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Abstract 

A common connection for steel members framing into concrete walls consists of a 

single plate with long-slotted holes welded to an embed plate. This connection accounts 

for the different construction tolerances allowed by the two materials, providing space for 

the structural members during erection. While these connections are frequently used in 

practice, the amount of information available to understand how the long slots affect the 

behavior of the single plate is limited. The purpose of this experimental research initiative 

is to contribute information on the connection’s behavior to aid in the development of a 

design procedure. 

 The experimental program consisted of twenty test specimens which incorporated 

two variables: slot spacing and bolt group position. This project focuses on effects of the 

five different bolt group positions within the slotted holes. These specimens were loaded 

in shear while qualitative and quantitative data were gathered on plate displacement, plate 

capacity, and flexural and bearing behavior.  

The results from the analysis show a correlation between the bolt group position 

and connection capacity: as the bolt group was positioned closer to the weld, the 

connection capacity increased; as the bolts were positioned farthest from the weld, the 

capacity decreased. A correlation between the bolt group position and the flexural and 

bearing behavior of the plate was observed as well; greater flexural behavior was 

observed at bolt group positions farthest from the weld, while greater bearing behavior 

was observed at bolt group positions closest to the weld. However, the information 

gathered in this project was limited, and further experimentation should be pursued to 

further contribute to the understanding of this connection’s behavior.  
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Chapter 1: Introduction 

1.1 Background  

The use of single-plate shear connections, also referred to as shear tabs, are 

common for various structural applications. This connection is composed of a single plate 

welded to a supporting member on both sides, and then bolted to the supported member. 

They are used to connect steel members to other steel members, as well as steel members 

to concrete members. These connections offer several advantages, including simpler shop 

fabrication and erection, and increased safety during erection.  

Per Part 10 of the AISC Manual (AISC, 2016a), there are two different 

configurations for these connections: the conventional configuration and the extended 

configuration. The conventional configuration specifies certain dimensional limitations, 

allowing for a simplified design procedure for the connection. For example, the 

connection permits a single vertical row of standard or short-slotted bolt holes, with as 

few as two bolts and as many as twelve bolts in that row. These connections also limit the 

dimension from the bolt row to the welded connection to the supporting member to be 

less than or equal to 32 in. (88.9 mm). The second configuration, the extended 

configuration, does not specify any limitations, except for meeting the requirements for 

bolt holes found in J3.2 in the AISC Specification (AISC, 2016b).  

When determining which configuration to use, the material of the connecting 

members could greatly influence that decision. The connection between a steel beam and 

a concrete wall could be used for this example. The fabrication tolerance for steel 

members is |z in. (2 mm) for those that are less than 30 ft., and |8 in. (3 mm) for those 
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that are greater than 30 ft. There is also a tolerance permitted for members with 

adjustable items of |a in. (10 mm) to established finish lines and |x in. (5 mm) to 

abutting ends. This tolerance is permitted for members with connection pieces that allow 

for lateral movement, such as connecting plates or angles with slotted holes (AISC, 

2016a). On the other side of the connection, concrete has a permitted tolerance of |1 in. 

(25.4 mm) in any direction (ACI, 2010).  

To address the great differences between the two materials’ tolerances used in this 

connection, the extended configuration for the single-plate shear connection could be 

utilized. A typical detail for the connection between a steel beam and concrete wall is 

shown in Figure 1-1, which can consist of an extended plate with slotted holes that is 

welded to a concrete embed plate. The slotted holes in the single plate meet the criteria to 

classify the member as an adjustable item, while also providing the tolerances needed 

during erection.  

However, as aforementioned, the extended single plate must meet the 

requirements of J3.2. The AISC Specification recommends the use of standard or short-

slotted holes for these connections, unless otherwise approved by the engineer of record 

(AISC, 2016b). The use of standard or short-slotted holes do not meet the requirements 

from the increased tolerance in the steel-to-concrete connection. Long-slotted holes meet 

that requirement but lack the specifications and recommendations that would be useful 

for a typical design. 
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Figure 1-1: Typical Detail for Single Plate Connection with Long Slots. 

1.2 Purpose 

As seen throughout the AISC Manual from the different specifications and design 

recommendations, there has been significant research and experimental work done for 

connections with standard and short-slotted holes. However, that is not the case for 

connections with long-slotted holes. For that reason, the purpose of this experimental 

research initiative was to gain a better understanding of the behavior of a single plate 

with long-slotted holes. There are several factors that could influence the behavior of this 

connection; this report focuses on the effect the bolt group position within the slots has 

on this connection. 
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Chapter 2: Literature Review 

 Throughout the years, there has been significant research done to understand the 

behaviors of single plate shear connections. These connections have been divided into 

two categories: conventional configuration, and extended configuration. Even though 

both configurations have a suggested design procedure, the extended configuration does 

not provide clear guidance on certain aspects of design, such as the use of long-slotted 

holes. The following chapter will discuss design procedures for the different connection 

configurations, the work that has been done to better understand the connection behavior, 

and the unanswered questions that remain.  

2.1 Shear Plate Design 

The AISC Specification provides well-outlined design procedures for single-plate 

shear connections. The most detailed procedure provided is for the conventional 

configuration, which is defined by its dimensional limitations. Some of the limitations 

include: a single row of bolts; between two and twelve bolts in the row; eccentricity 

between the weld line and bolt line must be equal to or less than 3 �2 in. (88.9 mm); only 

standard holes or short-slotted holes transverse to the load can be used (AISC, 2016a, p. 

10-88). The purpose of these limitations is to reduce the number of limit states that will 

control while designing the connection. The few design checks for this configuration 

include bolt shear, plate bearing, and plate tearout; due to the dimensional limitations, 

plate buckling will not control.  

The design procedure found in the AISC Specification, 14th edition, was based on 

the research and testing performed by Muir and Thornton. Their work, summarized in an 

article in Engineering Journal, posed the reasons for needing a revised procedure in 
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reference to the one in the 13th edition. The article, “The Development of a New Design 

Procedure for Conventional Single-Plate Shear Connections” compared the dimensional 

limitations and limit states used in the previous design procedure to that of the new one, 

highlighting the changes due to advances in research and materials (Muir & Thornton, 

2011).  

In the 13th edition, the design procedure for single-plate shear connections relied 

on reduction factors that allowed engineers to neglect the eccentricity from the weld line 

to the bolt line. After reanalysis of data, Muir and Thornton determined that the 

eccentricity should be considered during design since it directly affects the strength of the 

bolt group, which is a limit state that is likely to govern in these connections. Other limit 

states they found could govern include shear yielding, shear rupture, flexural yielding, 

and block shear. However, they state that block shear will not govern as long as the 

horizontal edge distance is greater than the vertical edge distance (Muir & Thornton, 

2011).  

 In the article, “Design of Single Plate Shear Connections,” Astaneh, Call, and 

McMullin describe their experimental initiative to apply direct shear and rotation to a 

single plate shear connection to verify the proposed design procedures and identify 

additional limit states. Up to that point, there were experiments performed that studied 

the effects of rotation on single plates, and the effects of direct shear on single plates. 

They wanted to take a more realistic approach and study the effects of both rotation and 

direct shear applied to a single plate connecting a steel beam to a steel column (Astaneh, 

Call & McMullin, 1989). 
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There were five full-scale tests performed that were divided into two groups: 

group one used A325 bolts, A36 grade beams, and 1 �2 in. (38.1 mm) edge distance; and 

group two used A490 bolts, grade 50 beams, and 18 in. (28.6 mm) edge distance. Group 

one contained three tests, one with seven bolt rows, one with five bolt rows, and one with 

three bolt rows; group two contained two tests, one with five bolt rows, and the other 

with three bolt rows. Both groups used A36 plate material and w in. (19.1 mm) diameter 

bolts at 3-in. (76.2 mm) spacing (Astaneh et al., 1989).  

  Each specimen in group one showed similar behaviors, the most important of 

which was significant inelastic shear deformations. The specimens in group two showed 

similar behaviors as those in group one; however, shear yielding in the plate was more 

apparent in these specimens. After discussing the observations during testing, they 

determined that “shear tabs go through three distinctive phases of behavior” (Astaneh et 

al., 1989, p. 24). In phase one, the moment applied to the shear tab makes it act like a 

short cantilever beam. During the second phase, as the load continuously increases, the 

shear yielding effect also increases, making the shear tab act like a deep beam. If the 

connection reaches phase three before failure, the shear tab starts to act like the diagonal 

member of a truss due to the great deformations it has endured up to that point (Astaneh 

et al., 1989). 

 After further evaluation of the data and observations from the experimental 

initiative, they outlined a design procedure for single plate shear tabs. This design 

procedure included general requirements that put dimensional limitations on the design of 

shear tabs and included two design examples. They also listed the different limit states 

that should be considered while designing these types of connections: plate yielding, bolt 
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fracture, weld fracture, fracture of the net section of the plate, and bearing failure of bolt 

holes (Astaneh et al., 1989).  

2.2 Extended Shear Plate Design 

The AISC Specification also provides an outline for the extended configuration 

for single-plate shear connections. There are fewer dimensional limitations for this 

configuration, allowing for single-plate shear connections to be used in various situations. 

However, with less restrictions on the plate configuration, there are more limit states to 

consider. Those limit states include weld strength, shear strength of bolts, bearing and 

tearout strength of bolts, shear yield and shear rupture of plate, block shear strength, and 

strength of the connecting elements in flexure (AISC, 2016b).  

In the report, Design of Extended Shear Tabs, Sherman and Ghorbanpoor describe 

their three-phase initiative to develop a design procedure for extended single plate shear 

connections. They pointed out a few of the many applications associated with the 

extended configuration of a single plate shear connection, and the obstacles that would 

arise when the conventional configuration would be used. Therefore, rather than the bolt 

line extending 3 in. (76.2 mm) from the web of the supporting member in the 

conventional configuration, it should extend 3 in. (76.2 mm) beyond the flanges of the 

supporting member. The objectives for this project were to evaluate the capacity of 

extended shear plates, to determine the critical limit states, to identify additional limit 

states, to determine the location of the shear reaction eccentricity, and to recommend a 

design procedure (Sherman & Ghorbanpoor, 2002).  

