lateral

supports were shimmed to a maximum of % in. away from the flange, compared to the
previously established 2 in. Test 3 achieved a maximum force of approximately 299 kips on the
test girder, equating to a maximum shear of 149.5 kips at each connection, almost double the
designed shear capacity of 78 kips. The test was concluded due to instability of the spreader
beam, like that seen in Test 1. Connection E achieved a relative rotation of 0.027 radians and the
shear tab, Connection F, rotated a comparable 0.030 radians. The connections after testing are
shown in Figure 60. The girder web or flange at each connection is seen almost touching the
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column face, further showing the rotation experienced during this test. Though not discussed in
this thesis, further testing of these connections was performed and resulted in greater rotations at

failure.

Figure 60: Test 3 After Testing (a) Connection E and (b) Connection F

4.4.1 Connection E

To capture Connection E’s behavior, an approximate area of 126 square inches (14 inches
longitudinally by width of the girder top flange) of the girder top flange was prepared closest to
the column face. As well, a rough area of 46 square inches (entire visible vertical angle face) was
prepared for the angle.

Figure 61 shows the progression of the girder’s strain field, in microstrain units, with (a)
Von Mises strains (&), (b) transverse strains (&xx), and (c) longitudinal strains (gyy) for a
connection shear of 40, 60, 80, 100, and 145 kips. The photos below are oriented in such a way
that the midspan of the girder is in the upper direction and the stub column/connection angles are

in the lower portion of the photo. It is noted that due to a glare created by excessive lighting,
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Connection E’s top flange DIC results display a small area of incomplete data. This area is seen
in the upper left-hand portion of the flange in all progression images and should be noted when
viewing the following figures.
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Figure 61: Connection E (Test 3) 2D DIC Flange Deformation Progression (a) Von Mises
Strain (ev), (b) Transverse Strain (exx) — Engineering, and (c) Longitudinal Strain (gyy) —

Engineering
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Referring to parts (a) and (b), initial yield lines are observed forming at the intersection
between the longitudinal centerline of the flange and the transverse edge of the angles, spreading
towards the column face and midspan of the beam. The starting location of transverse yielding is
contrary to previous connection flanges in which the transverse yield lines began closest to the
column face, nevertheless, the yield line eventually progresses towards the face of the column
and midspan in a manner most like Connection B. As well, this distance beyond the bearing
length is approximately four to five inches, comparable to that confirmed by DIC for Connection
B which utilized an identical bearing length of five inches. Most clearly seen in Figure 61(b),
secondary yield lines begin to form on the interior corners of the connection angles at a shear of
80 kips, continuing along the longitudinal interior edge of the angle towards the column and past
the angle’s transverse edge towards midspan. Once again, the starting point of these secondary
yield lines is akin to those observed in Connection A, but variant to connections B and C.
However, the final formation along the interior longitudinal edge of the angles is rather identical
for all those (besides Connection D that did not experience tensile yielding) previously
discussed. The region between the initial yield lines is in compression and the secondary yield
lines encase an area in tension.

While visible in all progressive shear forces, the longitudinal strains are seen approaching
the yield limit at 80 kips along the transverse edge of the angles. Referencing Figure 61(c), this
area is in tension; these yield lines continue along the transverse angle edge creating a plastic
hinge in which the flange rotates about. Again, a rotation of 0.027 radians was achieved during
this test, likely of which occurred due to the yielding and subsequent loss of stiffness at the end
of the bearing length. A secondary set of yield lines past the bearing length and away from the

connection are also seen forming at a shear of 145 kips and encase an area of compression. In
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total, four transverse and two longitudinal plastic hinges appeared to have formed during this
test.

To adequately capture Connection E’s behavior, Table 8, noted in units of microstrain,
reveals the flange’s strains and deformations in a 3D space in which the displacement in the z-
direction is exaggerated by 25% comparative to the X and Y axes. The Z-axis is relative to the
initial position of the flange immediately before testing (z equal to 0) and becomes negative as
the specimen moves further from the camera. The X-axis ranges from -4.75 in. to 4.75 in., in
which 0 in. is located at the longitudinal centerline of the flange; a positive X-value reflects part
of the flange that is to the right of the centerline and over the right-hand angle (in reference to the
plan view seen in Figure 61) and vice-versa. The Y-axis ranges from -7 in. to 7 in., the largest
value of 7 in. represents the part of the flange closest to midspan, while the smallest value of -7
in. represents the part of the flange closest to the stub column/connection angles. A reference

image is shown in Figure 62 to orient the viewer properly.

Figure 62: Connection E 3D Reference
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Supplementary to the results discussed for the previously shown strain progression; at a
maximum shear of 140 kips, the flange is seen greatly deformed in the Z-direction with the
greatest deformation located at the end closest to midspan. This maximum deformation of
approximately 0.25 inches is likely exaggerated due to the hinging of the flange about the
transverse angle edges. As well, the small deformation in the area between the longitudinal angle
edges is seen due to the multiple hinges formed about the interior longitudinal edge of each

angle.
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Table 8: Connection E (Test 3) 3D DIC Flange Deformation Progression

Von Mises Strain (ev)

Transverse Strain (exx) -

Engineering

Longitudinal Strain (gyy) -

Engineering

Load
(Kips)

>2500 2000 1500 1000 500

22500 1500 500
I

-500 -1500  =-2500
1

40

60

80

100

140
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For further analysis of the initial failure mode of transverse bending, a transverse cross-
sectional cut of Connection E’s girder top flange made approximately midway between the
transverse edge of the connection angles and the bolt centerline at various shear forces is shown

in Figure 63.
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Figure 63: Connection E (Test 3) DIC Flange Section Cut Transverse Strain (exx) Profile
The theoretical centerline (CL) of the flange (with the edges of the flange web noted on

each side) and the edge of the right-hand and left-hand angles (as seen from plan view with the
midspan of the girder into the plane) are noted for reference in Figure 63. Analogous to
previously discussed cross-sectional plots, two maximum tensile strains are located near the
longitudinal interior edges of each angle and two compressive strains are found close to the
beam’s web, likely in the fillet zone. Specifically occurring at a connection shear of 145 kips,
two tensile strains of 0.01 formed approximately 0.38 in. (9.7 mm) left of the left-hand angle
edge and 0.14 in. (3.5 mm) left of the right-hand angle edge. As well, compressive strains of a

greater magnitude, 0.02 and 0.015, are located approximately 0.31 in. (8 mm) left of the web

107



edge and 0.05 in. (1.5 mm) right of the web edge, respectively. The shift to the left for the right-
hand side is likely due to instability of the spreader beam.

