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Abstract
The 2007 collapse of the I-35W Bridge in Minneapolis, Minnesota led to additional load rating
requirements for gusset plates. The Federal Highway Administration provided the direct tension
and block shear methods to assess tensile capacity for use in load rating, as well as a mechanics
based method to assess shear capacity on critical planes. However, the three methods provide
little information about ultimate behavior for complex connections. Using finite elements, the
authors modeled the connection from R.E. Whitmore’s 1952 study and loaded it to failure to find
the plate capacity and failure mechanism. The analysis showed that the direct tension method
predicted neither capacity nor behavior. Model performance corresponded well with shear
capacity on the gross horizontal plane. Yielding on this plane began around critical bolt holes
and spread to either side of the plate. At capacity, the beginning of block shear failure was
evident along the left diagonal.

ii

Certificate of Fitness

iii

Acknowledgements

This research began multiple times, each time with a stronger base and a stronger question. I am
forever grateful to the following people for their guidance, advice, discussion, and for generally
being there when I didn’t know where the research would lead me.
My officemates in 308A, Chris Paetsch, Jesse Sipple, and Peeyush Rohela, and Dan Ebin are
wonderful people. Our friendship did not slip despite my never-ending questions about
computers, programming, plasticity and countless other topics. I would not have understood half
of the ideas in this thesis if it were not for your help. It is clear.
Chris Paetsch’s role in this project was instrumental in just about everything. There aren’t
enough Pop-Tarts in the world to thank you for all of your help and guidance. In Knox
Harrington’s documentary about this experience, you would be the rug that ties the room
together. You, sweet prince, are a man who will truly abide.
I am thankful to my parents for instilling in me their own values, specifically for education. This
value kept me working hard throughout my life until I found my own motivation in the form of
an engineering education. I hope to be able to someday pass it on.
Masoud Sanayei’s guidance on how to conduct research made this a coherent, useful, and
applicable project. Because he gave me the time, and because he did not accept anything less
than perfection in my figures, outlines, and written text, he was able to organize this research
project into a worthy thesis.
Finally, I need to thank Brian Brenner for the wonderful opportunity to work on this project and
for all of his support throughout my time at Tufts. I am proud to say that we added to the general
understanding of gusset plate behavior in the field, and raised many more questions along the
way. Although I worried at each step of the process, he never seemed concerned with the
direction the research took. In fact, he expected it to take a non-linear path all along. Thank you.

iv

Table of Contents
Abstract…………………………………………………………………………………………... ii
Certificate of Fitness……………………………………………………………………………. iii
Acknowledgements……………………………………………………………………………... iv
Table of Contents………………………………………………………………………………… v
List of Tables…………………………………………………………………………………... viii
List of Figures…………………………………………………………………………………... ix
Chapter 1: Introduction…………………………………………………………………………... 1
1.1

Introduction………………………………………………………………………… 1

1.2

Description and Collapse of I-35W………………………………………………... 3

1.3

Additional I-35W Research………………………………………………………... 8

1.4

Chapter Description……………………………………………………………...... 10

Chapter 2: Capacity Analysis of Gusset Plate Connections Using the Whitmore,
Block Shear, Global Section Shear and Finite Element Methods…………………... 11
2.1

Introduction……………………………………………………………………….. 11

2.2

The Whitmore Experiment………………………………………………………... 13

2.3

The Block Shear Experiment……………………………………………………... 15

2.4

Additional Literature……………………………………………………………… 17

2.5

Verification of Whitmore Model………………………………………………….. 19

2.6

Discussion of the Whitmore Model………………………………………………..22

2.7

FHWA Capacity Analysis of Whitmore Connection……………………………... 27

2.8

FEM Capacity Analysis of the Whitmore Connection……………………………. 30

2.9

Damage Criterion…………………………………………………………………. 32
v

2.10

Yielding and Fracture………………………………………………………......... 33

2.11

Global Plate Behavior…………………………………………………………… 35

2.12

FEA to FHWA Capacity Comparison…………………………………………… 39

2.13

Discussion……………………………………………………………………….. 43

Chapter 3: Modeling the Whitmore Connection with Finite Elements…………………………. 45
3.1

Introduction to Modeling the Whitmore Connection……………………………... 45

3.2

Model Description………………………………………………………………… 45

3.3

Analysis Methods…………………………………………………………………. 45

3.4

Refinements Made to Bolts……………………………………………………….. 46

3.5

Percent Errors Between Whitmore FEA Model and Original
Whitmore Data……………………………………………………………………. 47

3.6

Discussion of Percent Errors……………………………………………………… 50

3.7

Summary of Modeling the Whitmore Connection………………………………... 52

Chapter 4: FHWA Capacity Calculations for the Whitmore Connection………………………. 54
Chapter 5: Aluminum Material Model………………………………………………………….. 56
5.1

Introduction to Material Modeling………………………………………………... 56

5.2

Test Data………………………………………………………………………….. 56

5.3

Stress and Strain Conversions…………………………………………………….. 57

5.4

Material Model Verification………………………………………………………. 59

5.5

Summary of Material Modeling…………………………………………………... 62

Chapter 6: Finite Element Capacity Analysis…………………………………………………... 63
6.1

Introduction to Capacity Analysis………………………………………………… 63

6.2

Initial Analyses……………………………………………………………………. 63

vi

6.3

Critical Horizontal Section Behavior……………………………………………... 67

6.4

Behavior of the Plate at the Left Diagonal Connection…………………………… 68

6.5

Summary of Capacity Analysis…………………………………………………… 72

Chapter 7: Comparison of FEA Capacity to FHWA Capacity.………………………………… 73
7.1

Introduction to Comparison Analysis……………………………………………...73

7.2

Left Diagonal Comparison………………………………………………………... 73

7.3

Lower Chord Comparison………………………………………………………… 75

7.4

Compression………………………………………………………………………. 79

7.5

Discussion………………………………………………………………………… 80

7.6

Summary of Comparison Analysis………………………………………………...82

Chapter 8: Conclusions and Future Work………………………………………………………. 83
8.1

Description of Research…………………………………………………………... 83

8.2

Conclusions……………………………………………………………………….. 83

8.3

Implications and Practical Applications…………………………………………... 84

8.4

Future Work………………………………………………………………………. 85

References………………………………………………………………………………………. 87
Appendix A……………………………………………………………………………………... 92
A.1

Left Diagonal Capacity Calculations……………………………………………... 92

A.2

Right Diagonal Capacity Calculations…………………………………………... 100

A.3

Lower Chord Capacity Calculations…………………………………………….. 111

A.4

Plate Section in Shear…………………………………………………………… 119

vii

List of Tables

Table 1:

Finite element model loading………………………………………………………... 21

Table 2:

Whitmore connection capacity loads, members…………………………………....... 29

Table 3: Whitmore connection capacity loads, gross and net plate sections…………………. 30
Table 4:

FHWA and FEA predicted capacities……………………………………………….. 42

Table 5:

FHWA and FEA predicted capacities using governing loading…………………….. 43

Table 6:

Percent errors in stresses.……………..……………………………………………... 50

Table 7:

Nominal, logarithmic, and plastic strains……………………………………………. 58

Table 8:

True stress and logarithmic plastic strain input…………………................................59

Table 9:

Loads applied to the symmetric model for capacity analysis………………………...63

Table 10: Left diagonal capacity…………………………………………………………….....73
Table 11: Lower chord capacity……………………………………………………………….. 75

viii

List of Figures
Figure 1:

Geometry of the I-35W Bridge, from NTSB, 2008…………………………………. 4

Figure 2:

Node naming scheme for the I-35W Bridge, from NTSB, 2008……………………. 4

Figure 3:

I-35W Bridge before collapse……………………………………………………….. 5

Figure 4:

I-35W Bridge after collapse…………………………………………………………. 5

Figure 5:

I-35W node U10 connection geometry, from Holt and Hartmann, 2008…………….6

Figure 6:

Forces acting on critical U10 planes, from Holt and Hartmann, 2008……………….6

Figure 7:

Gusset plate bowing out-of-plane, from NTSB, 2009………………………………..7

Figure 8:

I-35W model in Abaqus, from Dassault Systemes, 2011…………………………….9

Figure 9:

Effective (Whitmore) width for use in the direct tension method,
from FHWA, 2009…………………………………………………………………. 12

Figure 10: Critical planes for use in block shear method, from FHWA, 2009………………….12
Figure 11: Critical planes for use in global section shear failure method,
from FHWA, 2009………………………………………………………………….. 13
Figure 12: Whitmore experimental setup, from Whitmore 1952………………………………. 14
Figure 13: Block shear experimental setup, from Hardash and Bjorhovde, 1985……………... 17
Figure 14: Elevation and side view of Z-symmetric FEM……………………………………... 20
Figure 15: FE mesh around bolt………………………………………………………………... 20
Figure 16: Gauge locations and orientations from Whitmore, 1952…………………………… 21
Figure 17: Whitmore contours overlain on FEA output, maximum principle stress

……….. 22

Figure 18: Whitmore contours overlain on FEA output, minimum principle stress

………... 23

Figure 19: Whitmore contours overlain on FEA output, shear stress

……………………… 23

Figure 20: FEA von Mises stress contours…………………………………………………….. 24
ix

Figure 21: Comparison of Whitmore to FEA values of (a) maximum principle stress, (b)
minimum principle stress, (c) shear stress, and (d) von Mises stress………………... 25
Figure 22: Critical bolt-hole identification……………………………………………………... 27
Figure 23: True stress vs. logarithmic strain for Al 6061-T6, based on Ambriz et al., 2010…...31
Figure 24: Local region (left) and significant region (right)………………………………….... 33
Figure 25: Hole E at 37 percent of applied load………………………………………………...34
Figure 26: Plate at 37 percent of applied load………………………………………………….. 34
Figure 27: Plate at 51 percent of applied load………………………………………………….. 34
Figure 28: Plate at 70 percent of applied load………………………………………………….. 36
Figure 29: Plate at 75 percent of applied load………………………………………………….. 36
Figure 30: Plate at 85 percent of applied load………………………………………………….. 37
Figure 31: Plate at 92 percent of applied load………………………………………………….. 37
Figure 32: Von Mises stress at failure, zero to yield…………………………………………… 38
Figure 33: Von Mises stress at failure, yield to 50 ksi…………………………………............. 38
Figure 34: Plastic equivalent strain at failure…………………………………………………... 38
Figure 35: Shear stress in the plate at 92 percent of applied load……………………………… 41
Figure 36: Shear stress in the plate at failure…………………………………………………... 41
Figure 37: Percent error between Whitmore and FEA maximum principle stresses…………... 48
Figure 38: Percent error between Whitmore and FEA minimum principle stresses…………… 48
Figure 39: Percent error between Whitmore and FEA shear stresses………………………….. 49
Figure 40: Percent error between Whitmore and FEA von Mises stresses…………………….. 49
Figure 41: Critical sections in the Whitmore connection for (a) direct tension
(b) block shear, and (c) gross section shear.…………………………………………55