 There were seventeen tests conducted in the first phase of this experiment, which 

consisted of a single column of three- and five-bolt extended shear plates connected to 
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column webs and girder webs. Other variables that changed between the different 

specimens within those four groups included the supporting member size and stiffness, 

weld configuration, and either the use of standard holes with snug tight bolts or short-

slotted holes with fully tightened bolts. After the first phase, there were a few unanswered 

questions about the use of snug tight bolts in short-slotted holes, the criteria for sizing 

stiffener plates, and the behavior of extended shear plates connected to a column web 

with only one stiffener at the top of the connection. The four tests in phase two were 

conducted to answer those questions. Then, the project extended into a third phase, 

consisting of ten tests of six- and eight-bolt extended shear plate connections studied like 

those in phase one (Sherman & Ghorbanpoor, 2002).  

The data from each subsequent phase added to the understanding of the behavior 

of extended shear plate connections, providing Sherman and Ghorbanpoor the 

information needed to outline a design procedure and list the many conclusions resulting 

from this project. Two additional limit states were found that should be considered in 

certain situations: web mechanism failure for columns with high slenderness ratios, and 

plate twisting for unstiffened connections. Based on the experimental eccentricity, they 

found that there were three different limit states that could govern during design, 

depending on the configuration: bolt shear, shear yielding, and web mechanism failure. 

Also, they determined that there was no significant effect on the connection capacity 

based on the tightening type used in standard or short-slotted holes (Sherman & 

Ghorbanpoor, 2002).  

 With a similar purpose, Muir and Hewitt published their article, “Design of 

Unstiffened Single-Plate Shear Connections,” in Engineering Journal which describes 
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their work in developing a design procedure for extended single-plate shear connections 

for the AISC Steel Construction Manual, 13th edition. They start off by acknowledging 

that these types of connections have been used for several decades, but have lacked “a 

well-defined, simple and rational design procedure” (Muir & Hewitt, 2009, p. 67). They 

decided to model the connection after a fixed-end beam to account for the moment that 

will be applied due to the increased eccentricity, rather than after a pinned-end beam that 

only transfers shear reactions (Muir & Hewitt, 2009).  

 Based on this model, they walk through the steps for designing an extended plate. 

The procedure includes determining the plate thickness, the required bolt group, checking 

the different limit states, sizing the weld, checking supported beam brace points, and 

checking serviceability requirements. Those limit states include plate shear yielding, plate 

shear rupture, plate block shear rupture, plate flexure with the von Mises shear reduction, 

and plate buckling. This generalized design procedure allows for the design of extended 

shear plates to be designed with several columns of bolts using standard and short-slotted 

holes (Muir & Hewitt, 2009). 

2.3 Extended Shear Plate with Long Slots 

While there is some AISC guidance when designing extended plates, there is little 

when it comes to long-slotted holes in those plates. In section J3.2, part (b) states that 

long-slotted holes may be used in single-plate design as long as it is approved by the 

engineer of record. Part (f) of that section also states that long-slotted holes may be used 

in one of the connecting parts for slip-critical and bearing-type connections (AISC, 

2016b, p. 16.1-128). This verbiage allows different engineers to design connections for 
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conditions with large tolerances without the research and testing to fully understand how 

the connection will behave in the field (AISC, 2016b). 

In an attempt to understand the behavior of this type of connection, Peterson 

(2014) constructed several finite analysis models in SAP2000 to observe the two-

dimensional behavior of the single plates loaded in shear for different bolt diameters, bolt 

spacings, and slot widths. The original model outlined a �2 in. (12.7 mm) thick and 6 in. 

(152.4 mm) wide shear plate with two �m in. (2.06 mm) tall and 3 in. (76.2 mm) wide 

slotted holes. The left side of the plate was modeled to be rigid, imitating the connection 

to a concrete wall. The bolts were modeled to be located at the right end of the slotted 

holes, farthest from the rigid support, showing the worst-case scenario. To accurately 

model the force applied by w in. (19.1 mm) diameter bolts onto the plate, Peterson 

applied 23.8 kips (106 kN) to each slotted hole by modeling in compression only springs 

and linking them to the nodes associated with where the bolt was to be located (Peterson, 

2014).  

The results from the original test showed very small plate deformations, but very 

high stress concentrations. Due to the pattern seen between the slotted holes, as well as 

above and below the slotted holes, Peterson concluded that those sections of the plate 

were acting like small cantilever beams. After analyzing models with an increased 

number of bolt rows, Peterson observed that as the number of bolts increase, the stresses 

experienced by the plate decreases. Further comparison between the different models 

shows that the stress pattern is consistent regardless of the number of bolt rows the plate 

has; the upper left corner of the lowest slotted hole and the lower left corner of the plate 
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were observed to have the highest stress concentrations on all of the models (Peterson, 

2014).  

In Peterson’s concluding remarks and recommendations, he acknowledges the 

limitations of the models created for his project. The yielding of the material was not 

considered, which hindered the stresses from redistributing through the plate. Also, due 

to the models being two-dimensional, any plate buckling and twisting that could occur 

was not able to be observed. However, Peterson provided recommendations that could 

achieve more accurate results and a better understanding for how this connection 

behaves. One suggestion was to create a nonlinear model; an advanced model could 

provide different failure modes that the plate would experience, show the three-

dimensional deformed shape, and provide a better representation of the plate’s behavior 

after yielding. The other suggestion was to set up a full-scale experiment to study the 

actual behavior of this type of connection (Peterson, 2014).  

 Man, Grondin, and Driver (2006) conducted an experiment for a similar 

connection: slotted holes in clip angle shear connections. Their report describes the 

experimental program and the observations from their experimental program, which 

included different configurations of single and double angle shear connections. The main 

variables for the different specimen include end distance, edge distance, cope dimensions, 

and the use of plate washers (Man, Grondin & Driver, 2006).  

 After analyzing the data and observations made, there were several findings that 

provided a better understanding for the behavior of these connections. Comparing the 

specimens with short-slotted holes and those with long-slotted holes, it was observed that 

the angles with shorter slots had a greater capacity; the angles with long slots typically 
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failed by angle end tearing. They also observed that using plate washers while testing 

showed an increase in capacity when compared to tests without plate washers, which was 

attributed to the change in governing failure modes. While this experimental initiative 

was focused on angles, the findings from this report are useful in understanding the 

behavior of slotted holes (Man, Grondin & Driver, 2006).  

 Another experimental initiative was conducted by Wollenslegel (2020), and the 

purpose of this project was to investigate the behavior of extra-long slots in reference to 

slip critical loads. This experiment consisted of thirty-three unique bolted joint 

configurations, with two of each configuration tested, split into nine different series of 

joints. The different variables used in these configurations include slot length, slot 

orientation, plate thickness, plate surface conditions, slot spacing, and bolt location 

within the slots (Wollenslegel, 2020).  

 After testing each specimen in direct shear, several observations were made 

regarding the different variables studied. One observation was that the average initial slip 

load was lower than the calculated slip load. It was also observed that the specimens that 

were blast-cleaned had higher slip loads than those that had cleaned mill scale surfaces. 

Another observation pointed out that the capacity increased as the spacing between the 

slots increased. There was also an inverse correlation between the length of the slots; as 

the length of the slot increased, the capacity decreased. While the trends that were 

observed were slight, they were still noticeable and worth stating. Unfortunately, the 

conclusions made in this report are not final; Wollenslegel noted that the final report will 

contain further analysis with revised conclusions, but has not been published 

(Wollenslegel, 2020).  
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Chapter 3: Experimental Program 

 Experimental testing was conducted at the Milwaukee School of Engineering’s 

(MSOE) Construction Science and Engineering Center (CSEC). This experimental 

program aimed to gather behavioral data for extended single plate connections with long-

slotted holes when subjected to a force perpendicular to the slots. As this research and 

experimental initiative was unprecedented, it is expected that the results from this project 

will provide an initial understanding of the plate behavior for this type of connection.  

A series of twenty experiments were conducted to observe the behavior of the 

extended single plate connection with respect to two different variables: bolt group 

position within the long slots, and slot spacing. This project focused on the effects of the 

long slots due to the bolt group position within the slots. The data collected was also used 

for a parallel project, which the reader is also encouraged to read (Taxon, 2021). 

3.1 Hypotheses  

Before the experimental program was conducted, hypotheses were conceived 

based on previous research of an elastic finite element analysis (Peterson, 2014). As the 

connection is subjected to the transverse force, the plate behavior is thought to change 

when the bolt group position changes. When the bolt group is located closest to the 

welded edge of the connection, the plate is thought to behave similar to one with standard 

holes and engage in bearing. As the bolt group is positioned farther from the welded 

edge, the plate is thought to respond by a combination of shear and flexure. The plate 

sections between the slots are thought to act as cantilever beams when resisting the load, 

resulting in the plate bending.  
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3.2 Test Specimen Overview 

 This experimental program utilized a test specimen assembly design that 

consisted of two plates: a 4 in. (6.35 mm) thick extended single plate welded to a PL 1 

in. � 10 in. � 1 ft-10 in. (25.4 mm � 254 mm � 559 mm) base plate, as shown in Figure 

3-1. The extended single plate included a set of three long slots that were m in. � 2m 

in. (20.6 mm � 7.8 mm). The slot length is longer than that specified in AISC by , in. 

(23.8 mm). The base plate was used to simulate the fixity a concrete embed plate would 

provide in the real-world application of this connection, while also eliminating the need 

to use concrete in the experimental setup. 

 As aforementioned, the test specimen assembly had to accommodate two 

variables: varying bolt group positions and varying slot spacings. The test specimen 

assembly had four different slot spacing configurations “S” of 3 in. (76.2 mm), 3 �2 in. 

(88.9 mm), 4 in. (102 mm), and 42 in. (114 mm), as shown in Figure 3-2. As the spacing 

between the slots increases, the length of the extended single plate increases as well, 

ranging from 10 in. (254 mm) to 13 in. (330 mm). The five different bolt group positions 

vary within the slots, with a range of the bolt group positioned closest and farthest to the 

welded edge. At the 0% position, the bolt group location is closest to the welded edge; at 

the 100% position, the bolt group location is farthest from the welded edge. The 

remaining bolt group positions are at the quarter points within the slots: 25%, 50%, and 

75%, where the ascending positions are located farther from the welded edge. The bolt 

group positions can be seen in Figure 3-3.  
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Figure 3-1: Test Specimen Configuration. 

 

 

Figure 3-2: Test Specimen Bolt Spacings. 
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Figure 3-3: Test Specimen Bolt Position. 