Figure 64 shows the Connection E vertical angle leg strain formation in (a) Von Mises

strain (ev) and (b) shear strain (exy) for a connection shear of 40, 60, 80, 100, and 145 kips.
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Figure 64: Connection E (Test 3) DIC Angle Deformation Progression (a) Von Mises Strain
(ev) and (b) Shear Strain (exy) — Engineering

Most prominently seen starting at a shear of 80 kips in Figure 64(a), the lower right-hand
area (fixed to the column) of the angle begins to yield and extends diagonally across to the upper
left-hand corner (free end) of the angle. This pattern is similar to the strain field progression seen
in Connection C where yielding begins closest to the fixed end and propagates out at an angle
towards the free end. Shown in Figure 64 (a) and (b), a large majority of the angle has reached or
exceeded the predicted yield shear strain. Utilizing equation 4.2 with the noted average yield

stress for this angle, a nominal shear strength of approximately 135 kips would be predicted for a
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singular L8x4x3/4 angle and a nominal strength of 270 kips for both connection angles. This
prediction cannot be confirmed or denied for this angle as testing did not display an angle failure

mode.

4.4.2 Connection F

The entire visible steel plate face (approximately 58 square inches) of Connection F was
prepared for 2D-DIC analysis. Figure 65 displays the Connection F shear tab strain development
in (a) Von Mises strain (€v) and (b) shear strain (&xy) for a connection shear of 40, 60, 80, 100,

and a maximum of 145 kips.
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Figure 65: Connection F (Test 3) DIC Shear Tab Deformation Progression (a) Von Mises
Strain (gv) and (b) Shear Strain (exy) — Engineering
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It is observed that the area between the bolt and weld line (left-hand side) uniformly
yielded in shear through the progression of the test. This failure of the plate was not surprising as
it has been observed in testing of shear plates for many years (Astaneh et al., 1989). It can be
assumed that the yielding shown greatly contributed to the achieved rotation of 0.03 radians

during this test.

4.5 Test 4

Test 4 was comprised of two girder-to-column connections, Connections G and H,
utilizing a smaller W16x36 girder. Connection G was composed of L6x4x5/16 angles with a
bearing length of three inches, like that of Connection D but with a shorter bearing length.
Connection H consisted of L4x3x1/2 angles that were oriented with the vertical leg closest to the
exterior of the column (flipped or mirrored compared to all other connections described in this
thesis) and featured a bearing length of three inches. These connections, unlike the previously
discussed, were designed for a lower factored shear of 52 kips. Pertaining to DIC, Connection G
and H angles were captured in 2D with one camera allocated to each, and Connection H girder
top flange was captured in 3D, as significant out-of-plane deformation was expected, utilizing

the two remaining cameras.
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Figure 66: Test 4 Before Testing (a) Connection G and (b) Connection H

Test 4 attained a maximum load of 113.5 kips on the girder, with a connection shear of
56.75 kips. Testing concluded after design shear was reached due to significant deformation of
the flange and horizontal angle legs of Connection H, as shown in Figure 67. Relative rotations
0f 0.018 and 0.01 radians were achieved for Connection G and Connection H, respectively.

Though not discussed in this thesis, Connection G was later retested to failure with a retrofitted

opposing end.
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Figure 67: Test 4 After Testing (a) Connection G and (b) Connection H

4.5.1 Connection G

An approximate area of 22 square inches (entire visible vertical angle face) was prepared
to evaluate the Connection G angle. Figure 68 visualizes the Connection G vertical angle leg
strain formation in (a) Von Mises strain (ev) and (b) shear strain (exy) for a connection shear of
25, 30, 35, 40, and 55 kips. Akin to connections C and E, strain fields begin to appear at the
lower right-hand area (attached to the column) and upper left-hand area (free end) of the angle.
This test sequence shows areas of plastic deformation at the surface, but further strength was
achievable. Again, a successive test, not discussed in this thesis, was performed on this

connection to evaluate behavior at failure.
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Figure 68: Connection G (Test 4) DIC Angle Deformation Progression (a) Von Mises Strain
(ev) and (b) Shear Strain (exy) — Engineering

Like that seen in connections C and E, the strain field is most prominently seen in the top
right-hand portion nearest to the column face (fixed-end). According to Figure 68 (b), this
portion has exceeded the predicted yield shear strain. Utilizing equation 4.2 with the noted
average yield stress for this angle section, a nominal shear strength of approximately 65 kips
would be predicted for a singular angle and a nominal strength of 130 kips for both connection
angles. This angle did not fail during testing and therefore the ultimate capacity of the angle

alone cannot be determined.
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4.5.2 Connection H

For Connection H, an approximate area of 63 square inches (9 inches longitudinally by
the width of the girder top flange) was prepared closest to the column face for the girder top
flange and a rough area of 15 square inches (entire visible vertical angle face) was prepared for
the angle. Figure 69 shows the girder’s strain formation, in microstrain units, with (a) Von Mises
strain (&v), (b) transverse strains (&xx), and (c) longitudinal strains (gyy) for a connection shear of

25, 30, 35, 40, and 55 kips.
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Figure 69: Connection H (Test 4) 2D-DIC Flange Deformation Progression (a) Von Mises
Strain (gv), (b) Transverse Strain (exx) — Engineering, and (c) Longitudinal Strain (gyy) —

Engineering
In Figure 69 (a) and (b) at a low shear of 25 kips, the area closest to the column face and
unsupported by the angles begins to show a significant compressive strain field indicating plastic
deformation, similar to the starting location of yielding shown in connections B and C. Akin to

the previous connections, these yield lines progress towards midspan as shear increases,
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however, in a dissimilar pattern, due to the horizontal angle leg deformation, the yield lines begin
to spread out into two distinct separate paths, eventually encasing a larger area in compression.

At a shear of 55 kips, the longitudinal yield line pattern has suddenly formed. The yield
lines closest to the exterior edges of the connection angles (nearest the stiffer vertical angle leg)
encase an area of tension in which a plastic hinge has formed, allowing for the flange to partially
rotate about the transverse edge of the angles. Instead of rotating about a stiff transverse angle
edge, the flexible horizontal angle leg deformed along with the flange and vice versa, causing
less of a rotation (0.01 radians) and more of a “sinking” vertical translation compared to
connections featured with angles that were regularly oriented.