x

Figure 42: Stress-strain curves for uniaxial tension test of AL 6061-T6, from
Ambriz et al., 2010………………………………………………………………….. 57
Figure 43: True stress vs. logarithmic plastic strain curve……………………………………... 59
Figure 44: Cube model, with boundary conditions and loading……………………………….. 60
Figure 45: Deformed cube……………………………………………………………………… 60
Figure 46: True stress vs. logarithmic strain…………………………………………………… 61
Figure 47: True stress vs. logarithmic plastic strain……………………………………………. 61
Figure 48: Von Mises stress in the model at 63 percent of the applied load……………………64
Figure 49: Undeformed and deformed shape at 63 percent of the applied load, scale
factor of 10………………………………………………………………………….. 65
Figure 50: Plate at 78 percent of applied load, scale factor of 10……………………………… 66
Figure 51: Plate at 78 percent of applied load, side view, scale factor of 10…………………... 66
Figure 52: Bolt deformation at 78 percent of applied load, scale factor of 10…………………. 67
Figure 53: Von Mises stress around left diagonal area at 74 percent of the applied load……… 69
Figure 54: Shear stress at left diagonal area at 74 percent of the applied load, scale from
zero to shear yield……………………………………………………………………69
Figure 55: Maximum principle stress contours from Whitmore, 1952………………………… 70
Figure 56: Minimum principle stress contours from Whitmore, 1952………………………….71
Figure 57: Shear stress contours from Whitmore, 1952………………………………………... 71
Figure 58: Von Mises stress at 87 percent of applied load, Whitmore width identified, zero
to yield………………………………………………………………………………. 74
Figure 59: Von Mises stress at 87 percent of applied load, Whitmore width identified, yield
to ultimate……………………………………………………………………………. 74

xi

Figure 60: Von Mises stress at 72 percent of applied load, Whitmore width identified,
zero to yield…………………………………………………………………………...76
Figure 61: Von Mises stresses at 72 percent of applied load, Whitmore width identified, yield
to ultimate……………………………………………………………………………. 76
Figure 62: Von Mises stress in the plate at 86 percent of applied load, zero to yield………….. 77
Figure 63: Von Mises stress in the plate at 86 percent of applied load, yield to ultimate……... 78

xii

Chapter 1: Introduction

The practice of traditional truss analysis has been carried out successfully for decades. It is one
of the simplest forms of structural analysis because trusses are assumed to behave in a certain
fashion; members are assumed to carry axial force only, and connections are assumed to have no
moment capacity. In reality, members carry more than just axial load, and connections have full
moment restraint. The forces transmitted by a connection are significant. Previously, such forces
have been ignored. Modern computing, however, makes the task of understanding the connection
behavior possible, specifically, the behavior of the gusset plates, which are the main components
of a connection. Gusset plate behavior is complex, and their behavior has also been characterized
by assumptions.

1.1

Introduction

Gusset plates have widespread applications in civil structures. They are used to form connections
at truss bridge nodes, and to connect diagonal members in braced frames. They are short, deep
members and existing analysis methods make assumptions about the plate’s response under
loading. They may have complex boundary conditions as in braced frames or they may connect
many members as in a truss bridge. For these reasons, the analysis of gusset plates has
historically presented a challenge to structural engineers.

The truss bridge is notable for its economic use of material and ability to carry large loads.
However, newer bridge forms have replaced the truss bridge. As a result, many of the 11,400
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truss bridges still in service in the United States [NBI, 2010] were designed decades ago, and
some are approaching the end of their design lives of 75 years [AASHTO, 2010]. Aging
infrastructure leads to increasing maintenance concerns and costs that bridge owners must
address and provide. This problem was highlighted in 2007 when the I-35W Bridge in
Minneapolis, Minnesota, collapsed as a result of a design error that was not addressed in
subsequent load rating analyses. The Federal Highway Association (FHWA) responded by
issuing a document that provided guidelines for gusset plate evaluation in truss bridges.

The FHWA guidelines provide three methods for evaluating gusset plate tensile and shear
capacity. Direct tension failure is the first method, the block shear failure method is the second,
and the global section shear failure method is the third [FHWA, 2009]. The first two methods are
based on experimental results, while the third method is based on simple mechanics. These
methods are applied to each member and to each critical section to find the critical loads that
theoretically cause failure in the gusset plate. Given that there are three methods of analysis, it is
unknown which method is the most accurate predictor of capacity and behavior for a given
connection.

The methods provide a load rating engineer with a value for capacity based on assumed stress
distributions. No guidelines or information are provided for the actual gusset plate response.
Such information would be useful to an engineer, as many truss bridges are in need of
rehabilitation, and understanding capacity and the failure mechanism combined would help to
guide retrofit projects and to identify critical connections in a structure.
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The finite element method is one in which a connection may be analyzed as a whole, rather than
on a member-by-member basis. Output from this method includes capacity for a particular load
combination, and the behavior of the connection at capacity. This method, made feasible by
advances in modern computing, gives engineers the ability to observe segments of structures that
were previously considered as local, such as connections. Further refinements allow the engineer
to observe segments that are localized to an even higher degree, such as the area of a connection
around a bolt hole, or a weld. By comparing the results of an FHWA capacity analysis of a
connection to a finite element analysis of the same connection, it is possible to assess how well
the methods provided by the FHWA that are used on a daily basis predict true capacity and
behavior. The research presented in this thesis describes such a comparison in an attempt to
establish a link between predicted gusset plate capacity and behavior at the ultimate condition.

1.2

Description and Collapse of I-35W

The I-35W bridge disaster led directly to the new FHWA guidelines for gusset plate evaluation.
This deck truss was located in Minneapolis, Minnesota and spanned the Mississippi river. The
bridge consisted of fourteen spans with eight lanes each, and was 1,907 feet in length. The main
section of the bridge was 1,064 feet, and consisted of three continuous deck truss spans (NTSB
Accident Report). Figure 1 shows the basic geometry of the bridge, and Figure 2 shows the node
naming scheme for the bridge. Beginning in 1991, this bridge had consistently received a
condition rating of 4 out of 9, earning it a status of “structurally deficient” according to bridge
inspection standards (NTSB, 2009).

3

Figure 1: Geometry of the I-35W Bridge, from NTSB, 2008

Figure 2: Node naming scheme for the I-35W Bridge, from NTSB, 2008

On Wednesday, August 1st, 2007 during rush hour, the main section of the I-35 West Bridge
experienced catastrophic failure. One thousand feet of the main three spans collapsed, and 456
feet of the main span completely separated from the approach spans to fall into the river below
(NTSB Accident Report). Thirteen people died as a result of the collapse. Figures 3 and 4 show
the I-35W Bridge before and after the collapse, respectively.
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Figure 3: I-35W Bridge before collapse

Figure 4: I-35W Bridge after collapse

The wearing surface on the bridge was undergoing replacement during the summer of 2007
(NTSB, 2008). On the day of the collapse, large amounts of aggregate were stockpiled on the
south side of the main span centered over node 10 (NTSB, 2008) on the south side. The locations
of these materials and of the vehicles on the bridge at the time of collapse were reconstructed
based on reports (NTSB, 2008).

The initial investigation indicated that all four instances of the U10 and L11 gusset plates were
undersized due to design errors [Holt and Hartmann, 2008]. Geometry of the U10 gusset plate is
shown in Figure 5. In this analysis, critical horizontal and critical vertical planes were identified
upon which axial and shear forces, and bending moments were resolved from design loading.
Figure 6 shows the forces acting on the critical sections (Holt and Hartmann, 2008).

5

Figure 5: I-35W node U10 connection geometry, from Holt and Hartmann, 2008

Figure 6: Forces acting on critical U10 planes, from Holt and Hartmann, 2008

The capacities of the critical sections were calculated based on plate geometry, and compared to
their demand. Based on the allowable stresses for a bridge designed in the 1960s, bending along
sections A-A and B-B in the U10 gusset plates were the only force or moment effects that
provided acceptable demand-to-capacity ratios less than one; ratios for normal and shear stresses
were greater than one (Holt and Hartmann, 2008). The L11 gusset plates exhibited the same
trends as the U10 gusset plates. Along section B-B, the U12 gusset plates did not have enough
6

compressive capacity according to this method of analysis (Holt and Hartmann, 2008). The
special loading from the stockpiled materials on the day of the collapse is thought to have played
a role in the collapse as well by exacerbating existing capacity shortcomings.

Plate thickness concerns were also addressed in the initial analysis (Holt and Hartmann, 2008).
Even before collapse, some gusset plates exhibited signs of bowing, seen in Figure 7. The U10
and L11 gusset plates were 0.5 inches thick. According to the design requirements of the 1960s,
the largest allowable value for maximum unsupported edge length to thickness ratio is 48 unless
additional edge stiffening is provided. This provision is intended to increase buckling strength.
Both the U10 and L11 gusset plates had maximum unsupported edge to thickness ratio of 60, and
edge stiffening was not provided. Had this additional stiffening been provided, it may have
delayed the collapse.

Figure 7: Gusset plate bowing out-of-plane, from NTSB, 2009
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1.3

Additional I-35W Research

One study [Hao, 2010] suggests that the reason for the undersized gusset plates had to do with
the bridge’s reaction to a simple distributed load. Under a distributed load, there would be a point
of zero moment on the moment diagram around the location of the U10 and L11 gusset plates
due to the continuous nature of the three main spans [Hao, 2010]. The presence of a zero
moment belies the fact that the two diagonals at this location, which transfer most of the loads
between the top and bottom chords, were carrying very large compressive and tensile loads [Hao
2010]. Hao proposed that these large loads gradually deformed the plate over time, ultimately
leading to tensile failure and buckling failure in the U10 plate. The plate could not support the
redistributed loads, and collapsed completely.

Finite element modeling of the collapse allowed engineers to further examine the conditions that
led to the collapse. The NTSB modeling group used a full three-dimensional (3D) model of the I35W Bridge to pinpoint the high stress locations in the bridge [Dassault Systemes, 2011].
Because evidence existed that the U10 gusset plate on the west side (U10W) had bowed out of
plane prior to the collapse, the U10 connection was modeled with shell and solid elements and
was provided with initial geometric imperfections. Analysis was then performed using the Riks
method, which allows the finite element solver package to find equilibrium in an unstable
buckling problem [Dassault Systemes, 2011]. The remainder of the bridge was modeled with
frame elements. Figure 8 shows a portion of the NTSB model. Based on the analysis of the
model, the NTSB group concluded that the bridge became unstable due to the initial bowing of
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the plate, and that the maximum state of stress occurred in the U10W gusset plate [Dassault
Systemes, 2011].