To differentiate and identify the test specimen, a naming convention was 

established and utilized throughout the experimental program; the structure of the 

specimen naming convention is shown in Figure 3-4. Each test specimen was 

accompanied by an identification card with their respective identifier through the testing 

process, which can be seen in all the photos and videos for this experimental program.  

 

Figure 3-4: Test Naming Convention. 
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3.2.1 Expected Capacities 

 The plates used for the test specimen and other fabricated components in the 

experimental program were specified as ASTM A572 Grade 50. Material samples with 

dimensions of 4 in. � 12 in. � 12 in. (6.35 mm � 38.1 mm � 305 mm) were sent to 

Metallurgical Associates, Inc. (MAI) in Waukesha, Wisconsin to be tested. The material 

tests were performed to determine the true yield stress and ultimate stress, providing a 

better understanding of the plate properties and more precise information to include in 

calculations. The material testing results concluded that the average yield stress, Fy, was 

62.7 ksi (432 MPa), and the average ultimate stress, Fu, was 72.9 ksi (502 MPa). The 

results from the material testing can be found in Appendix A. 

 Since this experimental program aimed to determine plate behavior, there was a 

desire to see how the bolts interacted with the plate when under shear loading. For that 

reason, the bolts were specified to be type N bolts bearing, including threads in the shear 

plane and not have slip resistance. This would allow for the bolts to bear into the long 

slots of the plate, illustrating the behavior of the plate without resistance from the bolts. 

Further, the point of failure for the slip-critical condition would be based on the bolts, 

rather than the plate.  

 The test specimens were designed per the provisions in the AISC Specification, 

along with additional limit state checks that could govern for this experimental program, 

determined through engineering judgement. In these designs there were six limit states 

that were considered, including weld strength from Section J2 of the AISC Specification, 

bolt shear from J3.6, bolt bearing from J3.10, plate shear yield and plate shear rupture 

from J4.2, block shear strength from J4.3, and flexural strength of the connecting 
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elements from J4.5. Table 3-1 shows the expected capacities from these calculations. 

 As the bolt group position increased, the expected capacity decreased; the trend 

from the expected capacities aligns with the hypotheses for this experimental program. A 

visual of this trend can be seen in Figure 3-5. From the calculations, there were different 

limit states that would govern depending on the test. It should be noted that from the 

initial calculations, most of the tests with higher bolt group positions were expected to 

fail in bolt plate flexure, with some expected to also fail in bolt bearing. The tests at the 

lowest bolt group position were expected to fail in bolt bearing or plate shear rupture.  

Table 3-1: Expected Capacities and Failure Modes for Each Test Specimen. 

TEST ID EXPECTED 

CAPACITY 

EXPECTED FAILURE 

MODE 

kip (kN) 

S30P100 22.1 (98.1) Bolt Plate Flexure 

S30P075 29.4 (131) Bolt Plate Flexure 

S30P050 44.1 (196) Bolt Plate Flexure 

S30P025 60.8 (270) Plate Shear Rupture 

S30P000 60.8 (270) Plate Shear Rupture 

S35P100 31.6 (141) Bolt Plate Flexure 

S35P075 42.1 (187) Bolt Plate Flexure 

S35P050 61.3 (273) Bolt Bearing/Bolt Plate Flexure 

S35P025 67.9 (302) Bolt Bearing/Bolt Plate Flexure 

S35P000 71.7 (319) Plate Shear Rupture 

S40P100 43.1 (192) Bolt Plate Flexure 

S40P075 57.5 (256) Bolt Plate Flexure 

S40P050 61.3 (273) Bolt Bearing/Bolt Plate Flexure 

S40P025 67.9 (302) Bolt Bearing/Bolt Plate Flexure 

S40P000 82.0 (365) Bolt Bearing 

S45P100 56.6 (252) Bolt Plate Flexure 

S45P075 59.1 (263) Bolt Bearing/Bolt Plate Flexure 

S45P050 61.3 (273) Bolt Bearing/Bolt Plate Flexure 

S45P025 67.9 (302) Bolt Bearing/Bolt Plate Flexure 

S45P000 82.0 (365) Bolt Bearing 
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Figure 3-5: Estimated Capacity versus Slot Spacing Graph. 

A sample set of calculations for the test specimens, as well as the other fabricated 

items such as the yoke assembly and sandwich plates, can be found in Appendix B. 

3.3 Test Assembly Overview 

3.3.1 Test Assembly  

 Utilizing the resources provided through MSOE, the test setup was composed of 

various elements from past graduate research projects, donated fabricated items, and 

purchased items. A schematic of the test setup is shown in  

Figure 3-6. A W18�76 support beam served as the base for the entire assembly, 

providing stiffness to the experiment and attachment locations for the test specimen and 

data acquisition elements.  
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Figure 3-6: Test Assembly Schematic. 

A series of welded plates formed the reaction block which was bolted to the top flange of 

the support beam. The reaction block served as an attachment location for the Enerpac 

RRH-606 “Holl-O-Cylinder” hydraulic actuator. The support beam, reaction block, and 

the actuator used are pictured in Figure 3-7. The actuator, with a maximum stroke of 62 

in. (166 mm) and maximum capacity of 120 kips (534 kN), was used to apply the load. A 

Sensotec 41-A530-01-03 load cell, with a maximum capacity of 100 kips (445 kN), was 

used to measure the load from the actuator. A 1 in. (25.4 mm) thick plate was placed 

behind the load cell to stabilize it for the load to be accurately measured. Figure 3-8 

shows the two pieces of equipment that were used for the experiments. 

 

Figure 3-7: Support Beam, Reaction Block, and Hydraulic Actuator. 
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Figure 3-8: Enerpac Hydraulic Actuator (left) and Sensotec Load Cell (right). 

A 14 in. (31.8 mm) diameter Grade B7 threaded rod was used to connect the test 

specimen to the load cell and actuator, providing a means for tensile load transfer through 

the threaded rod. The threaded rod length was initially 12 ft (3.66 m) but was cut down to 

8 ft (2.44 m). The threaded rod was attached to a fabricated yoke assembly, which was 

supported by a plywood shim. The shim provided a raised platform for the yoke 

assembly, allowing it to be level with the threaded rod and the specimen assembly.  

The yoke assembly was a fabricated item meant to be part of the connection 

between the test specimen assembly and the threaded rod. This assembly, as seen in 

Figure 3-9, consisted of two 2 in. (12.7 mm) plates welded to a 1 in. (25.4 mm) base 

plate. The threaded rod was placed through the opening in the vertical plate and secured 

to the assembly with a nut and washer. To connect the yoke assembly to the test 

specimen assembly, two thick “sandwich” plates were bolted to the yoke and the test 

specimen. There were four sets of these PL 1 in. � 32 in. (25.4 mm � 88.9 mm) plates, 

each pair increased 1 in. (25.4 mm) in length, from 2 ft-0 in. (610 mm) to 2 ft-3 in. (686 

mm), to accommodate for the different slot spacings of the specimen. These plates had 
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two different diameter bolt holes along the length: two 1a in. (34.9 mm) diameter bolt 

holes for the yoke assembly side, and three m in. (20.6 mm) diameter bolt holes for the 

test specimen assembly side. Each set of the sandwich plates can be seen in Figure 3-9. 

To avoid moving the actuator to achieve the different bolt positions, the test 

specimen assembly was placed on top of a specific number of shim plates to achieve the 

bolt group position during the test. One of the shim plates can be seen in Figure 3-10. For 

the bolt group position closest to the welded edge, the specimen was sitting on five shim 

plates; for the bolt group position farthest from the welded edge, the specimen was sitting 

on one shim plate. The specimen assembly and shim plates were bolted to the top flange 

of the support beam using w in. (19.1 mm) diameter tension control bolts. The length of 

the tension control bolts for each position increased as the number of shims increased. 

The length of the tension control bolts ranged from 32 in. (88.9 mm) to 54 in. (133 mm). 

The shop drawings for each fabricated item can be found in Appendix C. 

 

 

Figure 3-9: Yoke Assembly (left) and Sandwich Plates (right). 
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Figure 3-10: Steel Shim Plate. 

3.3.2 Instrumentation 

 There were three measurements that were taken as part of these experiments: 

load, displacement, and strain. As aforementioned, a Sensotec load cell was used to 

measure applied load on the specimen. Strain rosettes were used on some specimens to 

understand the strain that the specimen undergoes at the base of the slotted hole. Linear 

variable displacement transducers (LVDTs) were used to measure displacement at two 

locations on the specimens. A rosette can be seen in Figure 3-11, and the LVDTs set up 

on the test specimen are shown in Figure 3-12. 

The rosette strain gauges were applied to fourteen of the twenty test specimens: 

the 0%, 50%, and 100% bolt group positions for each spacing, and the 3-in. (76.2 mm) 

spacing at 25% and 75%. This rosette collected strain data in three different directions – 

45 degrees towards the load, perpendicular to the load, and 45 degrees away from the 

load – enabling the calculation of principal stresses at the point of the gauge. These data 

provide information on the shear and flexure within the plate that cannot be observed 

otherwise.  
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Figure 3-11: Rosette on Test Specimen. 

 The LVDTs gathered displacement data for two distinct aspects of the test setup: 

lateral displacement of the single plate and vertical displacement of the base plate. There 

was an LVDT with a 2-in. (50.8 mm) stroke placed near the top of the single plate on the 

non-loaded edge. This LVDT measured the lateral displacement and deformation of the 

single plate when subjected to the transverse force. Due to the size of the shear tab, a rare 

earth magnet and a small nut were positioned on the top edge of the plate to hold the tip 

of the LVDT in place during the test. A second LVDT with a 1-in. (25.4 mm) stroke was 

placed on the non-loaded edge of the base plate in the test specimen assembly, measuring 

vertical displacement. The purpose of this LVDT was to monitor the rotational 

displacement of the test specimen assembly, providing information on whether the 

assumed fixity was correct. 

LOAD 

ROSETTE 
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Figure 3-12: LVDTs on Test Specimen. 

3.4 Test Procedure 

 Consistency between the different tests in the experimental program is important 

when considering certain variables during the analysis of the data gathered. Therefore, a 

test procedure was created and followed for each test that was performed. This was done 

in an effort to minimize outside factors and variabilities that could affect the results of the 

experiment. As different challenges arose for the different tests, certain steps were added 

or modified in an effort to remedy the complication.  