To aid in the visualization of Connection H’s behavior and vertical movement, Table 9,
reported in units of microstrain, reveals the flange’s strains and deformations in a 3D space. The
Z-axis is relative to the initial position of the flange immediately before testing and becomes
negative as the specimen moves further from the camera. The displacement in the Z-direction is
exaggerated by 25% compared to the X and Y axes, to better identify the deformations. The X-
axis ranges from -3.75 in. to 3.75 in., in which 0 in. is located at the longitudinal centerline of the
flange; a positive X-value reflects part of the flange that is to the right of the centerline and over
the right-hand angle (in reference to the plan view seen in Figure 69) and vice-versa. The Y-axis
ranges from -4.5 in. to 4.5 in., the largest value of 4.5 in. represents the part of the flange closest
to midspan, while the smallest value of -4.5 in. represents the part of the flange closest to the

stub column/connection angles. A reference image is shown in Figure 70 to orient the viewer

properly.
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Figure 70: Connection H 3D Reference
In addition to the results discussed for the strain progression of Connection H; at a
maximum shear of 55 kips, the flange is seen greatly deformed in the negative Z-direction with
an approximate deformation of 0.7 inches located in the region closest to midspan. This
maximum deformation is due to the sandwiching of the flange about its longitudinal centerline
and vertical movement following the bending of the horizontal legs. As well, the area closest to
the stub column has a 0.2 in. deformation in the positive Z-direction as the flange edges hinged

upwards towards the stiff vertical angle legs.
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Table 9: Connection H (Test 4) 3D DIC Flange Deformation Progression

Von Mises Strain (ev)

Transverse Strain (exx) -

Engineering

Longitudinal Strain (gyy) -

Engineering

Load
(Kips)

>2500

2000 1500 1000 500

22500 1500 500

-500 -1500

<2500

25

Z (in)

0.25

-0.75
-4.5

Z (in)
0.25

-0.75
-4.5

30

35

40

55
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In further investigation of the failure mode of transverse yielding, a transverse cross-
sectional cut of Connection H’s girder top flange was made approximately at the transverse edge

of the angle and is shown in Figure 71.
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Figure 71: Connection H (Test 4) DIC Flange Section Cut Transverse Strain (exx) Profile

It is noted that the transverse cut was not made midway between the transverse edge of
the angle and the bolt line, like that in previous plots, due to large areas of unprocessed data
located around the bolts, as seen in Figure 69. The theoretical centerline of the flange (with the
edges of the flange web noted on each side) and interior edge of the right-hand and left-hand
angles (as seen from plan view with the midspan of the girder into the plane) are noted on the
figure for reference. As shown in the strain progression profile, no transverse tensile strains are
noted along the flange cross-section; this is a noticeable contrast against other angles that are
oriented differently. Specifically, large compressive strains of 0.06 and 0.05 are located
approximately 1.5 mm (0.06 in.) right of the left-hand angle’s edge and 0.6 mm (0.02 in.) right of
the right-hand angle’s edge.

In Figure 72, the Connection H vertical angle leg strain formation in (a) Von Mises strain
(ev) and (b) shear strain (&xy) for a connection shear of 25, 30, 35, 40, and maximum of 55 kips is

shown. The upper portion of the angle begins to yield before a shear of 25 kips and throughout
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Test 4, it extends towards the lower portion of the angle, eventually resulting in a majority of the
angle leg’s surface yielding at the maximum shear. This angle’s shear strain progression is in
stark contrast to all other connections, likely due to their orientation.

a.

Figure 72: Connection H (Test 4) DIC Angle Deformation Progression (a) Von Mises Strain
(ev) and (b) Shear Strain (exy) — Engineering

Utilizing equation 4.2 and the noted average yield stress for this angle section, a nominal
shear strength of approximately 66 kips would be predicted for a singular L4x3x1/2 angle and
132 kips for both connection angles. As the vertical angle leg did not fail during this test, this

strength prediction cannot be verified.

4.6 Test 5

Test 5 involved two girder-to-column connections, I and J, connected with a W24x68
girder. The former mentioned connection was L6x4x5/16 angles with a bearing length of 5.0

inches, the same as Connection D but with an improved weld pattern. The latter was made of
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L4x3x1/2 angles with a bearing length of three inches. Both connections were made relatively
small and under-designed to induce an angle failure mode prior to a flange bending failure. Also,
this test did not include lateral supports, as shown in Figure 73, to allow for the assessment of the
torsional rigidity of the connection. Using all available DIC cameras, images of both Connection
I and J’s vertical angle legs were captured for DIC analysis in 3D. Connections I and J are

pictured in Figure 74 before testing. Connection J is encased in blue light due to DIC lighting.

Figure 73: Test 5 Setup Without Lateral Supports
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Figure 74: Test 5 Before Testing (a) Connection I and (b) Connection J

Test 5 achieved a maximum load of approximately 230 kips on the girder, resulting in an
approximate connection shear of 115 kips. Relative rotations of 0.0009 and 0.006 radians were
achieved for connections I and J, respectively. The girder was loaded to its theoretical nominal
moment capacity (approximately 600 kip-ft) and held at that loading as the connections were
assessed (AISC, 2022). The load was then taken off the specimen; no lateral displacement of the

girder occurred at this loading as seen in Figure 75.
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Figure 75: Test 5 Girder at Theoretical Nominal Moment Capacity
Little to no noticeable deformations of the connections occurred at the conclusion of
testing, as seen in Figure 76. The flaking seen on top of the flanges is that of whitewash (mixture

of lime and water) that had previously been applied.
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Figure 76: Test 5 After Testing (a) Connection | and (b) Connection J

4.6.1 Connection I

For Connection I, an approximate area of 30 square inches (entire visible vertical angle
face) was prepared to evaluate the vertical angle leg. Figure 77 shows the Connection I vertical
angle leg strain formation, in microstrain units, in (a) Von Mises strain (&v) and (b) shear strain
(exy) for a connection shear of 40, 60, 80, 100, and 110 kips. Yielding is seen starting before a
shear of 40 kips, in which the upper right-hand corner (attached to the column), lower right-hand
corner (attached to the column), and upper left-hand (free end) of the angle begin to yield. Ata
shear of 60 kips, these yield lines connect, resulting in complete yielding of the upper right-hand
area at the maximum shear. As connections C and I utilize the same bearing length and angle

section, their final strain field patterns are relatively the same.
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Figure 77: Connection I (Test 5) DIC Angle Deformation Progression (a) Von Mises Strain

(ev) and (b) Shear Strain (exy) — Engineering
Utilizing equation 4.2 and the noted average yield stress for this angle section, a nominal
shear strength of approximately 65 kips would be predicted for a singular angle and 130 kips for
both connection angles. It is noted that though the angles did not fail in this test sequence, a
retrofitted test did produce failure of this angle at a shear greater than that predicted by equation

4.2.