Figure 8: I-35W model in Abaqus, from Dassault Systemes, 2011

After the collapse and the analyses were completed, the FHWA guidelines for load rating gusset
plates were released. Prior to the publication of the guidelines, gusset plate load rating focused
on fastener capacity; it was left to the engineer to decide whether the connection was critical to
bridge performance [AASHTO, 2011]. No detailed guidelines were specified. The new
guidelines represent necessary change in the inspection and load rating process, as well as a
renewed interest in gusset plate performance. This thesis describes how modern techniques may
be applied to detailed structural models in order to better understand the behavior of such
elements of a structure. With a deeper understanding and more accurate modeling as shown in
[Hao, 2010] and in [Dassault Systemes, 2011], maintenance decisions may be made in the future
that better address the state of stress in a bridge, and bridge catastrophe’s similar to the I-35W
collapse may be avoided.

9

1.4

Chapter Description

Chapter 1 of this thesis has provided an overview of the problem of gusset plate capacity analysis
and behavior. An in depth literature review of the I-35W Bridge collapse is presented, which is
the motivation for this research. In chapter 2, an in depth discussion of the Whitmore and block
shear experiments and methods is provided. A finite element model (FEM) based and validated
on the original Whitmore connection and data is discussed. The model was built in the finite
element program Abaqus 6.11-2. The calculations for tensile capacity and global shear plane
capacity according to the FHWA method for gusset plate evaluation were performed and are
presented in chapter 2 as well. Finally, results from a capacity analysis of the model are
compared to the FHWA capacity predictions.

Chapters 3 through 8 support the conclusions in chapter 2. In chapter 3, the evolution of the
modeling choices made in this research is described, as well as additional supporting output for
the elastic analysis in chapter 2. In chapter 4, MathCAD calculations of FHWA capacities for the
Whitmore connection are discussed. In chapter 5, an in-depth description and verification of the
material model used in the non-linear capacity analysis is provided. Chapter 6 documents the
behavior of the model as loads increase and the plate approaches its capacity. In chapter 7, the
results from the FHWA predictions and the finite element analysis are compared. Chapter 8
contains the conclusion of this thesis. In Appendix A, the capacity calculations discussed in
Chapter 4 are provided.
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Chapter 2: Capacity Analysis of Gusset Plate Connections Using the
Whitmore, Block Shear, Global Section Shear and Finite Element
Methods

2.1

Introduction

On August 1st, 2007, the I-35W Bridge over the Mississippi River in Minneapolis, Minnesota
collapsed. According to some analyses, [NTSB, 2008] the gusset plates played a major role in
the collapse sequence [Holt and Hartmann, 2008]. The event prompted changes to the way in
which gusset plates for bridges are evaluated in the United States. Early in 2009, the Federal
Highway Administration (FHWA) issued publication FHWA-IF-09-014, which provided
guidance and examples for the load rating of gusset plates [FHWA, 2009]. The calculations for
tensile capacity may also be found in the American Association of State Highway Transportation
Officials (AASHTO) 2010 Design Specification [AASTHO, 2010], and they are referenced in
the 2011 AASHTO Manual for Bridge Evaluation. The calculations are based upon past
experiments and simple mechanics.

The FHWA method for determining tensile capacity of gusset plates is straightforward. Three
methods for evaluating capacity, which assume particular stress distributions, must be applied to
the connection. The first is the direct tension method, which evaluates yield or ultimate capacity
along the Whitmore section. The commonly known Whitmore section is found by multiplying
the plate thickness by the effective width, in turn found by extending two lines from the first row
of fasteners in a connection at thirty degrees away from the line of action to where they intersect
a line extended through the final row of fasteners. This effective width is shown in Figure 9. The
11

second is the block shear method, which is characterized by fracture along the tension plane of a
connected member and shear yielding along the connected member length as shown in Figure
10. The third is global section shear failure through the critical gross and net sections across the
entire plate, as shown in Figure 11. The mode that predicts the lowest failure load governs tensile
and shear plate capacity. The direct tension and block shear failure modes are applied on a
member-by-member basis to each connected member in the connection, and the global section
shear failure method is applied to each critical plane.

Figure 9: Effective (Whitmore) width for use
in the direct tension method,
from FHWA, 2009

Figure 10: Critical planes for use in block
shear method, from FHWA 2009

Assumptions about the stress distributions are inherent in the three FHWA methods for
determining capacity. Given the number of remaining truss bridges in the United States, behavior
at ultimate conditions in addition to capacity is valuable information for inspectors, engineers,
and bridge owners. The finite element (FE) method offers a way in which gusset plate response
may be examined as a whole rather than on a member-by-member basis with assumed stress
distributions. In this chapter, an in-depth review of the experimental basis for the direct tension
12

and block shear methods is presented. A finite element model (FEM) of the Whitmore
experiment was constructed in the commercial finite element program Abaqus 6.11-2, validated
with data from that experiment, and is discussed. Calculations for the predicted capacity
according to the FHWA method follow. The loads in the FEM were then increased until failure
and compared to FHWA capacity predictions. At critical loading stages, behavior as
characterized by stress distributions is discussed.

Figure 11: Critical planes for use in global section shear failure method, from FHWA, 2009

2.2

The Whitmore Experiment

Richard E. Whitmore studied stress distributions in 1952 by modeling a connection from a
Warren Truss using aluminum for the members and the two gusset plates [Whitmore, 1952]. The
connection geometry is shown in Figure 12 [Whitmore, 1952]. Strain gauge rosettes captured
deformation. Global loading is not indicated in Whitmore’s 1952 paper, but applied member
forces are assumed to be representative of a typical truss analysis assuming pinned connections.
Output from the Whitmore experiment included maximum and minimum principle stresses (σ1
13

and σ3) and maximum shear stress (τ12) at each strain rosette. Contours of these stress
distributions were constructed. Because gusset plates are a case of plane stress, the intermediate
principle stress (σ2) is zero.

Figure 12: Whitmore experimental setup, from Whitmore 1952

Whitmore found that beam theory did not accurately predict the normal and shear stresses across
the critical section identified in Figure 12. He did find that the thirty degree method, in which the
stress is assumed to be evenly distributed over the effective width in Figure 9, conservatively
predicted the experimental maximum principle stress. Whitmore proposed that using this method
to find the maximum principle stress may be used in design. The thirty degree method was
“commonly used” in 1952 [Whitmore, 1952], yet the section bears his name due to this
experiment.

Additional information would have been helpful in evaluating the plate’s performance in this
test. The stress around the fastener holes, which may be three times greater than the applied
stresses in direct tension [Timoshenko and Young, 1968], was not reported. Furthermore, the von
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Mises stress (σvm) could have been reported; it provides more information about plate behavior
than maximum principle stress because it captures three-dimensional behavior and predicts the
onset of plasticity. The von Mises stress (σvm) may be expressed in principle stresses for plane
stress using data from this experiment as shown in Equation 1 [Chandrupatla and Belegundu,
2002],
√

)

√(

(

)

(

)

(1)

The behavior of the plate at the ultimate condition was not examined in the Whitmore
experiment. The block shear method, however, does take this behavior into account.

2.3

The Block Shear Experiment

Hardash and Bjorhovde (1985) identified the need for a capacity method that takes into account
the failure mechanism of a connection. To develop this method, 28 plates were tested to failure.
The tests consisted of a reaction member, gusset plate, and a member loaded in tension as shown
in Figure 13. All plates exhibited the same failure mechanism; rupture on the net tension plane
with yielding on the gross shear planes as identified in Figure 10. The degree of shear yielding
depended on the connection length. They proposed the following equations [Hardash and
Bjorhovde, 1985] for predicting the block shear capacity of a plate based upon these
observations,
(2a)
(

)

(2b)
(2c)
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in which Rn , Fu , Snet , t, Feff , Cl , Fy , and l are the nominal connection resistance, ultimate
material strength, net tension section length, plate thickness, effective shear strength, connection
length factor, material yield strength, and connection length, respectively. This equation is for
the case where two shear planes exist on either side of the member, and so a 2 may be factored
out from the 1.15 coefficient, which may then be expressed approximately as (2) x (0.577). In
turn, (0.577) may be expressed as 1/√ . In a general coordinate system defined by the mutually
perpendicular x, y, and z directions, the von Mises stress may also be expressed as in Equation 3
[Chandrupatla and Belegundu, 2002],

√(

)

(

)

(3)

For the assumed state of pure shear in the gusset plate along a connected tension member,
Equation 3 reduces to Equation 4. From this equation, the shear stress that causes yielding is seen
to be reached at 57.7 percent of the von Mises stress (Hardash and Bjorhovde, 1985),

(

√

)

(4)

This predictor of capacity reflects the plate’s true behavior for this particular geometry.
However, the connection geometry is simple in that just one applied load is directed through just
one connected member. In an arrangement similar to an in-service truss bridge connection with
many connected members, this scenario may not control behavior.
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Figure 13: Block shear experimental setup, from Hardash and Bjorhovde, 1985

2.4

Additional Literature

Whitmore’s 1952 experiment and Hardash and Bjorhovde’s 1985 experiment represent the basis
of the understanding of gusset plate behavior, and others have expanded their work. The
Whitmore section may be applied to many different types of connection geometries [Thornton
and Lini, 2011]. To achieve consistent reliability across all connection types, it was proposed
that the strength used in calculating shear capacity should be the average of the yield and
ultimate material strengths [Driver et al., 2006]. The block shear model was shown to be
applicable to welded connections, although an increase in fracture strength of 25 percent is
required [Topkaya, 2007]. Load rating gusset plates according to the Load and Resistance Factor
Rating (LRFR) method’s standards using block shear may identify potentially inadequate
connections, assuming that the original connection was designed optimally according to
Allowable Stress Design (ASD) standards [Higgins et al. 2010]. Higgins et al. also explained that
mathematically, the differences between the Whitmore and block shear methods amount to the
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balance between accounting for ultimate strength on the net tensile section and yield strength on
the gross section.

The finite element method is uniquely suited to capturing local behavior in large structures [Li et
al. 2009]. Gusset plate connections of a long-span Warren truss were shown to behave as fixed
with full moment restraint [Pheifer, 2010]. Strong correlation was found between a finite element
model and tests of a braced-frame when members were modeled with shell elements, and
connected with spring elements [Walbridge, et al. 2007]. Others were able to match braced frame
failure patterns to finite element stress distributions [Chakrabarti and Bjorhovde, 1985]. Finite
element analyses were carried out on the original block shear experiment [Huns et al., 2002]. By
employing element removal once elements reached their ultimate capacity, it was demonstrated
that the finite element model was able to predict experimental capacity. Evolutionary structural
optimization techniques were applied to tension connections [Khalaf and Saka, 2007], which
showed that material demand is concentrated at the base of a connected tension member. End
plate connections have been modeled with finite elements as well [Wheeler et al., 1999]. Full
plastification was observed in the model as a potential failure mode.