3.4.1 Pre-Test Procedure 

 Before any testing setup began, each specimen was thoroughly documented. The 

specimens were sorted and labeled with their respective name per the naming convention. 

Once identified, measurements of the extended single plates were taken to ensure the 

LOAD 
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dimensions of the specimens matched those specified in the shop drawings, and that they 

were consistent among all the specimens.  

 For the tests that had rosettes attached, a procedure was followed to ensure the 

rosette was attached correctly. The strain gauge location was marked on the specimen; 

the strain gauge would be located between the two slots closest to the load and in line 

with the bottom of the slots, as shown in Figure 3-13. Then, a cone shaped Dremel bit, 

three different grit sandpaper, and a buffer Dremel bit were used to grind off the mill 

scale and surface debris, leaving a smooth surface for the rosette to be applied. The area 

was then cleaned using a cotton swab and acetone.  

 Once the surface was prepared, the exact location of the rosette was located by 

scoring the plate using a razor blade and a square. The surface was roughened using 

sandpaper to provide something for the adhesive to grip onto. The rosette was lined up to 

the intersection of the scored lines, and the rosette wires were taped down to the plate to 

keep it in place. The area on the plate and the rosette were cleaned with acetone. Once the 

acetone dried, adhesive was applied to the rosette and was quickly and accurately placed 

on the intersection of the scored lines. Pressure was applied to the rosette to ensure the 

adhesive took to the plate.  
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Figure 3-13: Location of Rosette. 

 The specimens were then documented through a series of pictures. These pictures 

served as a baseline for each test, providing a visual representation of their condition and 

the instrumentation used. The specimens were pictured at several different viewpoints 

and were accompanied by their test ID card, which included the test number, the date 

tested, and the test name per the established naming convention. To be consistent 

between the specimens, the same series of pictures were taken in front of a white 

background.  

 Moving to the test setup, each test had their own set of specific requirements. 

Each test required a specific number of shim plates, a specific length tension-controlled 

bolt, and a specific length of sandwich plate. The number of shim plates were based on 

the bolt position for the test; one shim plate was needed for the bolts positioned at 100%, 

and five shim plates were needed for the bolts positioned at 0%. The length of the 

tension-controlled bolts was dependent on the number of shim plates used for the test; the 

54 in. (133 mm) long bolts were used for the 100% bolt position, and the 32 in. (88.9 

mm) long bolts were used for the 0% bolt position. The length of the sandwich plates was 
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dependent on the specimen’s slot spacing; the 2 ft-0 in. (610 mm) long plates were used 

for the 3-in. (76.2 mm) spacing, and the 2 ft-3 in. (686 mm) long plates were used for the 

42-in. (144 mm) spacing. 

 Once those items were acquired, the shim plates were set down and aligned with 

the bolt holes in the beam flange. The specimen was set on top of the shim stack and then 

the eight tension-controlled bolts were placed through the specimen, shim stack, and the 

beam flange with the nuts and washers placed on loosely. Then, one sandwich plate was 

positioned behind the specimen, allowing for the bolts to be pushed in through the back 

of the assembly. When the bolt was pushed through the sandwich plate and the specimen, 

a washer was set on each bolt. This washer was used as a barrier for the rosette so it 

would not get damaged during the test. While there were some tests that did not have 

rosettes, the washers were still used in order to be consistent. After setting the second 

sandwich plate into the bolts, through the front of the assembly, the nuts and washers 

were loosely placed on the ends of the bolts. 

 The next step was to attach the yoke assembly to the test assembly. The threaded 

rod and yoke assembly were pulled out closer to the specimen to provide slack during the 

fit-up process. The two sandwich plates slid inside the yoke assembly, and the yoke shim 

was pushed in between them, until the bolt holes lined up. To aid in the bolt hole 

alignment process, the back end of a spud wrench was pushed through one of the bolt 

holes and moved the different plates around until they were lined up. A bolt was placed 

through the open bolt hole, the spud wrench was taken out for another bolt to be placed 

through. The nuts and washers were then loosely placed on the ends of the bolts. 
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 Since the slotted holes in the test specimen were oriented perpendicular to the 

load, the bolts connecting the sandwich plates to the specimen had the ability to slide 

down the slots. After lifting the sandwich plates within the slots to be level, the bolts 

were finger tightened. Then, for tests with one to three shim plates, the nuts on the yoke 

bolts were tightened using a channel lock and a 1s in. (41.3 mm) box wrench. After 

ensuring the sandwich plates were still level, the bolts in the specimen and sandwich 

plates were lightly tightened using spud wrenches. Then, the threaded rod was pulled 

snug to the yoke assembly, and the nut on the threaded rod was finger-tightened to the 

back of the actuator. The tension-controlled bolts through the specimen, shim stack, and 

beam flange were finger-tightened, and then fully tightened using a shear wrench, as seen 

in Figure 3-14. The bolts were tightened in a certain order for each test, as seen in Figure 

3-15. 

 

Figure 3-14: TONE Shear Wrench. 
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Figure 3-15: Typical TC Bolt Tightening Order. 

 For the tests that required four or five shim plates under the specimen, the 

procedure was slightly modified to account for slipping between the plates. Before 

tightening the bolts for the sandwich plates and the yoke assembly, the tension-controlled 

bolts in the specimen, shim plates, and beam flange were finger-tightened. Then, the 

actuator was turned on and pulled on the assembly up to a load of 2 kip (2.2 kN) to allow 

the shim plates to shift. Then, the tension-controlled bolts were fully tightened using a 

shear wrench in a slightly different order, as seen in Figure 3-16. The load from the 

actuator was released and the actuator was turned off once the tension-controlled bolts 

were tightened. Then, just as was done for the tests with fewer shim plates, the nuts on 

the yoke bolts were tightened using a channel lock and a box wrench and the bolts in the 

specimen and sandwich plates were lightly tightened using spud wrenches. 

Once the plates were bolted together, the instrumentation equipment was set up and 

connected. For the tests that had rosettes, the rosette wires were connected to the data 

acquisition system. Then, the LVDTs were set up on the beam flange; LVDT 1 was 

oriented horizontally, resting in the LVDT stabilizer that was on the extended single plate 
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of the specimen assembly, and LVDT 2 was oriented vertically, touching the base plate 

of the specimen assembly.  

 Then, the test IDs were placed on the specimen, the LVDTs, and the plexiglass 

shield. The shield was cleaned and placed over the test assembly with a white backdrop 

behind the assembly, resting against it. There were two shop lights that were placed 

around the assembly to eliminate as many shadows as possible to help in achieving a 

visual on what happens during the test. There were two cameras that were set up to 

record the tests, one in front of the test, and the other on top of the plexiglass shield. To 

start the test, pictures were taken from both cameras and were set to record. 

 

 

Figure 3-16: TC Bolt Tightening Order for Lower Bolt Group Positions. 
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3.4.2 Test Loading 

 When setup was complete, the actuator was turned on, and the load cell, rosettes, 

and LVDTs were checked to ensure they were reading. To ensure the data acquisition 

system was reading the numbers correctly, the readings from the LVDTs were called out 

and matched with the ones in the data acquisition system. Load was applied as 

monotonically as possible. The amount of load per step was not constant due to the 

actuator controls. Load measurements were announced during the test for the research 

team to hear. 

 The tests ended when one of two outcomes happened: there was sufficient shear 

deformation seen in the extended plate and it was not gathering more load, or the capacity 

of the load cell was reached. Once one of those two outcomes occurred, the actuator 

would be released. The data were saved by the data acquisition system. 

3.4.3 Post-Test Procedure 

 Upon completion of a test, pictures were taken of the deformed test specimen and 

the camera recordings were turned off. The plexiglass shield was removed, and the test 

IDs were removed and saved for post-test pictures of the specimen. The LVDTs were 

removed from the specimen, and the rosette wires were disconnected.  

 The test specimen was then removed from the beam and placed on a table with a 

white background for post-test pictures. The post-test picture series included all the same 

angles from the pre-test pictures, as well as some focused on specific behaviors that were 

observed on the specimen.  
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Chapter 4: Experimental Results 

Each test in the experimental program yielded both qualitative and quantitative 

data. The qualitative data consisted of the initial observations during the tests, as well as 

observations on the specimen behavior after watching the video recordings taken of each 

test. The quantitative data consisted of load, displacement, and strain data gathered 

through the data acquisition system. This chapter will discuss general observations and 

present the data gathered from the tests. 

4.1 Observed Specimen Behavior 

Each specimen was seen to behave in two ways: bolt bearing and plate flexure. 

The different specimens demonstrated different levels of each of those behaviors, with 

trends following the location of the bolts within the slotted holes. The specimens with 

bolts positioned closer to the weld displayed more bolt bearing behavior, while the 

specimens with bolts positioned farthest from the weld displayed more plate flexure 

behavior. The different levels of each behavior seen in the different test specimens are 

described in Table 4-1. The specimens that displayed plate flexure also experienced 

cusping at the bottoms of the slotted holes. As the specimens were loaded and the plate 

started to deform, the slotted holes started collapsing, creating cusps. There were also 

several different behaviors that were observed in the different specimens; some of the 

behaviors were seen in a couple of the tests, while others were seen in the majority of the 

tests. 
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Table 4-1: Observed Specimen Behaviors. 

TEST ID OBSERVED BOLT 

BEARING 

OBSERVED PLATE 

FLEXURE 

 
S30P100 Minimal Moderate  

S30P075 Minimal Significant  

S30P050 Extreme Extreme  

S30P025 Extreme Extreme  

S30P000 Extreme Significant  

S35P100 Moderate Significant  

S35P075 Significant Extreme  

S35P050 Moderate Significant  

S35P025 Moderate Moderate  

S35P000 Significant Minimal  

S40P100 Minimal Moderate  

S40P075 Moderate Moderate  

S40P050 Moderate Moderate  

S40P025 Significant Moderate  

S40P000 Significant Minimal  

S45P100 Moderate Moderate  

S45P075 Moderate Moderate  

S45P050 Moderate Minimal  

S45P025 Significant Minimal  

S45P000 Significant Minimal  

 

Plate tearing at the bottom of the slots in the direction of the load was observed in 

two of the tests: S30P050 and S35P075. Since there was no trend in the bolt position or 

the slot spacing, the plate tearing was determined to be due to the extreme loading of the 

specimens. Once the slots were no longer able to deform due to the cusping, the plate 

started tearing to allow for further deformation.  