4.6.2 Connection J

An approximate area of 15 square inches (entire visible vertical angle face) was
investigated via DIC for Connection J. Shown in Figure 78, the strain field formation of the
vertical angle leg, in units of microstrain, is visualized in (a) Von Mises strain (&y) and (b) shear
strain (exy) for a connection shear of 40, 60, 80, 100, and 110 kips. Similar to connections C and

I, the upper and lower left-hand area (attached to the column) and upper-right-hand area (free
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end) of the angle begin to yield before a shear of 40 kips. Eventually, at maximum shear, the
upper left-hand diagonal of the angle is completely yielded.

a.
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Figure 78: Connection J (Test 5) DIC Angle Deformation Progression (a) Von Mises Strain
(ev) and (b) Shear Strain (exy) — Engineering

Utilizing equation 4.2 and the noted average yield stress for this angle section, a nominal
shear strength of approximately 66 kips would be predicted for a singular L4x3x1/2 angle and
132 kips for both connection angles. Though failure of the angles did not occur in this test cycle,

later testing approximately met this strength for the angle set.

4.7 Test 6

Test 6 served as the solo evaluator of beam-column drop-in connections. The connections
were made from the remaining donated angle and beam sections. Connection K utilized
6x4x5/16 angles with a bearing length of 5.0 inches, the same geometry and bearing length as

Connection D. Connection L used L4x3x1/2 angle with a bearing length of five inches. Each
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connection was welded to one side of a W14x82 stub column web, like that which would be
utilized at the exterior beam of a building; this column featured a web thickness of 0.51 inches.
While oversized for a typical beam-to-column connection, a W24x68 section was utilized due to
immediate availability for testing. It is noted that due to the insufficient weld size provided by
the fabricator for Connection L, an additional weld was added in-house to achieve the specified
weld size.

As the failure modes of these connection angles and flanges were already well observed
in previous tests, the column web of each connection was of greatest interest. The opposing
column web of both connections was imaged for DIC analysis, utilizing all DIC cameras. It is to
be noted that Connection K was analyzed via 3D DIC utilizing two cameras. However, while
Connection L was observed in testing with two cameras, due to variations in the angle of the
cameras, it was unable to be analyzed via the VIC-3D software. Connection L was instead
processed via 2D DIC utilizing one camera’s deformed images. The beam top flange and column
web (where DIC imaging was not utilized) of each connection were covered in whitewash (a
mixture of lime and water). Yielding the underlying steel would cause the whitewash to flake off,
revealing the strain field pattern. Both connections are pictured in Figure 79 and Figure 80 before

testing. Connection K is encased in blue light due to DIC lighting.
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Figure 79: Connection K (Test 6) Before Testing (a) Column Web and (b) Connection
Flange and Angles
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Figure 80: Connection L (Test 6) Before Testing (a) Column Web, (b) Connection Flange,

and (c) Connection Angle
Test 6 achieved a maximum load of 248.5 kips on the beam, resulting in a connection
shear of 124.25 kips, well above the design load of 39 kips. Testing was concluded due to rupture
of the beam top flange in Connection L and significant deformation of the angles and column
webs. At conclusion of the test, Connection K reached a relative rotation of 0.02 radians;
Connection L did not display accurate results for the rotation achieved. Due to the importance of
viewing the regular images in accompaniment of the strain profiles, the post-testing images of

the column webs and connections are presented in their appropriate subsection.
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4.7.1 Connection K

To analyze Connection K’s column web behavior, an approximate area of 260 square
inches (24 inches longitudinally by the width of the column web) of the column web was
prepared directly behind the connection angles. Pictured in Figure 81, Connection K’s beam top
flange (in a similar fashion shown in previous testing) and column web plastically deformed
during testing. While the column web deformation is difficult to see due to the speckling pattern,
the general deformation is outlined in red in Figure 81(a); the top and bottom of the connection
angles are also referenced for the viewer. Figure 81(a) and (c¢) may be used in reference to each
other as the tape measure begins at the top of the column in each photo and allows the viewer to

orient oneself to the deformation’s location.
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Figure 81: Connection K (Test 6) After Testing (a) Column Web, (b) Connection Flange,
and (c) Connection Angles

Figure 82 shows the strain field formation for Connection K’s column web, in units of
microstrain, in (a) Von Mises strain(ey) , (b) transverse strain (€xx), and (c¢) longitudinal strain
(gyy) for a connection shear of 40, 60, 80, 100, and 120 kips. It is noted that areas of unprocessed
data in the following figure are due to lighting discrepancies during the test and steel strain in
these locations cannot be concluded via DIC. These areas are seen in the form of black and white
speckled patches along the longitudinal centerline of the column web.

In reference to Figure 82 (a), yielding is seen starting at a shear of 60 kips at the
approximate location of the bottom of the connection angle. These yield lines then spread in a
butterfly shape, eventually encasing the entire surrounding area of the connection angle at the
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maximum shear, denoting plastic deformation. As the shear increases and therefore rotation of
the connection, the tops of the angles begin to move towards the midspan of the beam, while the
bottom of the angles push into the column web. It is observed in both Figure 82(b) and (c), that
the location corresponding to the bottom of the angle is greatly increasing in tensile strain as
connection shear increases, creating a bulging area out of the plane of the web (towards the
camera/viewer). As well, the strains at the location corresponding to the top of the connection
angles are yielding in compression, resulting in a collapsed area into the plane of the web (away

from the camera/viewer).
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Figure 82: Connection K (Test 6) 2D DIC Column Web Deformation Progression (a) Von
Mises Strain (ev), (b) Transverse Strain (exx) — Engineering, and (c) Longitudinal Strain

(gyy) — Engineering

4.7.2 Connection L

An approximate area of 245 square inches (22.5 inches longitudinally by width of the

column web) of the column web was prepared directly behind the connection angles. As noted
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above, due to the monocular vision of the 2D-DIC analysis, the large deformations in the column
web created compression and tension biases leading to unreliable magnitudes of strain. However,
the formation of the strain fields shown may be considered reliable due to small amounts of
deformation at lower connection shears.