Similar to how the block shear experiment characterized capacity and failure for gusset plates
with one connected member, the analysis presented in this paper characterizes the failure
mechanism for a connection with complex geometry as a whole, instead of on a member-bymember basis. Such an analysis is timely as additional information may supplement practical
applications of the FHWA load rating method. The understanding gained from this assessment
may in turn improve other aspects of bridge engineering such as design and inspection.
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2.5

Verification of Whitmore Model

The original Whitmore experiment provides a familiar gusset plate connection for study. The
authors constructed an FEM based on this connection using Abaqus 6.11-2. All members were
modeled with the general purpose S4 linear shell element. The vertical member was not modeled
because it was not loaded in the original experiment. However, its bolt holes in the plate were
included. Bolts were modeled with the C3D8 linear solid element with a radius of 0.125 inches.
Shell-to-solid coupling elements were applied between rotational degrees of freedom around the
holes in the members and the translational degrees of freedom in the solid bolts. A distance of
0.3125 inches separates the gusset plate from the connected members due to thickness offsets,
and so friction between the members was assumed to be zero. As in [Whitmore, 1952], the
elastic modulus, E, was 10,000 ksi and the Poisson’s ratio, ν, was 0.33. All other dimensions are
as shown in Figure 12.

Horizontal rollers along the left edge of the lower chord and a single two-dimensional pin, for
stability, formed the in-plane boundary conditions. To reduce model size and computation time,
Z-symmetry in the X-Y plane (out-of-plane direction) was employed. Shell thicknesses were
adjusted to account for the symmetry. One plate was modeled, but the symmetry and thickness
adjustments cause the model to behave as if there were two plates. Along the rear symmetry
plane of the model, out of plane boundary conditions were provided. The remaining members
were loaded with distributed edge loads equal in magnitude to half of their values in the original
experiment, also due to symmetry. The total applied loads are shown in Table 1, and the front
and side views of the completed model are shown in Figure 14. A detailed image of the finite
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element mesh is shown in Figure 15 where the bolt connects the gusset plate in the front to a
member in the back.

Figure 14: Elevation and side view of Z-symmetric FEM

Figure 15: FE mesh around bolt
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Table 1: Finite Element Model Loading
Member
Left Diagonal
Right Diagonal
Right Lower Chord
Left Lower Chord (reaction from rollers)

Load (kips)
3.69
-3.265
10.8
6.25

Analysis was performed with finite strain formulation to account for the true deformation
behavior. Stress output was taken at 10 locations which correspond to strain gauge locations in
the original Whitmore experiment. Gauges R-I, R-XI, R-V, and R-VI were selected to capture
maximum principle stress, R-XVI, R-XVIII, and R-XIII to capture minimum principle stress,
and R-VIII, R-XV, and R-XII to capture shear stresses. Locations are shown in Figure 16 from
[Whitmore, 1952].

Figure 16: Gauge locations and orientations from Whitmore, 1952
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2.6

Discussion of the Whitmore Model

Figures 17, 18, and 19 show the Whitmore stress contours superimposed on the FEM color
contours. The FEM contours correspond well to those constructed by Whitmore except around
the bolt holes due to stress concentrations. This may also be explained by the lack of
experimental data in these regions. The contours show that the maximum principle and minimum
principle stresses are oriented around the lines of action of the left and right diagonals,
respectively. The shear stress is highest in the central region of the plate where the lines of action
of the forces meet. The von Mises stress, which indicates the onset of plasticity, is shown in
Figure 20. It may be interpreted as a visual combination of the three stress components as well as
an analytical combination.

Figure 17: Whitmore contours overlain on FEA output, maximum principle stress
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Figure 18: Whitmore contours overlain on FEA output, minimum principle stress

Figure 19: Whitmore contours overlain on FEA output, shear stress
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Figure 20: FEA von Mises stress contours

The author’s post-processed Whitmore’s data according to Equation 1 to find the expected von
Mises stress at each gauge location. For each of the ten gauges, values of stress for maximum
principle, minimum principle, shear, and von Mises stress are compared in Figures 21a through
21d. These figures further demonstrate that the stresses in the FEM closely track those stresses
reported in [Whitmore, 1952]. The average of the absolute value of the percent errors is 15.3%
for the von Mises stress, some of which may be attributed to the fact that friction was not
modeled, and to the stress concentrations around the bolt-holes. Considering the complexity of
the geometry, small amount of test data, modeling and measurement error, the model is
considered to be validated based on the test data.

24

Figure 21: Comparison of Whitmore to FEA values of (a) maximum principle stress, (b)
minimum principle stress, (c) shear stress, and (d) von Mises stress

The largest reported stress from [Whitmore, 1952] is the maximum principle stress at gauge R-V,
4.045 ksi, located below the left diagonal in Figure 16. This is also the value that led to the
validation of the thirty degree method, because the direct tension method conservatively predicts
4.31 ksi for the normal stress on this section. Taking into account post processed von Mises
stress, however, indicates that the highest stress at any of the gauge locations is found at gauge
R-XV. It is 5.20 ksi, and occurs in the middle of the plate in the high shear region.

It is apparent in Figures 17, 18, and 19 that the bolt holes cause significant stress concentrations.
The largest stress is found around bolt hole F, shown in Figure 22. Other critical holes are
identified here for later use. The mesh around these holes is refined to achieve an accurate
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solution. To account for the presence of stress concentrations, the stresses in the elements on
either side of the node with the highest stress, and the two elements behind them, were averaged.
These elements lie within r/2 inches of the bolt hole perimeter, where r is the bolt-hole radius.
This procedure returned a von Mises stress of 35.4 ksi at hole F. Dividing the load applied to the
right portion of the lower chord (10.8 kips) by its area (1.5 square inches in the symmetric
model) results in an applied stress of 7.2 ksi. The maximum stress in the plate is then 4.9 times
greater than the applied stress. Timoshenko and Young (1968) proposed that the stress around a
hole cut into a plate subjected to simple tension will be 3.0 times larger than the applied stress. In
this model, many loads come together in a complex structure. A small degree of local yielding is
expected even in existing structures. The high stress is therefore both expected and reasonable.

These discussion points lead to different conclusions than the one reached by Whitmore in 1952.
High stresses around hole F mean that failure is most likely to begin there and the high stress
region in the middle of the plate may be of more interest than the region below the left diagonal.
However, conclusions on the global failure mechanism may not be drawn based on this elastic
analysis alone; a capacity analysis is required.
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Figure 22: Critical bolt-hole identification

2.7

FHWA Capacity Analysis of Whitmore Connection

The authors applied the direct tension, block shear, and global plate section shear methods from
the FHWA to the Whitmore model to find a baseline prediction of plate capacity. The authors
also calculated the shear capacity along the gross and net horizontal and vertical sections through
the plate. Direct tension capacity according to the LRFR method may be calculated according to
Equations 5a and 5b [FHWA, 2009],

(5a)
(5b)

in which Pr , Pny , Pnu , φy , φu , Fy , Fu , Ag and An are the LRFR tensile resistance, nominal
resistance for yielding, nominal resistance for fracture, resistance factor for tension yielding
(0.95), resistance factor for tension fracture (0.80), material yield strength, material ultimate
strength, gross area along the Whitmore section, and net area along the Whitmore section,
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respectively. If Equation 5a predicts a lower resistance, failure by yielding is implied whereas if
Equation 5b governs, failure by fracture is implied.

Block shear failure resistance according to the LRFR method may be found using Equation 6
[FHWA, 2009],

(

)
(

)

(6)

in which Pr , φbs , Atg , Atn , Avg , and Avn are the LRFR block shear resistance, resistance factor
for block shear (0.80), area along the gross tensile plane, area along the net tensile plane, area
along the gross shear planes, and area along the net shear planes, respectively. All other variables
have been previously defined. The 0.58 coefficient allows the shear yielding strength to be
expressed in terms of tensile yielding strength as discussed previously. This method takes into
account the possibility that the plate may yield along the gross shear section and fracture along
the net tension section, although this mode of block shear failure has never been observed
experimentally [Driver et al., 2006].

Gross and net section shear resistance according to the LRFR method may be found by applying
Equations 7a and 7b [FHWA, 2009],
(7a)
(7b)
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in which Vr , Vn , φvy , φvu , Ag , An , and Ω are the LRFR shear resistance, nominal shear
resistance, resistance factor for shear yielding (0.95), resistance factor for shear fracture (0.80),
gross area across the horizontal and vertical sections of the plate, net area across the horizontal
and vertical sections of the plate, and shear reduction factor (1.0 or 0.74), respectively.

In applying the FHWA method to calculate plate capacity for the Whitmore connection, the
authors did not include the resistance factors so that the predicted values would reflect the actual
failure load. When the resistance factors are not included, the capacities predicted by the LRFR
method for each failure mode are equal to those predicted by the Load Factor Rating (LFR)
method when safety coefficients are removed. For direct tension, net section resistances are not
reported because the gross section governed capacity at all connected members. The block shear
resistances according to the Hardash and Bjorhovde (1985) equations are less conservative
because they predict larger values, but are provided for comparison. The block shear case in
which yielding on the gross tension section occurs in conjunction with fracture on the net shear
planes governed for the lower chord only, predicting a lower capacity by 0.2 kips. The capacity
values are reported in Table 2 according to failure mode and connected member. Shear capacity
of the gross and net plate sections are shown in Table 3.

Table 2: Whitmore connection capacity loads, members
Member
Left Diagonal
Right Diagonal
Lower Chord

Direct Tension
(kips)
64.12
52.93
90.39

Block Shear
(kips)
78.92
72.18
100.8
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Block Shear, Hardash and
Bjorhovde, 1985 (kips)
90.26
82.87
107.99

Table 3: Whitmore connection capacity loads,, gross and net plate sections
Plane
Horizontal
Vertical

2.8

Gross Section Capacity
(kips)
93.27
70.80

Net Section Capacity
(kips)
104.73
76.28

FEM capacity analysis of the Whitmore connection

The authors performed a capacity analysis of the finite element model to evaluate the loads at
failure and to observe if the model would demonstrate the tensile and shear failure mechanisms
predicted by the FHWA. Compression was not considered and is not discussed. Bolts were
assumed to remain elastic during the analysis. For all other members, the material model for
aluminum 6061-T6 from Ambriz et al. (2010) was used. Ambriz et al. [2010] provide true stress
and true strain data, reproduced below in Figure 23. For input into Abaqus, logarithmic plastic
strains must be used to define material behavior in order to account for the degree of ductility.
Equations 8a and 8b below [Abaqus, 2011] show the conversion from nominal stresses and
strains to true stress and logarithmic plastic strains,
(
(
in which σtrue , σnom , εnom ,and

)
)

(8a)
(8b)

are the true stress, nominal stress, nominal strain, and

logarithmic plastic strain, respectively. The true strains from Ambriz [2010] correspond to the
logarithmic portion of Equation 8b, and so this equation was used to process the strain data. In
this aluminum model, the yield stress is 38.75 ksi, and the ultimate strength is 49.05 ksi.
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Isotropic strain hardening is assumed, as is the von Mises yield criterion. In the analysis, the
curve extends to a logarithmic plastic strain of 1 at a slope of 1 percent for numerical stability.