The top corner of the non-loaded edge of the specimen turned up in all the tests, 

except S40P000, S45P025, and S45P000. The tests that did not display this behavior had 

lower bolt positions, greater slot spacings, and displayed more bolt bearing than plate 
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flexure. A possible explanation for this is that the plate could behave as a frame while in 

flexure, resulting in the upward turn of the plate material on the specimens that displayed 

a lot of plate flexure. This behavior, as seen in Figure 4-1, could have been seen in more 

of the tests if more load was applied to the specimens.  

Local out-of-plane plate buckling was also seen in the different tests in the 

experimental program. There were two areas of the plate where the local buckling was 

observed: the bottom of the loaded edge on the shear tab, and the top of the shear tab near 

the loaded edge. Both behaviors can be seen in Figure 4-2. The local out-of-plane 

buckling at the bottom of the loaded edge was seen at each spacing with bolt group 

positions at 100%, 75%, and 50%, as well as test S30P025. The magnitude of the 

buckling depended on the bolt group position, the slot spacing, the loading applied to the 

specimen. The specimens with lower bolt group positions and greater slot spacings 

experienced less buckling than the specimens with higher bolt group positions and 

smaller slot spacings.  

 

Figure 4-1: Example of Slot Cusping and Plate Turn Up. 
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Finally, the local out-of-plane buckling at the top of the shear tab near the loaded 

edge was observed in every test. The top of the single plate was seen to buckle towards 

one of the sandwich plates. This behavior could be attributed to a possible eccentricity 

from the washers that were placed in between the single plate and the sandwich plate to 

avoid crushing the rosettes during the tests.  

Pictures of the test specimens before and after testing can be found in Appendices 

D and E, respectively. These pictures are provided to enable the reader to compare the 

before and after results of the tests, as well as to see the different behaviors that were 

observed during the experimental initiative.  

 

Figure 4-2: Local Out-of-Plane Buckling on Loaded Edge (Left) and Top of Specimen (Right). 
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4.2 Shear Tab Displacement Data 

 The shear tab displacement data were gathered from LVDT 1, which measured 

the lateral displacement at the top of the plate during the tests. The data provided 

consistent trends for the different specimens and their configurations throughout the 

experimental program, allowing these data to be the focus for the analysis. There were, 

however, various elements in the data gathered that provided challenges when making 

observations and conclusions.  

 One of the elements occurred at the start of the data collection. As the tests were 

prepared to begin, the instrumentation and the data collection system were turned on 

before any load was applied to the specimen. Since the data collection system was 

running before the test began, there were a lot of extra data points that fluttered around 

the 0 kip (0 kN) line in the graphs. Since the beginning data were not useful for the 

analysis phase, they were omitted and not used in the analysis of this project. 

Other elements that had to be addressed are the noise and spikes found in the 

lateral displacement data. Two different aspects of the test setup could have caused the 

fuzziness of the data: issues with the LVDT or signal conditioner, or the LVDT stabilizer 

setup. There could have been issues with how the LVDT or signal conditioner was 

reading or outputting the data gathered, causing fluttering of the data points to occur. 

There also could have been an issue with the LVDT stabilizer setup. Due to the LVDT 

being confined in the nut, there is a possibility that the LVDT was getting caught on the 

nut at some points, gathering data that were not representative of the test. Even though 

noise and lateral spikes were seen throughout the data for the different tests, the general 

trends of each data set can be seen. Chapter 5 will discuss the steps taken to minimize the 
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noise in the data to show the trends in the data more clearly, as well as how the steps 

contributed to the analysis phase.  

The final general element for the lateral displacement data is the crossing pattern 

that occurs in the horizontal portion of the data, which has been called out in Figure 4-3. 

This crossing pattern could be the result of a LVDT or signal conditioner issue, or pauses 

between loadings during the tests. These pauses could be from unusually long breaks 

between the manual loading of the specimen or breaks during the test to observe the 

behavior of the specimen after a noise was heard or unexpected plate behavior was 

occurring. When the pauses between loads become too great, load could be released from 

the specimen, lessening the deformation of the specimen, causing the LVDT to read 

lower lateral displacements. 

Figure 4-3 shows the raw data for load versus lateral displacement for all five bolt 

group positions at 3-in. (76.2 mm) spacing. The trends seen in this graph are similar to 

the trends seen at the other slot spacings. The first trend describes how the specimen 

deforms during the experiment. The data sets consist of a near-vertical section, starting at 

the bottom of the plot, where load is quickly applied with little lateral deformation. Then, 

there is a turning point where, at a certain load, the lateral deformation drastically 

increases. Finally, there is a near-horizontal section of the data set where the load is 

slowly applied with great lateral deformation. The other trend seen at this spacing, as well 

as the others, is when the bolt group is positioned closer to the weld, the capacity of the 

specimen increases.  
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Figure 4-3: Raw Data at 3.0-in. Spacing. 

While the trends for the 3-in. (76.2 mm) spacing are true for the other three 

spacings, there are a few differences that the other three spacings share. The graphs at 3 �2 

in. (88.9 mm), 4 in. (102 mm), and 4 �2 in. (114 mm) spacings can be found in Figure 4-4, 

Figure 4-5, and Figure 4-6, respectively. It can be observed that the specimens with bolt 

group positions of 100% and 75% are similar in magnitude when comparing the 

capacities and lateral displacement. Additionally, some of the specimens with the 0% and 

25% bolt group positions reached the capacity of the load cell before significant 

deformation was observed, rendering these specimens partially documented. 

Additionally, data from tests S35P050, S40P025, and S45P075 contained a horizontal 

shift near the bottom of the graph. Upon reviewing the videos of the tests, the shift was 

determined to be from LVDT 1 settling into the LVDT stabilizer.  
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Figure 4-4: Raw Data at 3.5-in. Spacing. 

 

Figure 4-5: Raw Data at 4.0-in. Spacing. 
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The specimens at the 42 in. (114 mm) spacing displayed even more differences 

than the other spacings. Three out of the five specimens reached the load cell capacity 

before significant lateral displacement was observed, rendering those three specimens 

partially documented. In test S45P075, there was a horizontal shift in the data at around 

80 kips (356 kN). However, after reviewing the video of the test, there was no visible 

shift of the specimen, so the shift in data was determined to be from the LVDT or signal 

conditioner issue. Finally, in test S45P000, there was little noise in the data but there was 

a significant horizontal shift in the data around 88 kips (391 kN). After reviewing the 

video, the plate is seen to be slightly deforming throughout the test, but the reason for the 

sudden shift in lateral displacement is unknown. 

 

Figure 4-6: Raw Data at 4.5-in. Spacing. 
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4.3 Base Plate Uplift Data 

As aforementioned, a fixed condition was assumed for the connection between the 

specimen base plate and the supporting beam. In an effort to determine whether the 

assumed fixity was achieved during the different tests, an LVDT was used to measure the 

vertical displacement of the base plate. The data from LVDT 2 were minimal for each 

test, with a maximum vertical displacement out of the twenty specimens tested of less 

than 0.005 in. (0.13 mm). The minimal vertical displacement seen in each test indicates 

that the goal of fixity was achieved in this experimental program. Representative graphs 

of the applied load versus the vertical displacement data for each test can be found in 

Appendix F. 

4.4 Rosette Data 

 To observe the relative deformation behavior of the specimens between the long-

slotted holes, strain data were collected from the rosettes that were attached to 14 of the 

20 tests. The strain data, compared to the load applied for its respective test, produced a 

similar trend for each test where these data were gathered. At the beginning of each test, 

the strains in all three directions read around zero strain. Once the plate started 

experiencing significant shear deformation, the strains started increasing, veering away 

from the zero-strain line. The two strains taken at 45-degree angles increased 

exponentially in magnitude, while the perpendicular strain slightly increased in 

magnitude once the plate deformation caused the plate to stretch. During some of the 

tests, the deformation created too much tension in the rosette wires, causing the wires to 

detach from the plate. Horizontal lines at the end of the strain data can be seen on the 
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graphs where this sudden detachment occurred. The graphs of the load versus strain 

gauge data can be found in Appendix G. 
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Chapter 5: Data Analysis 

Due to the amount of data gathered from this experimental initiative, two types of 

analyses were utilized: qualitative and quantitative. The qualitative analysis consists of 

conclusions made from observations documented during the test or seen in the video 

recording after the test. The quantitative analysis consists of conclusions based on 

numerical operations, and made possible through MATLAB software programming, from 

the data gathered during the experiment. The load versus horizontal shear tab 

displacement data were determined to be the most useful set of data to be analyzed and 

were used for the quantitative analysis. The data from the base plate uplift and strain 

gauges were not determined to be beneficial and were omitted from the data analysis.  

5.1 Qualitative Analysis 

There were several different behaviors observed throughout testing that provide 

insight into how the long slots affect the single plate at the different bolt group locations. 

Comparing the observed behaviors to what was expected proves useful when determining 

the factors that need to be implemented in the design procedure. The main behaviors 

observed were plate flexure, bolt bearing, local buckling, and the turning up of the plate 

corner.  

 As can be seen in post-test pictures in Appendix E, bolt bearing and plate flexure 

were easy to distinguish once the tests were complete. Table 5-1 provides the behaviors 

for each test specimen and the magnitude at which they were seen, compared to what was 

expected from the calculations performed before testing began. A trend can be seen 

where the specimens with bolts placed at higher positions had greater plate flexure, which 

also correlated to what was expected. It can also be seen that as the bolt group was placed 
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at the lower positions, bolt bearing was more prominent and correlated with what was 

expected. The middle bolt positions – 25%, 50%, and 75% – had a greater mixture 

between the two behaviors, rendering it difficult to decide which behavior governed. 

Overall, the trends found in this comparison prove the assumptions made in the design of 

the connection were correct with respect to which behaviors were going to be most 

noticeable.  

Table 5-1: Comparison of Expected and Tested Specimen Behavior. 