As shown in Figure 83(b), Connection L’s beam top flange plastically deformed in a
similar manner experienced in previous testing; however, the top flange fractured unlike in
previous tests. As well, the connection angles buckled as seen in Figure 83(b). Like the
deformations shown in Connection K, the column web drastically deformed during testing. The
general deformation is outlined in red in Figure 81(a) and the top and bottom of the connection
angles are referenced. Figure 81(a) and (c) may be used in reference to each other as the tape
measure begins at the top of the column and allows the viewer to orient oneself to the

deformation’s location.
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Figure 83: Connection L (Test 6) After Testing (a) Column Web, (b) Connection Flange,

and (c) Connection Angles

Figure 82 visualizes the strain field progression for Connection L’s column web, in units
of microstrain, in (a) Von Mises strain (gy), (b) transverse strain (exx), and (c¢) longitudinal strain
(gyy) for a connection shear of 40, 60, 80, 100, and 120 kips. Referring to Figure 84(a), yielding
begins before a shear of 40 kips at the approximate location of where the column web and top of
the angle are connected. This onset of yielding occurs at a lower shear than that of Connection K.
These yield lines then begin to spread around the angle until the entire web surface has yielded at
the maximum shear. Figure 84(b) and (c) show large portions of the column web being in
compression, leading to a collapse of the web into the plane (away from the camera/viewer).

However, the location corresponding to the bottom of the angle is in tension, creating an out-of-
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plane bulging (towards the camera/viewer) area. It is to be noted that this region is much smaller
in area than that of Connection L but is significantly more pronounced.
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Figure 84: Connection L (Test 6) 2D DIC Column Web Deformation Progression (a) Von
Mises Strain (ev), (b) Transverse Strain (exx) — Engineering, and (c) Longitudinal Strain

(gyy) — Engineering
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4.8 Discussion and Comparison

A total of six full-scale tests (five girder-to-column and one beam-to-column) were
performed to evaluate 11 drop-in connections and one shear tab connection. Two realistic
girder/beam sections, four varying angle sections, two angle orientations, and two bearing
lengths were utilized. All tests assessed the girder/beam top flange, vertical angle leg, and/or the
column web in varying capacities with DIC, allowing for analysis of the strain fields produced in
the loading of these connections. The primary failure mode in these tests was transverse flange
bending, with a secondary failure mode of longitudinal flange bending at levels of high shear.
Angle shear and angle buckling occurred in some of the tests but occurred after the onset of
yielding in the flange. For beam-to-column connections, plastic deformation of the column web

was also a subsequent failure mode.

4.8.1 Behavior of Girder/Beam Top Flange

A comparison was performed for all the girder/beam top flanges evaluated with DIC. One
of the first findings was that transverse yielding of the top girder/beam flange was observed
before yielding in the other elements in all tests. Another finding was with regard to a
mirrored/flipped orientation of the connection angles (utilized in Connection H). This orientation
decreased the shear capacity of the overall connection and induced transverse yielding at lower
shears compared to non-mirrored/flipped connections. Significant plastic deformation was
observed in the flange. Therefore, this orientation of the connection angles is not recommended
for implementation in the field due to its low capacity and inability to achieve a sufficient
rotation of 0.03 radians.

Figure 85 presents all girder top flanges (that were analyzed with DIC) for connections

with the original (non-mirrored/flipped) orientation of angles at the maximum shear experienced
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during testing. The connection and maximum connection shear experienced are referenced at the
top left corner of each image. All displayed flanges prominently featured a large region of plastic
deformation due to yielding in compression at the centerline of the flange above the web and
fillet zone. As well, all (except for Connection D) showed distinct areas of tension at (or within a
negligible distance from) the interior longitudinal edge of each connection angle. The connection
angle sizes or bearing lengths of these connections did not significantly influence the location of
the transverse yield lines. However, the distance of the primary yield line (encasing an area of
compression) beyond the bearing length varied across the connections. If an area of tensile
yielding occurred (as in all besides Connection D), it extended just beyond the bearing length of

the flange.

A 140 it i B: 140 kips C: 125 kips [

Figure 85: Transverse Yield Lines on Girder Top Flanges at Maximum Shear

Figure 86 presents the maximum transverse compressions (shown in red) and maximum
transverse tensions (shown in green), for all Connections A through E. All strains were taken at a
cross-sectional cut midway between the transverse bolt centerline and the transverse edge of the
angles. The upper bound AISC maximum fillet (k; minus half the thickness of the web) and
measured fillet for the W24x68 girder are noted. Figure 87 shows how the actual ki zone of 0.65

inches was determined by dividing a fillet edge-to-edge distance of 1.3 inches by two on a
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W24x68 girder. The angles in the figure are placed at the AISC k; value, as was done in full-scale

testing.
E E E E
D
C C C
A A cL A
B | W24x68
Left-Hand / Right-Hand
Angle miic"hjl:.x. Measured Angle
¢ Fillet
Max. Tension

Max. Compression

Figure 86: Max. Tension and Compression Maximum Strains on Girder Top Flange

Figure 87: Measured Fillet Size (edge-to-edge) of W24x68 Girder
According to Figure 86, it can be concluded that for this array of flange and angle

geometries, the maximum transverse tensile strains for a given connection will be located at or
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near the interior longitudinal edge of the vertical angle leg (given that the angle is sufficiently
stiff compared to the flange). With this assumption, a designer would have direct knowledge of
the probable location of this tensile strain upon determining the angles’ placement relative to the
girder/beam centerline.

The location of the maximum transverse compression strain is variable according to the
actual size of the girder’s fillet, as it is likely to occur near the edge of the fillet due to its smaller
size. A smaller fillet would likely cause the maximum compression strain to be closer to the
centerline of the girder, and therefore, further from the maximum tension (and vice versa). As
well, due to the variance in fillet size on each side of the girder web, this location may slightly
differ on each side of the flange’s centerline. Table 10 lists the distances measured between the

maximum transverse tension and compression strains, as shown in Figure 86.

Table 10: Distances Between Maximum Tension and Compression Strain in the Top Flange

Distance Between Max. Percentage of
Connection Tension and Max. Listed AISC K1

Compression Value
1.05in. 73%
B 1.24 in. 86%
0.72'in. 50%
1.22in. 85%
: 1.04 in. 72%
Average 73%

A significant finding from the study was the distance between the maximum transverse
tension and compression ranged from approximately 50 percent to 86 percent of the listed k; for

the tested W24x68 girders. An approximate value of 75 percent of the listed ki is recommended
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when doing yield line analysis for the design of drop-in connections similar to those tested. Note
that this value was utilized in the AISC study (Drop-In Top Flange Connection), where yield line
analysis was performed to develop a flange bending design equation.