Figure 23: True stress vs. logarithmic strain for Al 6061-T6, based on Ambriz et al., 2010

The loads in Table 1 that were applied to the original verification analysis were scaled by a
factor of ten, for referencing simplicity, so that the model would reach ultimate capacity. The
symmetric model was used in all analyses, but reported loads are for the full connection.
Analyses were performed with the finite strain formulation. The initial analysis did not converge
because the right portion of the lower chord reached capacity before the gusset plate, formed a
plastic hinge, and became unstable at 63 percent of the applied load indicating that the
connection is stronger its connected members, in accordance with typical connection design
practice. Member thicknesses in the symmetric model were increased to 0.75 inches to force
failure to occur in the plate. The subsequent analysis did not converge because each bolt
deformed differently and caused out-of-plane instability in the plate. The plate was then
restrained in the out-of-plane (Z) direction so that in-plane behavior could be assessed.
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2.9

Damage criterion

A criterion was required in order to determine if material failure occurred during the analysis.
The failure criterion must take into account the onset of fracture, as fracture is included in the
calculation of the block shear capacity. Hooputra et al. [2005] propose an analytical model that
expresses the equivalent plastic strain at failure as a function of the stress triaxiality as shown in
Equations 9 and 10 for ductile and shear fracture,

(9)

√

( )
in which η , σm , σeq , αi , and

(10)

are the stress triaxiality, hydrostatic stress, von Mises stress,

constants in the approximation of the stress-strain curve, and equivalent plastic strain at fracture,
respectively, and all other variables have been previously defined. If implemented, Equations 9
and 10 provide the equivalent strain at fracture for a range of possible states of stress.
Experimental data for this method could not be found for aluminum alloy 6061-T6, however. A
simpler but less realistic approach is to assume a constant value of equivalent plastic strain at
failure as stated in [Wierzbicki, 2005]. Equivalent plastic strain may be calculated as shown in
Equation 11,

√ √
in which

, and

(11)

where i is 1,2, and 3, are the equivalent plastic strain and the principle

strains, respectively [Wierzbicki, 2005]. According to Xue [2007], the critical equivalent plastic
strain for failure in aluminum 6061-T6 is 0.55. In the finite element model, it is therefore
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assumed that elements with an equivalent plastic strain greater than 0.55 have been damaged. As
the model does not utilize a damage evolution process that would model material fracture, once
the equivalent plastic strain exceeds 0.55 anywhere in the model, it is assumed to have failed,
and both the analysis and discussion end.

2.10

Yielding and fracture

The critical holes represent the regions in the plate where yielding is expected to begin. As
before, elements around bolt holes are considered in groups of four. An element group is
considered yielded when its average von Mises stress exceeds the material yield strength. In
Figure 24, a local group of elements within r/2 inches of the hole perimeter and a significant
group of elements between r/2 and r inches have been identified around the critical holes where r
is the hole radius. Stresses in these regions are monitored in order to track the behavior of the
connection as the applied loads and resulting stresses increase.

Figure 24: Local region (left) and significant region (right)

Critical holes F and C were the first and last to yield in their local regions at 23 percent and 32
percent of the applied load, respectively. Critical hole E, shown in Figure 25, was the first to
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yield in the significant region at 37 percent of the applied load, while hole C again was the last to
yield in this region at 51 percent of the applied load. The von Mises stress in the plate is shown
at 37 and 51 percent of the applied load in Figures 26 and 27, respectively. Figure 27 shows that
plenty of capacity remains at 51 percent of the applied load.

Figure 25: Hole E at 37 percent of applied load

Figure 26: Plate at 37 percent of applied
load

Figure 27: Plate at 51 percent of applied
load

The model was allowed to run to completion. During the analysis, some elements in the local and
significant regions exceeded their ultimate strengths, however, the analysis was allowed to
continue as damage was governed by plastic equivalent strain. When the analysis completed, the
critical plastic equivalent strain of 0.55 had not yet been achieved, thus, the scaled loads were
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scaled again by a factor of 2. At the first increment, the critical plastic equivalent strain was
achieved. The loads at failure were therefore 10.1 times the original Whitmore forces. The model
is considered failed at this point and these loads are considered to be the FEA capacity loads.

2.11

Global plate behavior

As loading increases, the plastic regions around the critical holes spread and connect in the
middle of the plate. The following points document the spread of plasticity at increasing
percentages of the applied load.



70 percent: the plastic regions around holes E and G connect (Figure 28)



72 percent: the plastic region around hole H connects with the region around
holes E and G



75 percent: the plastic regions around hole A and B connect (Figure 29)



76 percent: the plastic region around hole D connects with the region around
holes E, G, and H



79 percent: the plastic region around hole C connects with the region around holes
A and B



80 percent: the plastic region around holes A, B, and C connects with the region
around holes D, E, G, and H



85 percent: the plastic region around hole F connects with the larger region
(Figure 30)



86 percent: the plastic region extends to the right gusset plate edge
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92 percent: the plastic region extends to the left gusset plate edge (Figure 31)



97 percent, the plastic region extends along the upper shear plane in the gusset
plate at the location of the left diagonal

Figure 28: Plate at 70 percent of applied
load

Figure 29: Plate at 75 percent of applied
load

The joining of the plastic regions around holes A and B at 75 percent of the applied load in
Figure 21 is significant in that it marks the beginning of the block shear failure sequence.
According to the block shear method, the net tension plane will fracture between holes A and
B. Figure 21 shows the plastic regions extending towards each other from holes A and B, at 45
degree angles from the Whitmore contours in Figures 17 and 18. From mechanics, this
illustrates the beginning of the failure sequence because plasticity spreads in the orientation of
maximum shear, which bisects the angle between principle directions.
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Figure 30: Plate at 85 percent of applied load

As more load is applied, plasticity first connects the high tension, compression, and shear stress
zones in the plate. It then progresses across the gross horizontal section as expected according to
the global section shear failure method, illustrating the governing behavior for this connection in
this analysis. This is shown in the transition from Figures 28 to 33. Because no members cross
this section, it is the most flexible, attracting large deformations and stresses. Even in the original
elastic analysis, the shear stress contours in Figure 19 lead to the expectation that large shearing
stresses and distortion would be present in this region.

Figure 31: Plate at 92 percent of applied load
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The von Mises stresses in the plate at failure are shown from zero to yield in Figure 32, and from
yield to 50 ksi in Figure 33 using a different scale. Figure 34 shows the plastic equivalent strains
at failure. The plastic stresses are higher along the gross horizontal section than along the left
diagonal block shear failure planes and the plastic equivalent strains are oriented mainly along
the horizontal section, suggesting that global section shear failure is the true failure mechanism
according to this analysis. If element removal for fractured elements was employed at failure at
this time and analysis were to continue, the block shear mechanism may form in full before the
gross horizontal section becomes unstable.

Figure 32: Von Mises stress at failure:
zero to yield

Figure 33: Von Mises stress at failure:
yield to 50 ksi

Figure 34: Plastic equivalent strains at failure
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2.12

FEA to FHWA Capacity Comparison

According to the direct tension method, the plate should reach elastic capacity when 64.12 kips
have been applied to the left diagonal at 87 percent of the applied load. Plasticity along the
Whitmore width, as expected in the direct tension method, was not the main mechanism forming
in Figures 28 through 33. Plasticity formed around critical holes between 23 percent and 51
percent of the applied load and spread across the gross shear plane between 70 percent and 92
percent of the applied load. The analysis did not become unstable at 87 percent. The direct
tension method is therefore neither indicative of plate behavior nor of capacity.

Block shear failure around the left diagonal is expected at a load of 78.92 kips according to the
FHWA or at 90.26 kips according to Hardash and Bjorhovde (1985). Neither of these loads had
been reached at failure, but the contours of Figures 32 and 33 indicate that block shear along the
left diagonal is a viable failure mechanism for this plate. Because in the FHWA block shear
method it is assumed that the stresses in the shear planes are constant once they reach the yield
stress, it is expected that the failure load, were the analysis to continue, would be larger than
78.92 kips, and closer to 90.26 kips.

In the region around the lower chord, failure according to the direct tension method is expected
to occur at a load of 90.39 kips. The two ends of the lower chord experience different loads; at
72 percent of the applied load, the left portion carries the critical 90.39 kip load and the right
portion carries 155.52 kips. Even at the loads at failure, Figures 32 and 33 show that plastic
stresses are localized around bolt holes in the lower chord Whitmore width, not along the full
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width. This can be attributed to continuity, as only a net load of 65.13 kips has been applied at 72
percent of the applied load and the plate is not the only structural member transferring the forces.
For this connection, the direct tension method again is neither indicative of behavior nor of
capacity.

At 81 percent of the applied load, the left portion of the lower chord reaches its predicted block
shear capacity load according to the FHWA (100.80 kips), while the right portion carries 174.96
kips. Again, due to continuity, the plate does not experience stresses in accordance with those
expected for block shear failure. If the lower chord were discontinuous, it is possible that the
block shear failure mode would be a relevant failure model at this location.

Above the critical horizontal plane, the net horizontal force acting to the left from the diagonals
may be resolved. This load is balanced by the net load in the lower chord acting to the right, and
together they act to shear the plate across the gross horizontal section. The global section shear
failure method predicts a capacity of 91.84 kips for this section, but the analysis indicates that the
section yielded at 92 percent of the applied load when the horizontal load was 83.66 kips. Two
reasons explain this behavior. First, von Mises stress was used as an indicator of plasticity.
Across the gross horizontal section, the shear stresses have indeed not entirely exceeded the
shear yielding stress of (.58)FY as shown in Figure 35. The scale in Figure 35 has been adjusted
to reflect this value. Second, the stresses are not constant along the section as assumed in the
global section shear failure method. They exceed the shear yield strength in the central region
and decrease back into the elastic zone as distance from this point along the critical section
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increases. A similar but more pronounced trend is evident in the shear stress at failure in Figure
36.

Figure 35: Shear stress in the plate at 92 percent of applied load

Figure 36: Shear stress in the plate at failure

Load-to-predicted ratios are calculated between the applied loads in the model at failure and the
predicted FHWA loads. Ratios are shown in Table 4. It is important to note that the FHWA
capacity loads used in these calculations are the maximum loads, not the loads that actually
govern. The ratio for the left diagonal is low because full block shear capacity was not achieved
when the model failed. If fracture was modeled fully, a higher load would be achieved that
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reflects the tearing of the plate along the left diagonal net tension plane, and the higher stresses
that exceed yield along the shear planes. The left and right portions of the lower chords have
ratios larger than 1 due to continuity. The ratio for the horizontal section capacity reinforces the
fact that the analysis predicts gross section yield as the main failure mechanism. If analysis were
to continue, it is expected that the section would develop stresses in excess of the yield strength,
and become unstable between the gross section capacity and net section fracture capacity. The
ratio for the horizontal section would approach, and would possibly exceed, a value of 1. Based
on the geometry of the connection, the load applied to the gross horizontal section is greater than
the load applied to the gross vertical section and so shearing along this section is not expected.
The vertical section is also stiffened by the lower chord, explaining the low ratio of 0.75.