TEST ID EXPECTED FAILURE 

MODE 

OBSERVATIONS 

PLATE 

FLEXURE 

BOLT 

BEARING 

S30P100 Bolt Plate Flexure Moderate Minimal 

S30P075 Bolt Plate Flexure Significant Moderate 

S30P050 Bolt Plate Flexure Extreme Extreme 

S30P025 Plate Shear Rupture Extreme Extreme 

S30P000 Plate Shear Rupture Significant Extreme 

S35P100 Bolt Plate Flexure Significant Moderate 

S35P075 Bolt Plate Flexure Extreme Significant 

S35P050 Bolt Bearing/Bolt Plate Flexure Significant Moderate 

S35P025 Bolt Bearing/Bolt Plate Flexure Moderate Moderate 

S35P000 Plate Shear Rupture Minimal Significant 

S40P100 Bolt Plate Flexure Moderate Moderate 

S40P075 Bolt Plate Flexure Moderate Moderate 

S40P050 Bolt Bearing/Bolt Plate Flexure Moderate Moderate 

S40P025 Bolt Bearing/Bolt Plate Flexure Moderate Moderate 

S40P000 Bolt Bearing Minimal Significant 

S45P100 Bolt Plate Flexure Moderate Moderate 

S45P075 Bolt Bearing/Bolt Plate Flexure Moderate Moderate 

S45P050 Bolt Bearing/Bolt Plate Flexure Minimal Moderate 

S45P025 Bolt Bearing/Bolt Plate Flexure Minimal Significant 

S45P000 Bolt Bearing Minimal Significant 
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5.2 Quantitative Analysis 

There were several different analysis methods considered for this project due to the 

complexity of the problem. After careful deliberation, the method thought to best 

represent the data and produce solid conclusions was to compare the horizontal 

displacement of the shear tab to the load applied to the specimen to compare the tested 

capacity to the expected capacity. As seen in Chapter 4, the raw data produced general 

trends, but contained noise in the graphs that made it difficult to find a capacity. An 

example of the noise can be seen in Figure 5-1. This was mitigated by a two-part process; 

first, the data were manually filtered for obvious outlier points in the data, and then were 

filtered using a MATLAB code to smooth out the curve further.  

 

Figure 5-1: Example Raw Data versus Load. 
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After determining that the raw data contained too much noise to effectively analyze 

the data, the data for each test were combed through to find the greatest outliers that did 

not fit the data. The points chosen to be omitted were determined following a review of 

video footage for that test to ensure the spikes in data could not be explained by an event 

that happened during the test, such as a shift in the base plate or the LVDT moving out of 

place. Spikes caused by something that happened during the test were left in the data to 

ensure they were considered. There were also data points omitted from the prefiltered 

data at the start of the tests, found at the bottom of the graph. While the tests were 

starting, the equipment was turned on and their outputs were fluttering before load was 

applied. These data points were not rendered useful and were omitted from the prefiltered 

data. A comparison of the raw data to the prefiltered data can be found in Figure 5-2.  

 

Figure 5-2: Example Raw and Prefiltered Data versus Load. 
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5.2.1 MATLAB 

The last step to filtering the test data was to run it through a MATLAB code. This 

code was created to ensure the trend of the data remained intact while eliminating the 

noise that made it difficult to analyze. Two different codes were used: one for test 

S30P100, and the other for the remaining nineteen tests. The code for most of the tests 

has the data going through two filters, while the other code has those data going through 

three filters. This is due to the excess noise found in S30P100; when putting that test 

through two filters, the trend line was not representative of the data, so a third was put in 

the code to further smooth out the line. 

The two different filters are the Butterworth filter and the Median filter. Both 

filters work to eliminate the noise in the data while keeping the numbers in the same 

range as the original data set. The code for S30P100 includes a second Median filter that 

further reduces the noise found in that data set. After the data were put through the filters, 

there was a curve fitting function and a smoothing parameter that were implemented in 

the code that fits the filtered data to a curve, enabling the data to illustrate its original 

trend through the graphs created. A comparison of each step of the data can be seen in 

Figure 5-3. The codes used for this process can be found in Appendices H and I. 
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Figure 5-3: Example Raw, Prefiltered, and Filtered Data versus Load. 
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force seen by the specimen, can be seen in those graphs. The movement in the trendline is 
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Figure 5-4: Filtered Data at 3.0-in. Spacing. 

 

Figure 5-5: Filtered Data at 3.5-in. Spacing. 

-2.54 0 2.54 5.08 7.62 10.16 12.7 15.24 17.78

0

44

89

133

178

222

267

311

356

400

445

0

10

20

30

40

50

60

70

80

90

100

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Displacement [mm]

F
o

rc
e

 [
k
N

]

F
o

rc
e

 [
k
ip

]

Displacement [in.]

Filtered Data: Load versus Displacement at 3.0-in. Spacing

S30P100

S30P075

S30P050

S30P025

S30P000

-2.54 0 2.54 5.08 7.62 10.16 12.7 15.24 17.78

0

44

89

133

178

222

267

311

356

400

445

0

10

20

30

40

50

60

70

80

90

100

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Displacement [mm]

F
o

rc
e

 [
k
N

]

F
o

rc
e

 [
k
ip

]

Displacement [in.]

Filtered Data: Load versus Displacement at 3.5-in. Spacing

S35P100

S35P075

S35P050

S35P025

S35P000



71 

 

 

Figure 5-6: Filtered Data at 4.0-in. Spacing. 

 

Figure 5-7: Filtered Data at 4.5-in. Spacing. 
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5.2.2 Capacity Determination 

With the trend lines produced from the filtering process, the capacities of each 

specimen were determined. Careful consideration was put into finding the capacity since 

there was no clear or consistent way of defining failure for all twenty specimens. The 

method used to determine the capacity was a combination of numerical interpolation of 

the data and graphical analysis. It was assumed that the failure point would be found 

where the graph started to turn over, which is an indication that the plate has yielded, that 

plate flexure started to take over, and that the plate experienced significant loss of 

stiffness.  

By observing the trend lines for each test, a turning point can be seen; finding that 

general location on the graph was the first step of determining the capacity. The next step 

was to turn to the data points for each graph and find the range of forces at the turning 

point on the graph. A percent difference was taken for each horizontal displacement 

value, which was a comparison of a point and the point prior.  

Due to the variability between the different tests, it was difficult to determine the 

point where the graph turned that was consistent with all twenty data sets. There were 

ranges in each data set that had an increased percent difference around the turning point 

location seen on their respective graphs. There was discussion on which point to choose: 

the point with the highest percent difference, the first point at the range, the last point at 

the range, or the middle of the range. After deliberation and comparison of the data from 

the different tests, the data point with the highest percent difference to the point prior was 

determined to be the best representation of the turning point. The highest percent 
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difference was determined to indicate the greatest change, illustrating the turning point in 

the curve from elastic to plastic deformation in the specimens.  

A comparison of the failure points for each specimen can be found in Figure 5-8. 

This graph illustrates the general trend of increased capacity as the bolt position moves 

closer to the welded edge for each slot spacing. However, the positions farthest from the 

welded edge have the most uncertainty, which can be seen by the overlap in capacities for 

the 3 �2 in. (88.9 mm) and 4 in. (102 mm) slot spacing specimens at the 100% and 75% 

positions.  

 

Figure 5-8: Tested Capacity versus Slot Spacing. 
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5.2.3 Comparison of Data 

The following plots in Figure 5-9 through Figure 5-28 illustrate the comparisons 

between the expected and tested capacities, as well as the different stages of the filtering 

process, for each specimen in this experimental initiative. Each plot consists of the raw 

data, prefiltered data, filtered data, and the points of the expected and tested capacities for 

that specimen.  

The expected and tested capacities can be compared to each other on each plot. By 

comparing those two capacities, it can be observed that the gap, which defines the percent 

difference between the two capacities, begins to decrease as the bolt group position 

moves farther from the welded edge. Further comparison of the different graphs provides 

a trend between the increase in capacity of the specimen as the bolt group is positioned 

closer to the welded edge.  
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Figure 5-9: Combined Data for S30P100. 

 

Figure 5-10: Combined Data for S30P075. 
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Figure 5-11: Combined Data for S30P050. 

 

Figure 5-12: Combined Data for S30P025. 

-2.54 0 2.54 5.08 7.62 10.16 12.7 15.24 17.78

0

44

89

133

178

222

267

311

356

400

445

0

10

20

30

40

50

60

70

80

90

100

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Displacement [mm]

F
o

rc
e

 [
k
N

]

F
o

rc
e

 [
k
ip

s
]

Displacement [in.]

S30P050 Combined Data

Raw Data

Prefiltered Data

Filtered Data

Expected Capacity

Tested Capacity

-2.54 0 2.54 5.08 7.62 10.16 12.7 15.24 17.78

0

44

89

133

178

222

267

311

356

400

445

0

10

20

30

40

50

60

70

80

90

100

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Displacement [mm]

F
o

rc
e

 [
k
N

]

F
o

rc
e

 [
k
ip

s
]

Displacement [in.]

S30P025 Combined Data

Raw Data

Prefiltered Data

Filtered Data

Expected Capacity

Tested Capacity



77 

 

 

Figure 5-13: Combined Data for S30P000. 

 

Figure 5-14: Combined Data for S35P100. 
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Figure 5-15: Combined Data for S35P075. 

 

Figure 5-16: Combined Data for S35P050. 
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Figure 5-17: Combined Data for S35P025. 

 

Figure 5-18: Combined Data for S35P000. 
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Figure 5-19: Combined Data for S40P100. 

 

Figure 5-20: Combined Data for S40P075. 
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Figure 5-21: Combined Data for S40P050. 

 

Figure 5-22: Combined Data for S40P025. 
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Figure 5-23: Combined Data for S40P000. 

 

Figure 5-24: Combined Data for S45P100. 
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Figure 5-25: Combined Data for S45P075. 

 

Figure 5-26: Combined Data for S45P050. 
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Figure 5-27: Combined Data for S45P025. 

 

Figure 5-28: Combined Data for S45P000. 
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When comparing the expected to the tested capacities for each specimen, it can be 

seen that the vast majority of the tested capacities exceed what was expected, which is 

shown in Table 5-2. There were two exceptions: specimens S30P25 and S45P000. The 

expected capacity for specimen S30P25 is greater than the tested capacity by 1%; a tested 

capacity was not obtained for S45P000, so there is nothing to compare against. While 

most of the tested capacities are greater than the expected, the order of magnitude of that 

difference decreases as the bolt group position moves farther from the welded edge. This 

proves the need for an adjusted design procedure for these types of connections. 

Table 5-2: Comparison of Expected and Tested Capacities. 