The longitudinal yield lines at maximum shear for all connections featuring non-
mirrored/flipped angles with applicable DIC results are shown in Figure 88. Longitudinal
yielding of the girder top flange was observed at levels of high shear and was the secondary
mode of failure for the flange, after transverse yielding. In all shown flanges, plastic hinges
extend across the flange area directly above the transverse edge of the connection angles,
allowing for a ductile failure in which rotation would disproportionately increase at levels of

high shear, compared to rotation noted at levels of low shear.
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Figure 88: Longitudinal Yield Lines on Girder Top Flanges at Maximum Connection

Shear

4.8.2 Behavior of Connection Angles

A comparison was performed for all connection angles evaluated with DIC. One of the
first findings was that while plastic deformation of the connection angles’ surface did occur in

testing, it was not the first element to go into the plastic range. However, the angles were tested
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to failure in several of the cases. Also, note that the connection angles for the beam-to-column
cases were not analyzed via DIC (due to the column flanges obstructing the view of a potential
DIC camera). For these tests, the angles plastically deformed more than other tests discussed,
excluding Connection C which experienced angle buckling.

Another finding was that the orientation of the connection angles greatly impacted the
overall capacity of the connection. Mirrored/flipped orientation of the connection angles (utilized
in Connection H) initiated yielding and vertical displacement of the weaker horizontal angle leg,
resulting in significant plastic deformation in the girder flange at lower shears. Again, this
orientation of the connection angles is not recommended for utilization in the field due to the
decrease in capacity and inadequate rotation needed for a simple connection. For all properly
oriented angles, the shear strain profile extended (at an angle) from the lowest portion of the
fixed region where the weld was located to the free end. All angles experienced some magnitude
of plastic deformation at the surface. As would be assumed, a stockier angle with a greater
vertical leg length to bearing length ratio (VL/BL) experienced lower amounts of plastic
deformation at similar shears than an angle with a lower VL/BL ratio.

Though DIC cannot definitively determine the shear strain throughout the cross-section
of the vertical angle leg, by comparing the current AISC Specification (2022) shear strength
equation for a single-angle leg to the observed capacities, the AISC expression provided
reasonable results for the cases where the angles were loaded to near failure. As is suggested by
the current equation and observed in testing (connections C and E), a thicker angle and therefore
a greater shear area will not experience the onset of yielding as early as a thinner angle. The
angles tested varied the bearing length, vertical leg length, and vertical leg thickness. However,

in all cases, the aspect ratio VL/BL was such that negligible flexural demand was applied.
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4.8.3 Behavior of Column Web in Beam-to-Column Connections

A comparison was performed for the two columns webs evaluated with DIC. This was
not the main focus of the study but was included for completeness. One observation was that
significant plastic deformation of the web in a “one-sided” beam-to-column connection occurred
at high connection shear and must be considered in the design, especially when the web is thin.
Because the tested connections were loaded on one side of the web, it is possible that a column
web that features connections on both sides will not undergo the plastic deformation seen in
testing.

In general, both column webs experienced the following pattern of plastic deformation:
collapse of the web that occurred at the location of the top of the connection angles as they were
pulled towards midspan along with the beam’s compression flange via the bolted connection;
bulging of the web that occurred at the bottom of the connection angles as they rotated away
from the beam’s midspan. Further yield line analysis, like that proposed in Ellifritt and Sputo’s
1999 study for stiffened seated connections to column webs would be beneficial to properly

equate the web’s strength for a beam-to-column connection (Ellifritt & Sputo, 1999).
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Chapter 5: Summary, Conclusions, and Recommendations
5.1 Summary

The primary objective of this research was to aid in the development of a
simplified design process for the implementation of a steel drop-in shear connection in
the residential and commercial steel frame sectors. Contributions to this objective include
the following:

¢ identification of geometric limitations and a standardized process to be considered for
proper fit-up in the field

e discussion of plastic deformations shown in the testing of the girder top flange and
vertical angle leg

¢ vyield line locations of the girder top flange for use in yield line analysis and eventual
flange bending design equation

e discussion of shear strain experienced at the surface of the vertical angle leg during
testing

e comparison of the connection shear experienced by the angle to the calculated nominal
shear strength provided by the current AISC Specification

e discussion of the plastic deformation in a column web due to a drop-in beam-to-column
connection.

Prior to testing, current industry connections, practices, and geometric constraints were
assessed and considered. A testing matrix and setup were then created to properly assess multiple
girder-to-column connections and two beam-to-column connections utilizing Digital Image
Correlation (DIC). Full-scale testing was performed on 12 separate connections, 11 of which

were drop-in connections. Two wide-flange sections, W24x68 and W16x36, were utilized to
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connect the opposing connections. In total, for a girder-to-column connection, six girder top
flange sections, eight drop-in connection vertical angles, and one shear tab were assessed via
DIC. Four angle sections and two bearing lengths were utilized for the formation of the
connections. For a smaller beam-to-column connection, two W14X82 column webs were

assessed via DIC.

5.2 Conclusions and Recommendations

Through preliminary recommendations made by the industry panel and consideration of
current practices in both the fabrication and erection process, the following conclusions were
determined regarding the geometric design of the drop-in connection.

e Geometric compatibility must be considered before strength design to ensure proper fit-
up when utilized in the field. A standard preliminary geometry check is presented in
Chapter 3. The following will determine the geometric compatibility of this connection
and should be considered:

o bolt size, bolt-hole dimensions, required edge distance, and entering and
tightening clearance

o beam flange width, top flange fillet size, allowable encroachment of the
connection angles into the top flange fillet zone

o length of horizontal angle leg and angle fillet size

o fabrication machinery

e A beam with a relatively small flange width (less than six inches) will produce few, if
any, possible bolt and angle combinations that satisfy geometric constraints. However, a
majority of girders/beams regularly used in the residential and commercial building

sector have proven geometrically compatible for the utilization of drop-in connections.
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It is recommended that the geometric constraints in regard to common fabrication
machinery be further investigated to allow for automatic hole-punching in a full-scale

utilization of this connection, rather than hand drilling each angle.

Several conclusions and recommendations for girder-to-column drop-in connections were

determined from strain fields produced utilizing DIC:

Connection angles should be oriented such that the vertical leg of each angle is as close to
the girder web as possible to provide adequate shear capacity, minimize plastic
deformation of the girder top flange, and provide sufficient rotation of the simple
connection.