Table 4: FHWA and FEA predicted capacities

Loading
Left diagonal
Right diagonal
Left chord
Right chord
Horizontal
Section
Vertical Section

Load at
Failure
(kips)
74.54
-65.95
126.25
218.16

FHWA capacity
(kips)

FEA-to-FHWA
ratio

Failure mode

78.92
72.18
100.8
100.8

0.94
N/A
1.25
2.16

Block shear
Block shear
Block shear
Block shear

91.84
53.09

93.27
70.8

0.98
0.75

Gross section yield
Gross section yield

The load case that governs this connection is direct tension in the gusset plate at the location of
the left diagonal. This load is 64.12 kips and is achieved at 87 percent of the applied load. The
load to capacity ratios are calculated again using the loads in the FEM at failure, and those
member forces which correspond to 87 percent completion in the model. In this way, FEM
capacity is compared to the FHWA prediction for connection behavior. Ratios are shown in
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Table 5. When these ratios are assessed, it is apparent that the FHWA method is conservative as
all ratios are above 1.00.

Table 5: FHWA and FEA predicted capacities using governing loading
Loading

Left diagonal
Right diagonal
Left chord
Right chord
Horizontal
Section
Vertical Section

2.13

Load at
Failure
(kips)
74.54
-65.95
126.25
218.16

FHWA capacity
(kips)

FEA-to-FHWA
ratio

Failure mode

64.12
52.93
90.39
90.39

1.16
N/A
1.40
2.41

Direct tension
Direct tension
Direct tension
Direct tension

91.84
53.09

76.75
91.07

1.20
1.25

Gross section yield
Gross section yield

Discussion

Failure patterns and loads observed in this analysis indicate that the direct tension method is
neither indicative of behavior nor of capacity, but this does not call the safety of those existing
gusset plates designed by this method into question. The direct tension method predicts lower
capacity loads than the block shear method does because the block shear capacity is calculated
over a larger area. Thus, the direct tension method will be the governing capacity for load rating,
allowable loads will be lower in magnitude, and additional capacity is available in the ultimate
state.

The development of the horizontal plastic section may be tracked through the analysis. This
region began as smaller individual regions around critical holes in the central region of the plate
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where the highest shear and von Mises stresses are located. When the regions around the critical
holes connect, they form a “U” shape in the middle of the plate. As loading increases, the plastic
region extends along the sides of the diagonals until it reaches the plate edges. Interestingly,
Whitmore identified this as the critical section based on his elastic analysis [Whitmore, 1952],
yet discussion in the 1952 paper focused on maximum principle stress most likely because this
experiment was not carried out to ultimate conditions. Physically, the most likely failure
mechanism, global section shear failure along the gross horizontal section, is evident in the way
the edges of the plate show lateral distortion in Figures 32 and 33.

This analysis shows that the block shear method and global section failure method are possible
in-plane failure mechanisms for gusset plates in bridge connections. The behavior may be
evaluated physically as well as analytically. Linking physical behavior to loading as
demonstrated in this analysis may help engineers to identify critical planes in a plate and critical
plates in a structure, and to carry out effective rehabilitative action on these plates. A major result
in this research is that the critical areas in the plate are located where there are no connected
members, as the members restrain the plate from deformation. Thus, an engineer may find that
retrofitting a plate in these areas is less costly than designing other expensive measures, which
may be difficult to construct. Biennial inspections, re-rating, and checking each capacity measure
help ensure the safety of these structural elements and if aided by analyses similar to the one
described in this paper, gusset plate evaluation and rehabilitation may become more efficient in
the future.
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Chapter 3: Modeling the Whitmore Connection with Finite Elements

3.1

Introduction to Modeling the Whitmore Connection

A series of refinements to the finite element model were made in order to arrive at the final
model. The refinements were made mostly to the way in which the bolts were modeled. In this
section, additional details about the finite element model are provided, as are additional figures
supporting the final model.

3.2

Model Description

The basic finite element model consists of four major parts; the left diagonal, right diagonal,
lower chord, and gusset plate. The final model includes 37 instances of another part, a
representative bolt. All member orientations and bolt arrangements are provided in [Whitmore,
1952]. Shell section thicknesses reflect their true thicknesses in [Whitmore, 1952], adjusted for
symmetry.

3.3

Analysis Methods

Analyses were performed with the nonlinear geometry (finite strains formulation) option
activated. This means that rather than assuming small, infinitesimal deformations as is typical in
traditional structural analysis of civil structures, the finite element code allows large
displacements to occur. The code uses a finite strain formulation given in Equation 12. For small
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displacements in traditional analyses, the final term is small and is assumed to be zero, which
leads to Equation 13. Ignoring large displacements does not lead to significant error, as long as
the displacements are indeed small.

[

(
[

)

(
(

)]

)]

(12)
(13)

In the above equations, ε is strain and U is the gradient of the deformation tensor. Using the
finite strain formulation is more accurate when comparing FEA results with test data as it is
representative of true behavior.

3.4

Refinements Made to Bolts

Initially, rigid tie elements called multi-point-constraints (MPCs) were used to connect nodes in
the members to the gusset plate at the bolt locations at the centers of the hole locations. All
members occupied the same plane, and no voids were included in the members to model the bolt
holes. This method caused large stress concentrations at the bolt locations. For the first
refinement, holes were added at each bolt location, and 16 MPCs were applied around the hole
perimeters to distribute the stresses. In the next refinement, the MPCs in the initial model were
each replaced with 6 springs for each degree of freedom. The spring stiffnesses were based on
the geometric properties of the bolts. The next refinement consisted of applying 16 groups of 6
springs around the bolt hole perimeters in the second model with the holes. The stiffnesses of
each spring were reduced by a factor of 16 to account for the fact that they now work in parallel.
In the final model, solid elements were used to model the bolts. Shell-to-solid coupling elements

46

connect the solid elements in the bolt to the shell elements in the members and gusset plate on
the front and back sides of the model.

Model performance was measured by comparing the values reported in Whitmore (1952) to
model output at specific locations as discussed in chapter 2. At each of the locations, maximum
principle, minimum principle, shear, and von Mises stresses were compared. Percent errors for
each variable were calculated as well. Each stress variable in each model closely tracked their
reported values in Whitmore (1952). The model containing solid bolts was used for subsequent
analyses as this model most accurately represents the original Whitmore experiment.

3.5

Percent Errors Between Whitmore FEA Model and Original Whitmore Data

In section 2, it was shown that the FEM of the Whitmore connection corresponded well to the
original data. Some error in the von Mises stress was present and sources of the error were
discussed. The following graphs, Figures 37 through 40 show the percent errors between the
FEM and the original data for the maximum principle, minimum principle, shear, and von Mises
stresses, respectively. Percent errors are available in Table 6 as well.
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Figure 37: Percent error between Whitmore and FEA maximum principle stresses

Figure 38: Percent error between Whitmore and FEA minimum principle stresses
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Figure 39: Percent error between Whitmore and FEA shear stresses

Figure 40: Percent error between Whitmore and FEA von Mises stresses
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Table 6: Percent Errors in Stresses
Gauge
R-I
R-XI
R-V
R-VI
R-XVI
R-XVIII
R-XIII
R-VIII
R-XV
R-XII

3.6

σ1 Error (%)
1.16
-20.86
-2.62
8.43
38.20
27.61
45.80
36.49
7.15
37.94

σ3 Error (%)
-52.50
-31.54
9.43
0.81
31.97
-19.21
-20.14
-1.10
38.36
2.55

τ12 Error (%)
-12.19
-3.71
-0.24
-24.70
-63.21
-9.70
-0.15
-4.57
10.29
14.29

σvm Error (%)
8.40
9.69
0.26
24.60
34.85
4.38
2.29
24.85
20.51
23.81

Discussion of Percent Errors

Of the ten gauges considered in this project, five gauges have percent errors in von Mises stress
at or above 20 percent. Two of these gauges, R-VI and R-XVI, are located in low stressed
regions in the plate. Gathering strain data in these regions is difficult because the response may
be overshadowed by noise in the sensor. Indeed, the spread in strains in the three arms in gauge
R-XVI between Whitmore’s two experimental trials are 25, 20, and 50 microstrains. The spread
in strains in two of the arms of gauge R-VI between the two trials are reasonable, however, in the
third arm, the spread is 45 microstrains. Such measurement error helps explain the discrepancies
between the original experiment and the model. The other eight gauges used in this project did
not show such large spreads between the two experimental trials.

The second largest percent error in this study, -52.5 percent, is found in the plate’s response for
minimum principle stress at the location of gauge R-I. The percent errors for maximum principle
stress, shear stress, and von Mises stress are low for this gauge indicating that the model
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corresponds well to the data in this area. Gauge R-I is located furthest from the compressive load
on the right diagonal. Measurement error is therefore expected to be the cause of the error in
minimum principle stress at this location.

The largest percent error is -63.21 percent, found in the plate’s response for shear stress at the
location of gauge R-XVI. This gauge, similar to gauge R-I, is located on the side of the plate
away from the stress concentrations. It is therefore likely that noise in the sensor interfered with
the measurements. Of all the stress concentrations, this gauge is closest to the minimum principle
stress concentration, and indeed, the percent error between the gauge’s reported value and the
model is lowest for minimum principle stress.

The FEA responses in the high shear region at gauges R-VIII, R-XV, and R-XII, each
overpredict the post-processed von Mises stresses by about 20 percent. The responses at these
locations all show low percent errors in shear, however, they show large errors in maximum and
minimum principle stresses. This behavior is expected as principle stresses are low in this region.

Due to the way in which the bolts were modeled with solid elements, a distance of 0.3125 inches
separates the gusset plate from the members in the model. Although friction exists in the
experiment, it was not included in the model and may account for some of the error between the
experimental values and finite element response. The effect of friction would be to smooth the
load transfer through surface forces acting against motion between the members and the gusset
plate along the length of the connected members. There are many variables that make modeling
friction difficult; clamping forces from the bolts and the coefficient of friction are unknown and
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it is possible that introducing these factors would lead to more error. A static analysis cannot
capture slipping. Also, friction would increase capacity because of its smoothing effect. This
beneficial effect is undesirable, and so not including friction effects is acceptable for this
analysis.

Finally, the shell-to-solid couplings introduce error into the model. Bolts act by transferring
forces through friction and through bearing. Bearing was not included in this model. Instead, the
couplings provide connectivity around the entire bolt and bolt-hole circumference, and also have
the ability to transfer tension forces. To include the effect of bearing and friction would be
prohibitively expensive in terms of computer time and would raise numerical stability issues in
such a complex model. It is left to future work to create a submodel that would account for these
effects.