TEST ID EXPECTED 

CAPACITY 

TESTED 

CAPACITY 

PERCENT 

DIFFERENCE 

kip (kN) kip (kN) 

S30P100 22.1 (98.1) 45.7 (203) 107% 

S30P075 29.4 (131) 51.1 (227) 73.8% 

S30P050 44.1 (196) 53.1 (236) 20.4% 

S30P025 60.8 (270) 60.2 (268) -0.99% 

S30P000 60.8 (270) 76.8 (342) 26.3% 

S35P100 31.6 (141) 54.7 (243) 73.1% 

S35P075 42.1 (187) 55.3 (246) 31.4% 

S35P050 61.3 (273) 63.1 (281) 2.94% 

S35P025 67.9 (302) 72.8 (324) 7.22% 

S35P000 71.7 (319) 79.4 (353) 10.7% 

S40P100 43.1 (192) 68.4 (304) 58.7% 

S40P075 57.5 (256) 65.8 (293) 14.4% 

S40P050 61.3 (273) 72.1 (321) 17.6% 

S40P025 67.9 (302) 81.4 (362) 19.4% 

S40P000 82.0 (365) 91.4 (407) 11.5% 

S45P100 56.6 (252) 68.7 (306) 21.4% 

S45P075 59.1 (263) 76.0 (338) 28.6% 

S45P050 61.3 (273) 84.1 (374) 37.2% 

S45P025 67.9 (302) 86.9 (387) 28.0% 

S45P000 82.0 (365) N/A N/A 
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Chapter 6: Discussion and Conclusions 

There are many aspects of this research and experimental initiative that went well 

and resulted in new information and lessons learned. However, there were many more 

aspects of this initiative that could be improved and added in the future to bring the 

results that were desired at the conception of the project. This chapter discusses the pros 

and cons form this project and provides ideas for how this initiative can be improved 

upon in future studies.  

6.1 Conclusions 

There were several aspects of this project that were successful, including the 

several types of data gathered, the testing procedure that was followed, and the 

organization between the two different projects. The first one to note is the data gathered 

for this project. Not only were there quantitative data gathered from the rosettes, LVDTs, 

and the load cell, there were also qualitative data gathered through pictures and videos. 

The quantitative data that were gathered either confirmed the theories made about the 

project or provided new information to analyze. The qualitative data provided a way to 

document aspects that either cannot be put into words or would have been missed or 

overlooked in the experiment. The pictures taken of the specimens enabled the team to 

see the changes that occurred during the test after the material was recycled or discarded. 

The videos taken of the individual tests provided the opportunity to watch the tests over 

and over to figure out what happened at a specific point of the test, while also showing 

different point of views that would not have been attainable during the tests.  

The documentation throughout this project was also successful. Having 

summaries of what happened during each test, quantitative data gathered for each test, 
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and videos of the tests used to answer questions from the initial test and the quantitative 

data was extremely helpful during the analysis phase. Adding to documentation, the step-

by-step procedure for the test setup was successful. The procedure eliminated a lot of 

variability that could have occurred between the 20 different tests. It also allowed for 

improvements to be made on later tests, such as taking note of something that should be 

done differently for the remainder of the tests.  

However, there were many lessons learned throughout this experimental initiative 

that can prove useful in future initiatives. Taking note of what was learned through this 

round of testing can enable further rounds of testing to gather more information to better 

understand the behavior of these single plate shear connections. Examples of the 

information learned through testing include anchorage of the specimens, location points 

for LVDTs and their setup, and location points for rosettes.  

During some of the tests where the bolts were positioned near the weld, plate 

slipping was observed at the plate specimens and shim plates. The slipping was observed 

through loud noises during the test, seeing the plates shift in the recordings of the test, 

and by noticing the spikes in horizontal displacement data. The reason for the shift, 

discovered through watching the test recordings, was due to the anchorage of the 

specimen to the supporting beam. As aforementioned, the anchorage method was revised 

to accommodate for this behavior. However, the experimental initiative would have been 

more consistent if the anchorage method was used for each test.  

Additionally, there were some lessons learned from setting up the LVDTs and 

where they were located. The LVDT holder used to keep the LVDT in place on the shear 

tab caused the LVDT to be confined within the nut, providing outputs that did not match 
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the behavior of the specimen during testing. This can be seen when the LVDT would get 

stuck in the nut and would read values that did not make sense for the observed behavior 

of the specimen. The second LVDT that gathered the base plate uplift measurements was 

useful in confirming the assumptions at the beginning of the initiative but did not 

contribute as much when analyzing the plate behavior. However, if that LVDT was used 

to gather horizontal displacement measurements of the sandwich plates, the data could be 

compared to the horizontal displacement of the shear tab to observe the relative 

displacements due to flexure and bearing independently. These data could provide 

answers to which behavior happens first and which is more prominent at the different bolt 

hole locations. 

There were several lessons learned from using the rosettes during this 

experimental initiative. First, the location of the rosette did not provide enough 

information on the plate behavior. After observing the behavior of the plate, there are 

other locations that may provide more beneficial data: on the top, middle, and bottom 

edges of the slots. The data from these distinct locations could answer questions about 

what the plate around the slots experiences during the tests as well as provide a better 

approximation on how the plate sections between the slots act – as a cantilever, a frame, 

or another system. 

Several conclusions can be made from the trends found through the analyzed data. 

First, a positive correlation was found between the connection capacity and the bolt group 

position: as the bolt group was positioned closer to the weld, the connection’s capacity 

increased; as the bolt group was positioned farther from the weld, the connection’s 

capacity decreased. Another trend found from the data analysis illustrates the different 
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amounts of flexural and bearing behavior exhibited by the shear tab. As the bolt group 

was positioned closer to the weld, the plate exhibited more bearing behavior than 

flexural; as the bolt group was positioned farther from the weld, the plate exhibited more 

flexural behavior than bearing.  

Finally, there was a general trend found between the expected capacities and the 

tested capacities. For each specimen configuration, the same set of calculations were 

performed with the bolt group position and slot spacing changed for their respective tests. 

It was observed that at the 75% and 100% bolt group positions, the expected capacities 

were lower than the tested capacities by over 30%. Due to the gap between the tested and 

expected capacities, it was concluded that the design procedure was considerably 

conservative when designing the connections at those positions. However, the expected 

and tested capacities at the 0%, 25% and 50% bolt group positions were a lot closer in 

magnitude, roughly between 10% and 25%. While the calculations are conservative, it 

can be concluded that the design procedure is adequate for these positions. However, 

these trends confirm that the adapted design procedure used in this experimental initiative 

has the potential to be adjusted further to provide a more efficient and standard design for 

shear tabs with long-slotted holes. 

6.2 Future Research 

Due to the limitations of this project, and it being the first attempt at answering 

the questions around this experimental initiative, further research and testing should be 

completed. More work should be done to gain a better understanding of the plate 

behavior and to gather more informative data to allow for a more in-depth analysis. There 
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are many aspects of the project that can be added to and modified; the different ideas 

mentioned were determined through lessons learned throughout the experiment. 

The first aspect that should be considered would be to limit the variables for 

testing to one: bolt position or slot spacing. Having the two different variables limited the 

number of specimens for each configuration. On that same note, incorporating several 

specimens with the same configuration would be beneficial. This would provide a better 

way to compare the trends in plate behavior, as well as allow more control over the 

variables for the different tests.  

Another aspect of the project that could be modified would be in the setup of the 

specimen. First, the shear tab should increase in thickness to better represent what is seen 

in the field. Due to the capacity of the equipment used, the shear tabs for this project were 

4 in. (6.35 mm) thick. This plate likely saw different limit states that a thicker plate 

would see at the same stages in loading. Additionally, to better simulate the real-world 

application of these shear tabs, the base plate could be welded to an embed plate 

embedded in concrete. This would bring in different limit states to consider but would be 

more useful when understanding what happens.  

 The specimen configuration could also be modified for future testing. In this 

initial round of testing, the shear tab consisted of three rows of bolts in the slotted holes. 

The effects that more rows of bolts could have on the behavior of the plate was not 

considered for this project. Observing the shear tab with an increased number of bolt 

rows could be beneficial in understanding the plate behavior with the slotted holes; the 

increase in bolt rows could better portray what happens to the plate sections between the 
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slots. This configuration would also be useful when comparing to the plate configurations 

that are found in the field.  

One of the biggest modifications that would be beneficial would be the number of 

rosettes used and their placement. As was previously mentioned, the placement for this 

test was not ideal in learning the latest information about how the plate sections behave. 

Various locations on the shear tab should be considered where more information can be 

gathered. The rosettes could be placed along the edges of the slots, closer to the top of the 

plate, and at the top of the non-loaded edge. The attachment of the rosettes located closer 

to the slot and farther from the welded edge will need significant consideration due to the 

amount of bending that may occur. The rosettes located at the top of the non-loaded edge 

could be useful in fully understanding why that area is rotated up during the tests. 

Additionally, several rosettes should be considered per test specimen to capture the 

different behavior at those distinct locations.  

Finally, the creation of an inelastic finite element model should be considered in 

conjunction with the experimental testing. The results from the finite element model 

could be used to predict the behavior that should be observed in the experiment, as well 

as validate the observed behaviors during testing. The model could also be used to 

manipulate other variables not originally considered to observe their effects on the plate 

behavior without testing in the lab at that time. Creating additional models to simulate a 

framing system or cantilever beams could be beneficial to compare to the behavior seen 

during testing. Incorporating an inelastic finite element model would be a great addition 

to the data gathered on these types of connections and could answer a lot of questions that 

may be extremely difficult to observe during experimental testing.  
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Appendix A. Test Data from MAI 

 

 

 

 



95 

 

 



96 

 

Appendix B. Sample Calculations 
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Appendix C. Shop Drawings 
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Appendix D. Pre-Test Specimen Photos 
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Figure D-1: Front View of S30P100. 

 

Figure D-2: Top View of S30P100. 
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Figure D-3: Side View of S30P100. 

 

Figure D-4: Close-up View on Rosette of S30P100. 
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Figure D-5: Front View of S35P100. 

 

Figure D-6: Top View of S35P100. 
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Figure D-7: Side View of S35P100. 

 

Figure D-8: Close-up View on Rosette of S35P100. 
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Figure D-9: Front View of S40P100. 

 

Figure D-10: Top View of S40P100. 
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Figure D-11: Side View of S40P100. 

 

Figure D-12: Close-up View on Rosette of S40P100. 
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Figure D-13: Front View of S45P100. 