For all connection angles tested to failure, the current design equation provided by the
AISC Specification (2023) for single-angle leg shear strength, in which the cross section
is assumed to have fully yielded, was considered adequate to determine the angle’s
strength. It is recommended that further testing of various angle geometries and bearing
lengths be done to determine the limitations of this established equation for a drop-in
connection.

The two associated limit states observed in testing for the girder top flange of the drop-in
connection were transverse and longitudinal flange bending. In all cases, transverse
bending of the girder’s top flange was initiated before longitudinal flange bending and
was considered the primary failure mode.

In all cases in which sufficiently stiff connection angles were utilized, the girder top
flange developed four plastic hinges due to transverse bending. Yield line analysis is

recommended for further development of a drop-in connection design. The following
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geometric location recommendations for the maximum strains were established from
those observed in testing.

o Two yield lines formed at the location of the interior longitudinal angle edges and
encased an area that yielded in tension (for the top surface). The other two formed
at or near the actual fillet of the girder in which the top of the flange had yielded
in compression. An example of these plastic hinges on a girder flange is shown in
Figure 89, in which the green lines indicate the hinges (maximum tension) formed
at the location of the connection angle interior edges, and the red lines indicate the

hinges (maximum compression) formed at or near the fillet ends.

Figure 89: Failed Girder Plastic Hinge Locations

o In design, the engineer has direct knowledge of the location of the two hinges
formed at the interior angle edges; however, the exact location of the hinges that
form near the fillet of the girder may be unknown as the listed fillet size is a

maximum value reported by steel-mills.
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o According to the test results, the distance between the hinges to the left or right of
the web can be approximated as 75% of the listed ki value for the girder in the
AISC Dimensions and Properties tables (AISC, 2022). This distance provides the
engineer with the ability to estimate the probable location of the other yield lines.
Note that one may reduce this distance by utilizing encroachment of the angles
into the fillet zone of the girder.

o The final length (in the longitudinal direction of the girder/beam) of the transverse
bending yield lines varied significantly with the DIC data during testing. This was
partly due to data being analyzed via monocular vision (creating biases) and the
testing being stopped before complete flange bending failure.

For all sufficiently stiff angles, a secondary failure mode of longitudinal yielding of the
girder top flange was initiated at high shears, in which bending about the transverse edge
of the angles occurred, allowing for a substantial increase in rotation.

For a single-sided beam-to-column drop-in connections, the following conclusion and

recommendation were determined from the produced strain fields utilizing DIC at the column

web:

Though not likely to be the initial failure mode, significant plastic deformation did occur
at the column web at high connection shears as the connection angles deformed. As with
many other beam-to-column connections, an exceptionally thin column web is not
recommended for use unless the section is stiffened.

Further full-scale testing of beam-to-column drop-in connection is recommended to

understand the behavior and yield line formation of the column web during loading.
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Appendix 1: Design Drawings
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Appendix 3: Measured Weld Sizes

Weld Size/Position
Connection Measured

1 2 3 4 5 6 7 8
Left | Mid | Right | Left | Mid [ Right] Bott | Mid | Top | Bott | Mid | Top | Left | Mid [ Right| Left | Mid | Right| Bott | Mid | Top [ Bott | Mid [ Top
A 3/8 | 3/8 | 5/16| 5/16| 5/16| 5/16| 13/16| 13/16| 13/16| 5/16| 174 | 1/4 | 174 | 174 | 174 | 5/16| 5/16| 5716 3/4 | 374 | 3/4 | 1/4 | 174" | 1/4
B 5/16| 5/16| 5716 5/16| 5/16| 3/8 | 3/8 | 3/8 | 3/8 | 3/16| 3716| 14| 3/8 | 3/8 | 3/8 | 3/8 | 3/8 | 3/8| 3/8 | 3/8 | 3/8 | 174 | 1/4 | 174

o 1/4 | 174 | 174 | 174 | 174 | 1/4 | 5/16| 5/16| 5/16| - e e 1/4 | 174 | 174 | 5/16| 5/16| 174 | 174 | 174 | 5716 - 5

D 1/4 | 3/8 | 5/16 S 5/16| 5/16| 5716 - = = 5/16| 5/16| 5/16] - = 3/8 | 3/8| 38| - S

E 5/16| 5/16| 1/16| 174 | 5/16| 5/16| 5/16| 5/16| 5716 - e e 5/16| 5/16| 5/16| 5/16| 5/16| 5716 5716 5/16| 5/16| - 5

F . . = . s/16| 5/16| 5/16| 5/16| 5/16| 5/16] - . . = . . . . =

G 1/4 | 5716 5/16| 5/16| 5/16| 5/16| 5/16| 5/16| 5/16| - = s 5/16| 5/16| 5/16| 5/16| 5/16| 5716 174 | 5/16| 5/16| - s
H 5/16| 5/16| 5716 5/16| 5/16| 5/16| 174 | 5/16| 5716 5/16| 5716| 5/16| 5/16| 5/16| 5716 5/16| 5/16| 174 | 5/16| 5716| 5/16| 5716 5/16| 5716
I 1/4 | 5/16| 5/16| 5/16| 5/16| 5/16| 5716 5/16| 5/16| 174 | 5716| 5/16] 5/16| 5/16| 5/16| 5/16| 5/16| 5716 5/16| 5/16| 5/16| 5716 5/16| 5/16
] 3/8 | 3/8| 3/8 | 5/16| 5/16| 5/16| 5/16| 5/16| 5716 5/16| S5716| 5/16| 5/16| 5/16| 5416 5/16| 5/16| 5716 5716 S5/16| 5/16| 378 | 5/16| 5716
K 1/4 | 5716 5/16| 5/16| 5716 5/16| 5/16| 5/16| 5716| 5/16| 174 | 174 | 5716 5716 S5/16| S5/16| 5716 5716| 5/16| 5/16| 5716 5/16| 5/16| 5716
L 5/16°|5/16%|5/16%|5/16%|5/16 | 5/16 *| 5/16°| 3/8% | 3/8° | 5/167|5/16°|5/16*| 5/16%| 5/16 >| 5/16°|5/16*|5/16 *| 5/16°| 1/2 | 3/87 | 3/8° |5/16°|5/16%|5/16°

As seen from the girder/beam towards the column
! Weld discontinuous at two points, between middle and top
% Increased to 1/2" via in-house welding . ’
2
4 8 T
3 7 M
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Appendix 4: Girder/Beam Test Length

Finding Length of W24x68 Test Girder
"Reality" Fully Composite Girder:

W24x68

Girder & Beam Properties:
Realistic Length Ly 3¢, :=30 ft Cross-Sectional Area A, 4, :=20.1 in®
of Girder: ' of Girder: ’
Beam Spacing; Speam =10 ft Depth of Girder: dyirder:=23.7 in
MoE of Girder: E_:=29000 kst Mol of Girder: I, pirder = 1830 in’

Loads:

DL:=56 psf

LL:=65 psf

Deck Properties:

Height of ) , Height of o

concrete:  Treone=3.25 1 deck: Rgecii=3 in

Total height of system: hys=dgivder + Peone + Pigecr, = 29.95 in

Weight of regular Strength of regular ,

concrete (pef): wei= 145 concrete (ksi): fe=4

Point Load: P, :=77.896 kip

Factored Loading .
per foot: Wipi :=7(Pbmm 2) =5.193 kip
reality
Wiot* Lyeqiity = 155.792 kip
L, cotity  She
Effective width of b= min( reality , bmm] =3.75 ft
concrete contribution: 8 2

bc}f = 2 . b’cj‘f = 7.5 ft

Modulus of Elasticity
of Concrete:

B, =w, " \[f.+1 ksi=(3.492.10°) ksi

E
n':= [ s] =8.305 Note: round actual
E modular ratio to
closest whole integer

Modular ratio: c

n:=trunc [n') =8
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Finding Length of W24x68 Test Girder
"Reality" Fully Composite Girder:

W24x68
Girder & Beam Properties:
Realistic Length Ly e3¢, := 30 ft Cross-Sectional Area A, 40, := 20.1 in?
of Girder: ' of Girder: ’
Beam Spacing: Speam =10 ft Depth of Girder: A yivder=23.7 in
MoE of Girder: E,:=29000 ksi Mol of Girder: I, girder = 1830 in*
Loads:
DL:=56 psf
LL:=65 psf
Deck Properties:
Height of ) , Height of R
concrete: heonc:=3.25 in deck: haecr:=3 in
Total height of system: heys=dgivder + Peone + Paeer, = 29.95 in
Weight of regular __ Strength of regular -
concrete (pcf): W= 145 concrete (ksi): fe=4
Point Load: P,.,,,:=77.896 kip
Factored Loading .
per foot: W, :=7(Pbmw1 2) =5.193 _k:zp
reality ft
Wiot* Lycaiity = 155.792 kip

Effective width of
concrete contribution:

Modulus of Elasticity
of Concrete:

Modular ratio:

L ootity  Spe
b pyi=min (%,?]:3.75 ft

bcj‘f =2 b’cjf =T7.5 ft

E,=w," \[f, 1 ksi=(3.492.10%) ksi

, E
mn =
E

[

-]

Note: round actual
modular ratio to
closest whole integer

]:8.305

n:=trunc(n’)=8
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Transformed concrete _ be ff

width: byons = =11.25 wn

Area of girder: Agirdﬂ: 20.1 in?

Area of concrete: Avone = birans * Neone = 36.563 in”

Y bar of girder from girder .
top of system: ygirdm‘ = hcom: + h‘deck + =18.1 in
Y bar of concrete Yeone = C;M =1.625 in

from top of system:

A oY, +{A e * Ve
Y bar from top of Ypar 1= ( girder ygzrdsr) ( conc ywru:)
system: Ag’irder + Acom:

=7.469 in

Moment of inertia 1,
of concrete:

1 : _
one = (E bess* Meone ‘] =257.461 in"

Distance from centroid of d __ Peone
concrete to overall cone. "= Ybar
centroid:

=5.844 in

Moment of inertia of Ly givder= (1.83 -10° ) in’
steel beam:

Distance from centroid d —h — _ dg'irde"r
of steel beam to overall girder. "= sys — Ybar
centroid:

=10.631 in

Transformed

moment of

. 2 2 3Y . 4
inertia of Ifra.ns = (Ir_:onc+ (Ar_:mu: * dconc. )) + (ngirder+ (Agirdcr * dgirdcr. )) = (5608 10 ) m
composite

section:

Wini* Lycatity”
Angle of rotation of O,catity™= Lot el 0.005
beam at support: 24 E 1y ons
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"Simulated" Non-Composite Beam:

W24x68
Gsim = Grealz'ty
kip o
W, =9.09 <---Distributed Load
3 Osim. <24 'Es : I:.':gi'rder
Final suggested length L= =17.138 ft
of simulated beam: Wit

W+ L= 155.784 kip

Wit L
= ot WM _ 77892 kip <-— Confirmed this

value matches desired
shear

Reaction support *=
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Appendix 5: Required Design Strength Calculations

Girder-Column & Beam-Column L.oading Calcs

Loading Summary
the 2012 Tnte

mational Building Code (180) an
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Girder: W24x68
Span Length: 30

Beam Dimensions:

Lyeam=45.5 ft Speam =10 ft
Unfactored Loads:

LL:=65 psf LL':=LL- S}, = 650 plf

DL:=56 psf DL':=DL-S,,,..= 560 plf

Factored I oads:

W fuctorea:= (1.2 DL) + (1.6 - LL') = (1.712-10°) pif

Reactions:

W actore: 'L eam2 .

Mmaa:beam:: Joctored ~beam ; b =443.034 kZP 'ft
Beam-to-Column Shear Wiactored ® Lbeam .
Reaction: e g 38.948 kip
Girder Dimensions:

ng'rd,er =30 ft Sgirde'r :=45.5 ft

Reactions:

Pbeam =2 ‘/rbgam =T77.896 k’l,p

Mma.my'i,r‘de’r = Plogm* Sheam =778.96 kip 'ft

Girder-to-Column Shear

Reaction: V girder i =Pheam = T7.896 kip
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Girder: W24x68

Span Length: 30°

Beam Dimensions:

Lbea.m =30 ft Sbsam =10 ft

Unfactored Loads:
LL:=65 psf LL":=LL+S}.,,,,=650 plf

DL:=56 psf DL':=DL+S,,,,=560 plf

Factored [ oads:
W tactorea=(1.2+DL) + (1.6 - LL') = (1.712-10") pif

Reactions:

W L.
Mmazbea.nl:z fﬂCfOT'B(; bearn =192.6 k’ip Oft

W .L
Viear = f“”“”";d beam _ 25.68 kip

Girder Dimensions:
Lgirger =30 ft Sgirder =30 ft
Reactions:
Prwni=2Vieam=01.36 kip
M azgirder = Pheam * Sheam = 513.6 ft + kip

Vg:“rde'r = Pbeam =51.36 k?’p
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