3.7

Summary of Modeling the Whitmore Connection

The finite element model was adjusted many times before the solution of how to model the bolts
was obtained. Solid elements were used because these accurately represent the physical
properties of the bolts. The model was shown to closely track the behavior expected from the
original Whitmore experiment.

Error will be inherent in any experiment that attempts to match experimental results to analytical
or numerical solutions. Some of the errors presented in this section are indeed larger than what
was expected, however, most of the errors are within an acceptable tolerance, and the sources of
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error have been identified and explained. The finite element model is considered to be validated
by the data, and may be used in future analyses.
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Chapter 4: FHWA Capacity Calculations for the Whitmore Connection

Capacity calculations according to the FHWA guidelines were prepared and are shown in full in
Appendix A. The calculations were performed on a member-by-member basis as proscribed by
the FHWA. Critical sections are identified in Figures 41a through 41c. Capacities were
calculated for the LRFR and LFR methods. After the capacities were obtained, the safety factors
and resistance factors were factored out of the calculations so that the capacities would reflect
the true load the connection could carry before failing. Performing the capacity calculations in
this way showed that the LRFR and LFR methods predict the same capacity values, and differ
only in the resistance factors and factors of safety. The results, shown in chapter 2, are the
critical loads in the left and right diagonals and lower chords that cause direct tension and block
shear failure, and the critical loads across the global plate sections that cause global plate shear
failure.
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Figure 41: Critical sections in the Whitmore connection for (a) direct tension (b) block
shear (c) and global section shear
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Chapter 5: Aluminum Material Model

5.1

Introduction to Material Modeling

In this chapter, the development of the material model used in this research is discussed. Stress
and strain data from published uniaxial tension test results were used. This data set was
processed for input into Abaqus. The calculations performed on the data set are shown and the
verification process is discussed.

5.2

Test Data

In the original Whitmore experiment, aluminum alloy 61-ST was used. According to Voorhees
and Freeman (1960), aluminum alloy 6061-T6 may also be referred to as alloy 61-S. For this
reason, the alloy used in the original Whitmore experiment is assumed to be similar if not
identical to the 6061-T6 alloy. The elastic properties of this alloy are well known; Young’s
modulus, E, is 10,000 ksi, and Poisson’s ratio, ν, is 0.33. Ambriz et al. [2010] provide uniaxial
tension test data as seen in Figure 42 below.
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Figure 42: Stress-strain curves for uniaxial tension test of AL 6061-T6, from Ambriz et al.,
2010

5.3

Stress and Strain Conversions

Abaqus allows the user to define inelastic material behavior by supplying true stress and
logarithmic plastic strains. Logarithmic plastic strain has a value of zero at the material’s yield
strength. True stress accounts for the change in cross sectional area that materials experience
under loading, and logarithmic plastic strain accounts for large displacements. Because Ambriz
et al. provide the true stress and logarithmic strain, no processing of the stresses was required.
Equation 8b was used to process the logarithmic strains to logarithmic plastic strains. It is noted
that logarithmic strain is the logarithmic part of Equation 8b. Nominal stresses and strains were
measured from Figure 42 three times, and the average yield and fracture strengths of the three
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trials were used. Table 7 shows the logarithmic strains and logarithmic plastic strains and true
stress.

Table 7: Nominal, Logarithmic, and Plastic Strains
Logarithmic Strain
0
0.004353
0.00691
0.017421
0.033053
0.052336
0.073113
0.08921
0.101201
0.995094

Logarithmic Plastic
Strain
N/A
0
0.002868
0.013187
0.028586
0.047651
0.068285
0.084323
0.096296
1

True Stress (ksi)
N/A
38.74757
40.415
42.3395
44.6741
46.8511
48.2708
48.8702
49.05293
49.06197

The yield stress is seen to occur at a true stress of 38.75 ksi. The maximum true stress that the
sample reached is 49.05 ksi, which is therefore the ultimate strength of the material. For
numerical stability, the slope of the true stress-logarithmic plastic strain curve at the last
increment was used to extend the curve to a logarithmic plastic strain of 1.0. The final material
model for input into Abaqus is shown in Table 8. The true stress-logarithmic plastic strain curve,
is shown in Figure 43.
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Table 8: True Stress and Logarithmic Plastic Strain Input
True Stress
0
0.002868
0.013187
0.028586
0.047651
0.068285
0.084323
0.096296
1

Logarithmic Plastic
Strain
38.74757
40.415
42.3395
44.6741
46.8511
48.2708
48.8702
49.05293
49.06197

Figure 43: True stress vs. logarithmic plastic strain curve

5.4

Material Model Verification

To verify the material model, a simple test was performed in Abaqus. In the test, a unit cube was
modeled with one C3D8 linear solid element. The aluminum material model (true stress,
logarithmic plastic strain) was assigned to the cube, and it was loaded with 49.05 ksi of pressure
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in the X direction. Boundary conditions are highly specialized. One of the YZ faces was
restrained in the X direction, one of the XY faces was restrained in the Z direction, and one of
the XZ faces was restrained in the Y direction. Restraining the cube in this manner allows
Poisson’s effect to occur without creating additional stresses in the cube. The completed model is
shown in Figure 44, and the deformed shape is shown in Figure 45.

Figure 44: Cube model, with boundary
conditions and loading

Figure 45: Deformed cube

Logarithmic strain data, plastic strain data, and true stress data were reported from the cube
model so that the following curves could be drawn: logarithmic strain vs. true stress, and
logarithmic plastic strain vs. true stress. For each of these two graphs (Figures 46 and 47) the
Abaqus data was plotted on the same graph as the test data. Based on these two figures, it is clear
that the material model is performing correctly as the curves may be seen to match. The stress
and strain behavior in Figure 47 performs as expected. Logarithmic plastic strains reported from
Abaqus are zero until the yield stress has been exceeded, after which it follows the curve defined
by the data.
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Figure 46: True stress vs. logarithmic strain
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Figure 47: True stress vs. logarithmic plastic strain
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5.5

Summary of Material Modeling

It is very important that the material data has been appropriately processed for use in the model.
An incorrect material model may introduce significant error into results rendering all model
output meaningless. The material data used in this experiment has been verified and the data
input was shown to match the data output based on a simple one-element test. This material
model may now be applied to the model and may be used to assess behavior at ultimate capacity.
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Chapter 6: Finite Element Capacity Analysis

6.1

Introduction to Capacity Analysis

In order to find the capacity of the Whitmore connection, the loads on the model were increased
by a factor of ten to the values shown in Table 9. In chapter 2, the critical horizontal section was
identified as the most likely primary failure mechanism. Block shear failure along the left
diagonal was identified as a possible secondary mechanism. In this section, adjustments made to
the model mentioned in chapter 2 are discussed. Additional information that supports chapter 2
conclusions is discussed as well. It is noted that in the analyses, the follower option was
deactivated so that the finite element code would apply the loads along their original
orientations, not along their deformed orientations.

Table 9: Loads Applied to the Symmetric Model for Capacity Analysis
Member
Left Diagonal
Right Diagonal
Right Lower Chord (Reaction)
Left Lower Chord

6.2

Load (k)
36.9
-32.65
62.5
108

Initial Analyses

In the first capacity analysis performed, the model ran to 63 percent completion before diverging.
Setting the upper limit of von Mises stress to the yield stress, 38.75 ksi, Figure 48 shows that the
lower chord formed a plastic hinge that leads to instability. This occurs when the net force in the
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lower chord is 68.04 kips. By simple mechanics, the elastic capacity of the lower chord is equal
to its cross-sectional area (1.5 square inches in the symmetric model) multiplied by the yield
stress, or 58.125 kips. The fracture strength of the lower chord is equal to the ultimate strength
multiplied by cross-sectional area, or 73.58 kips. Thus, the fact that the lower chord became
unstable between these two thresholds is expected. Figure 49 shows the significant deformation
in the lower chord when the analysis diverged.

Figure 48: Von Mises stress in the model at 63 percent of the applied load

The overall intent of this analysis was to study the gusset plate’s failure mechanism. Figure 48
shows that the plate still has capacity when the analysis diverged. For these reasons, the
thicknesses of the members were increased to 0.75 inches from 0.25 inches. This change kept the
members in the elastic zones throughout future analyses.
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Figure 49: Undeformed and deformed shape at 63 percent of the applied load, scale factor
of 10

After the thicknesses of the members were increased, the analysis successfully applied 78
percent of the applied load before diverging. This time, the analysis diverged due to excessive
out-of-plane deformations in the gusset plate, noticeably below the right diagonal in Figures 50
and 51. The cause of the instability was due to the fact that each bolt deformed differently as
seen in selected bolts in Figure 52 at a scale factor of 10. Because the analysis diverged not
because of in-plane effects but because of out-of-plane effects that are in question due to
uncertainty in bolt modeling, gusset plate displacements in the out-of-plane direction were
restrained in subsequent analyses. These adjustments lead to the final analysis model, which runs
to completion.
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Figure 50: Plate at 78 percent of applied load, scale factor of 10

Figure 51: Plate at 78 percent of applied load, side view, scale factor of 10
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Figure 52: Bolt deformation at 78 percent of applied load, scale factor of 10

6.3

Critical Horizontal Section Behavior

Figures 28 through 33 clearly document the spread of plasticity along the critical horizontal
section through the middle of the plate. The critical horizontal section in this case is the gross
section, as opposed to the net. Net section behavior cannot be captured in this analysis as element
removal was not employed.

Gross section failure according to the FHWA is expected along a perfectly horizontal plane but
no example behavior is provided by the FHWA regarding the formation of this mechanism. In
the model, plasticity forms at the critical holes on either side of the section. Once each critical
hole exceeds the yield stress, further loading causes the plastic region to spread from the critical
holes across the central region of the plate until each critical hole is connected by a large plastic
region. This large region is “U” shaped, spanning from critical holes A and B in the left diagonal
region down to critical holes C, D, E, and F in the lower chord region, and then up to critical
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holes G and H in the right diagonal region. Once the “U” shaped region exceeds its elastic
capacity, the region then spreads to the vertical plate edges, oriented approximately parallel to
the diagonals as opposed to horizontally. Perfectly horizontal loads applied to either side of the
gross horizontal section would indeed shear the section horizontally, but the geometry and
complexity of the connection and loads alter spread of plasticity slightly for this connection.

6.4

Behavior of the Plate at the Left Diagonal Connection

The block shear model predicts that yielding should occur along the shear planes in the gusset
plate at the left diagonal connection in conjunction with fracture on the net tension plane
between the final two bolts of the left diagonal. This scenario forms in the plate as the analysis
progresses, and is apparent in Figures 28 through 33. The formation of this failure pattern may be
explained through its stress contours. Figure 53 below shows the von Mises stress in the region
in the plate around the left diagonal at 74 percent of the applied load, just before the plastic
regions around holes A and B connect. Mentioned in chapter 2 was the fact that the spread of
plasticity from critical holes A and B follows the orientation of the shear stress at these locations.
Indeed, Figure 54 below shows that shear stress distribution in the same region has
concentrations below critical holes A and B, and that they are oriented approximately in the
directions in which plasticity in Figure 53 spreads.