 

Figure D-14: Top View of S45P100. 
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Figure D-15: Side View of S45P100. 

 

Figure D-16: Close-up View on Rosette of S45P100. 
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Figure D-17: Front View of S30P075. 

 

Figure D-18: Top View of S30P075. 
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Figure D-19: Side View of S30P075. 

 

Figure D-20: Close-up View on Rosette of S30P075. 
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Figure D-21: Front View of S35P075. 

 

Figure D-22: Top View of S35P075. 

 



154 

 

 

Figure D-23: Side View of S35P075. 

 

Figure D-24: Front View of S40P075. 
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Figure D-25: Top View of S40P075. 

 

Figure D-26: Side View of S40P075. 
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Figure D-27: Front View of S45P075. 

 

Figure D-28: Top View of S45P075. 
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Figure D-29: Side View of S45P075. 

 

Figure D-30: Front View of S30P050. 
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Figure D-31: Top View of S30P050. 

 

Figure D-32: Side View of S30P050. 
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Figure D-33: Close-up View on Rosette of S30P050. 

 

Figure D-34: Front View of S35P050. 
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Figure D-35: Top View of S35P050. 

 

Figure D-36: Side View of S35P050. 
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Figure D-37: Close-up View on Rosette of S35P050. 

 

Figure D-38: Front View of S40P050. 
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Figure D-39: Top View of S40P050. 

 

Figure D-40: Side View of S40P050. 
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Figure D-41: Close-up View on Rosette of S40P050. 

 

Figure D-42: Front View of S45P050. 
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Figure D-43: Top View of S45P050. 

 

Figure D-44: Side View of S45P050. 
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Figure D-45: Close-up View on Rosette of S45P050. 

 

Figure D-46: Front View of S30P025. 

 



166 

 

 

Figure D-47: Top View of S30P025. 

 

Figure D-48: Side View of S30P025. 
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Figure D-49: Close-up View on Rosette of S30P025. 

 

Figure D-50: Front View of S35P025. 
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Figure D-51: Top View of S35P025. 

 

Figure D-52: Side View of S35P025. 
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Figure D-53: Front View of S40P025. 

 

Figure D-54: Top View of S40P025. 
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Figure D-55: Side View of S40P025. 

 

Figure D-56: Front View of S45P025. 
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Figure D-57: Top View of S45P025. 

 

Figure D-58: Side View of S45P025. 
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Figure D-59: Front View of S30P000. 

 

Figure D-60: Top View of S30P000. 
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Figure D-61: Side View of S30P000. 

 

Figure D-62: Close-up View on Rosette of S30P000. 
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Figure D-63: Front View of S35P000. 

 

Figure D-64: Top View of S35P000. 
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Figure D-65: Side View of S35P000. 

 

Figure D-66: Close-up View on Rosette of S35P000. 
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Figure D-67: Front View of S40P000. 

 

Figure D-68: Top View of S40P000. 
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Figure D-69: Side View of S40P000. 

 

Figure D-70: Close-up View on Rosette of S40P000. 
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Figure D-71: Front View of S45P000. 

 

Figure D-72: Top View of S45P000. 

 



179 

 

 

Figure D-73: Side View of S45P000. 

 

Figure D-74: Close-up View on Rosette of S45P000. 
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Appendix E. Post-Test Specimen Photos 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



181 

 

 

Figure E-1: Front View of S30P100. 

 

Figure E-2: Top View of S30P100. 

 



182 

 

 

Figure E-3: Side View of S30P100. 

 

Figure E-4: Close-up View on Rosette of S30P100. 
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Figure E-5: Front View of S35P100. 

 

Figure E-6: Top View of S35P100. 
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Figure E-7: Side View of S35P100. 

 

Figure E-8: Close-up View on Rosette of S35P100. 
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Figure E-9: Front View of S40P100. 

 

Figure E-10: Top View of S40P100. 
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Figure E-11: Side View of S40P100. 

 

Figure E-12: Close-up View on Rosette of S40P100. 
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Figure E-13: Front View of S45P100. 

 

Figure E-14: Top View of S45P100. 
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Figure E-15: Side View of S45P100. 

 

Figure E-16: Close-up View on Rosette of S45P100. 
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Figure E-17: Front View of S30P075. 

 

Figure E-18: Top View of S30P075. 
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Figure E-19: Side View of S30P075. 

 

Figure E-20: Close-up View on Rosette of S30P075. 
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Figure E-21: Front View of S35P075. 

 

Figure E-22: Top View of S35P075. 
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Figure E-23: Side View of S35P075. 

 

Figure E-24: Close-up View on Plate Tear of S35P075. 
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Figure E-25: Front View of S40P075. 

 

Figure E-26: Top View of S40P075. 
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Figure E-27: Side View of S40P075. 

 

Figure E-28: Front View of S45P075. 
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Figure E-29: Top View of S45P075. 

 

Figure E-30: Side View of S45P075. 
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Figure E-31: Front View of S30P050. 

 

Figure E-32: Top View of S30P050. 
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Figure E-33: Side View of S30P050. 

 

Figure E-34: Close-up View on Rosette of S30P050. 
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Figure E-35: Close-up View on Plate Tear of S30P050. 

 

Figure E-36: Front View of S35P050. 
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Figure E-37: Top View of S35P050. 

 

Figure E-38: Side View of S35P050. 
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Figure E-39: Close-up View on Rosette of S35P050. 

 

Figure E-40: Front View of S40P050. 



201 

 

 

Figure E-41: Top View of S40P050. 

 

Figure E-42: Side View of S40P050. 
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Figure E-43: Close-up View on Rosette of S40P050. 

 

Figure E-44: Front View of S45P050. 
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Figure E-45: Top View of S45P050. 

 

Figure E-46: Side View of S45P050. 
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Figure E-47: Close-up View on Rosette of S45P050. 

 

Figure E-48: Front View of S30P025. 
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Figure E-49: Top View of S30P025. 

 

Figure E-50: Side View of S30P025. 
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Figure E-51: Close-up View on Rosette of S30P025. 

 

Figure E-52: Front View of S35P025. 
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Figure E-53: Top View of S35P025. 

 

Figure E-54: Side View of S35P025. 
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Figure E-55: Front View of S40P025. 

 

Figure E-56: Top View of S40P025. 
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Figure E-57: Side View of S40P025. 

 

Figure E-58: Front View of S45P025. 
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Figure E-59: Top View of S45P025. 

 

Figure E-60: Side View of S45P025. 
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Figure E-61: Front View of S30P000. 

 

Figure E-62: Top View of S30P000. 
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Figure E-63: Side View of S30P000. 

 

Figure E-64: Close-up View on Rosette of S30P000. 



213 

 

 

Figure E-65: Front View of S35P000. 

 

Figure E-66: Top View of S35P000. 
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Figure E-67: Side View of S35P000. 

 

Figure E-68: Close-up View on Rosette of S35P000. 
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Figure E-69: Front View of S40P000. 

 

Figure E-70: Top View of S40P000. 
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Figure E-71: Side View of S40P000. 

 

Figure E-72: Close-up View on Rosette of S40P000. 
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Figure E-73: Front View of S45P000. 

 

Figure E-74: Top View of S45P000. 
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Figure E-75: Side View of S45P000. 

 

Figure E-76: Close-up View on Rosette of S45P000. 



219 

 

Appendix F. Load versus Base Plate Uplift Graphs 
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Figure F-1: S30P100 Vertical Displacement Graph. 

 

Figure F-2: S30P075 Vertical Displacement Graph. 
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Figure F-3: S30P050 Vertical Displacement Graph. 

 

Figure F-4: S30P025 Vertical Displacement Graph. 
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Figure F-5: S30P000 Vertical Displacement Graph. 

 

Figure F-6: S35P100 Vertical Displacement Graph. 
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Figure F-7: S35P075 Vertical Displacement Graph. 

 

Figure F-8: S35P050 Vertical Displacement Graph. 
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Figure F-9: S35P025 Vertical Displacement Graph. 

 

Figure F-10: S35P000 Vertical Displacement Graph. 
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Figure F-11: S40P100 Vertical Displacement Graph. 

 

Figure F-12: S40P075 Vertical Displacement Graph. 
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Figure F-13: S40P050 Vertical Displacement Graph. 

 

Figure F-14: S40P025 Vertical Displacement Graph. 
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Figure F-15: S40P000 Vertical Displacement Graph. 

 

Figure F-16: S45P100 Vertical Displacement Graph. 
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Figure F-17: S45P075 Vertical Displacement Graph. 

 

Figure F-18: S45P050 Vertical Displacement Graph. 
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Figure F-19: S45P025 Vertical Displacement Graph. 

 

Figure F-20: S45P000 Vertical Displacement Graph. 
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Appendix G. Load versus Strain Graphs 
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Figure G-1: S30P100 Strain Graph. 

 

Figure G-2: S30P075 Strain Graph. 
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Figure G-3: S30P050 Strain Graph. 

 

Figure G-4: S30P025 Strain Graph. 
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Figure G-5: S30P000 Strain Graph. 

 

Figure G-6: S35P100 Strain Graph. 
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Figure G-7: S35P050 Strain Graph. 

 

Figure G-8: S35P000 Strain Graph. 
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Figure G-9: S40P100 Strain Graph. 

 

Figure G-10: S40P050 Strain Graph. 
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Figure G-11: S40P000 Strain Graph. 

 

Figure G-12: S45P100 Strain Graph. 
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Figure G-13: S45P050 Strain Graph. 

 

Figure G-14: S45P000 Strain Graph. 
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Appendix H. S30P100 MATLAB Code 
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Appendix I. Typical MATLAB Code 



243 

 

 



244 

 

 



245 

 

 

 

 

 

 

 



246 

 

Architectural Engineering 

Capstone Report Approval Form 

Master of Science in Architectural Engineering -- MSAE 

Milwaukee School of Engineering 

This capstone report, entitled “Effects of Bolt Position Within Long Slots on Extended 

Single Plate Connections” submitted by the student Cassidy N. Jackson, has been 

approved by the following committee: 

 

 

Faculty Advisor: ___________________________ Date: _______________ 

Dr. Christopher Raebel, Ph.D. 

 

 

Faculty Member: ___________________________ Date:_______________ 

Dr. Pouria Bahmani, Ph.D. 

 

 

Faculty Member: ___________________________ Date: _______________ 

Adam Friedman, M.S.S.T. (Lecturer) 

 