68

Figure 53: Von Mises stress around left diagonal area at 74 percent of the applied load

Figure 54: Shear stress at left diagonal area at 74 percent of the applied load, scale from 0
to shear yield

The plastic behavior is to be expected if the original Whitmore contours are examined. Figures
55, 56, and 57 show the contours for maximum principle, minimum principle, and shear stress
respectively. Although these contours are in response to the original loading scenario, their
orientations are not expected to change to a large degree with larger loads. The maximum
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principle stress contours are oriented along the line of action of the left diagonal, while the
minimum principle stress contours are oriented along the line of action of the right diagonal. The
shear stress contours spread outwards from the center of the plate. At the end of the left diagonal,
the minimum principle stress contours cross the member transversely, perpendicular to the
maximum principle stress contours as expected. The shear stress contours are expected to follow
those in Figure 54. The orientation of the Whitmore shear contours matches the similar behavior
in the FEM, however, the FEM contours are less smooth around holes A and B. Such local
behavior is difficult to capture with strain gauges.

Figure 55: Maximum principle stress contours from Whitmore, 1952
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Figure 56: Minimum principle stress contours from Whitmore, 1952

Figure 57: Shear stress contours from Whitmore, 1952

The single hole along the line of action of the left diagonal at the end of the connection is highly
stressed, as shown in Figure 53. It transfers a significant portion of the load along with the two
holes at the end of the connection. This behavior is expected due to the low number of bolts used
to make the connection. In actual bridge connections, more bolts are typically included and it is
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expected that in such cases, the plastic region will form around the perimeter of the connection
rather than from the interior as well.

6.5

Summary of Capacity Analysis

The capacity analysis showed that there are two most likely scenarios for plate failure due to inplane behavior; yielding along the critical horizontal section and block shear tear out. The yield
plane was not perfectly horizontal as expected according to the FHWA, but this is due to the
complexity of the load and of the connection geometry. Examining the stress contours around the
left diagonal further reinforces the possibility that block shear is a potential failure mechanism
for this connection. Global section shear failure along the gross horizontal section is more likely,
but it is unknown how the model will respond to added load if fractured elements were removed
from the model.
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Chapter 7: Comparison of FEA Capacity to FHWA Capacity

7.1

Introduction to Comparison Analysis

The FE model has been analyzed successfully to its ultimate capacity. In this section, additional
information about the comparison of the FEA loads and FHWA predicted loads is provided.
Mostly, discussion focuses on those predicted failure mechanism that did not accurately
characterize the true behavior or capacity of the plate. The right diagonal has a compressive load,
and is therefore not discussed. Compression in general, however, is discussed. As results
concerning the critical gross horizontal section and block shear loads in the left diagonal were
discussed extensively in chapter 2, they are not discussed here.

7.2

Left Diagonal Comparison

In Table 10, the expected capacities for the left diagonal loads according to the FHWA method
are shown. The direct tension method is the most conservative in that it predicts the lowest
allowable capacity, while the Hardash and Bjorhovde method for calculating block shear is the
least conservative.

Table 10: Left Diagonal Capacity
Failure Mechanism
Direct Tension (Whitmore method)
Block Shear (FHWA)
Block Shear (Hardash and Bjorhovde, 1985)
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Capacity (k)
64.12
78.92
90.26

A load of 64.12 kips in the left diagonal corresponds to 87 percent of analysis completion. The
direct tension method implies that the Whitmore section will have reached its elastic capacity
along its length at the critical load. Figures 58 and 59 show the von Mises stress in the plate at 87
percent of the applied load from zero to yield and from yield to ultimate stress, respectively, with
the Whitmore width identified.

Figure 58: Von Mises stress at 87 percent of applied load, Whitmore width identified, zero
to yield

Figure 59: Von Mises stress at 87 percent of applied load, Whitmore width identified, yield
to ultimate
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Figures 58 and 59 show that the mechanism responsible for the development of plasticity is not
localized along the Whitmore width at 87 percent of the applied load. Plasticity actually formed
at 37 percent in the significant region around hole E. Figures 58 and 59 also show that more
capacity is available along the Whitmore section. The stresses along the Whitmore section vary;
each failure method provides the constant value of yield stress in its calculations, but variability
is expected along critical planes. The direct tension method therefore predicts neither capacity
nor behavior.

7.3

Lower Chord Comparison

The capacity loads, according to the FHWA method, for the lower chord are shown in Table 11.
Again, the direct tension method predicts the most conservative capacity estimate, while the
Hardash and Bjorhovde method predicts the least conservative estimate.

Table 11: Lower Chord Capacity
Failure Mechanism
Direct Tension (Whitmore method)
Block shear (FHWA)
Block shear (Hardash and Bjorhovde, 1985)

Capacity
90.39
100.8
107.99

The loads on the left and right portions of the lower chord are different; a load of 90.39 kips
corresponds to 72 percent of the analysis for the left portion, and 42 percent for the right portion.
The plate’s response at 72 percent of analysis completion will be discussed here. Shown in

75

Figures 60 and 61 are the elastic and plastic von Mises stresses in the plate at 72 percent of the
applied load, respectively, with the Whitmore width identified.

Figure 60: Von Mises stress at 72 percent of applied load, Whitmore width identified, zero
to yield

Figure 61: Von Mises stresses at 72 percent of applied load, Whitmore width identified,
yield to ultimate
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At this level of the applied load, yielding is expected along the lower chord Whitmore section.
Figures 60 and 61 indicate that the plate has not exceeded the elastic limit on this section, except
around critical bolt D. The plastic region around hole D is not growing in the direction of the
lower chord Whitmore width either. The plate is therefore not behaving in the manner predicted
by the direct tension method at the location of the lower chord.

The critical block shear loads are 100.8 and 107.99 kips according to the FHWA and Hardash
and Bjorhovde (1985) methods, respectively. The left portion of the lower chord achieves 107.99
kips at 86 percent of the applied load. At this time, the load in the right portion of the lower
chord is 185.76 kips, far greater than 104 kips. Von Mises stresses in the plate are shown in
Figures 62 and 63 at 86 percent of the applied load, respectively, with the block shear planes
identified.

Figure 62: Von Mises stress in the plate at 86 percent of applied load, zero to yield
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Figure 63: Von Mises stress in the plate at 86 percent of applied load, yield to ultimate

Figures 62 and 63 show that around the lower chord, the plate is not developing the block shear
failure mechanism. Only parts of the critical shear planes, on either side of the chord, have
developed plastic stress, and the tension plane is mostly elastic at this load level. The reason for
the high capacity of the plate around the lower chord is that the lower chord is continuous; a net
force of just 75 kips has been applied and not all of it is transferred through the plate. Even if the
loads were increased to a net force of 104 kips, the connection would still shear across the midplane, and stresses on the tension plane would remain low. If the lower chord were
discontinuous, it is possible that block shear would become a viable failure mechanism for this
connection.
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7.4

Compression

Compression was not a major focus in this analysis, but some discussion is provided here
because of observations that were made over the course of this research. In the initial
investigation into the I-35W Bridge collapse, a group of researchers [Holt and Hartmann, 2008]
found that the U10 gusset plate did not conform to a particular requirement from the 1960s
bridge specification. The requirement was that edges longer than 48 times the plate’s thickness
be stiffened, and the U10 gusset plate had an unstiffened edge 30 inches long with a thickness of
0.5 inches. In the 2010 AASHTO code, stiffening is required if Equation 14 [AASHTO, 2010] is
satisfied,

( )

⁄

(14)

where Lu is the unsupported edge and other variables have been defined previously. For A36
steel, the longest unstiffened edge in a gusset plate according to Equation 7.1 is 58.5 inches. The
30 inch unsupported edge in the U10 plate is therefore allowable according to the 2011 code.

The current method to assess buckling capacity involves determining an effective column length
below a connected compression member and performing typical column calculations, as seen in
Appendix A for the right diagonal. Unsupported edge length does have an effect on buckling
strength according to one study [Sheng et al., 2002], and providing edge stiffeners does increase
buckling strength. Providing stiffeners along the centerlines of connected compression members,
however, leads to a much larger buckling capacity [Sheng et al., 2002]. This is an efficient
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method for improving plate capacity, as buckling capacity tends to be lower than other measures
of capacity.

7.5

Discussion

Gusset plate behavior is highly complex. For this reason, the FHWA requires that many failure
scenarios must be assessed at critical locations in the plate in order to calculate the most
conservative load rating. Yet while the values obtained by load rating may be based on a
particular mode of failure, the true behavior is a result of the interactions between the different
local effects. Load ratings are based on the assumption that critical planes will experience
constant stresses. The critical planes are in fact evident at high loading levels, but the stresses
along them are not constant. A method that takes into account the distribution of stresses when
the von Mises stress exceeds yield along critical sections would help increase the accuracy of
these analytical models, but the conservative nature of the assumptions may be lost.

The von Mises stress was used in this research as an indicator of yielding because this variable
controls the onset of plasticity, and because it is readily available from the finite element
program, Abaqus. Unless modeling is included as a part of a load rating analysis, it would be
impractical to use the von Mises stress in such an analysis because of its complexity. A small
source of error lies in the fact that in the calculation of the load-to-predicted ratios, FEA loads
were assessed when the von Mises stresses and equivalent plastic strains (PEEQ) indicated that
capacity had been reached, not when normal or shear stresses exceeded yield or fracture. Full
plasticity along the critical horizontal section in the FEM according to the von Mises stress was
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reached before the critical FHWA prediction occurred, however, the section remained stable
through the rest of the analysis, and assuming a constant value of elastic capacity along a critical
section is conservative.

Direct tension stresses calculated according to the Whitmore method are shown to be poor
indicators of behavior and of capacity. Concerning capacity though, the method is conservative.
For almost all connections, the Whitmore capacity will be lower than the block shear capacity
because more area is taken into account in the block shear mode. The block shear method also
takes into account ultimate strength along the net tension plane while the Whitmore method
considers only elastic strength. The direct tension capacity, which is lower, governs, explaining
how this method has led to the successful design of gusset plates in truss bridges and framing
structures.

The FHWA method provides equations that are intended to assess capacity, but this raises the
question of what is meant by capacity. Block shear capacity implies that the connection, at
capacity, is in the failed state. Direct tension capacity however implies that a portion of the plate
has yielded. After this point though, the plate may continue to develop plastic stresses. In the
finite element method, failure is not as clearly defined because the spread of yielding and of
fracture may be tracked continuously, for all intents and purposes. When using finite elements in
the field, a clear definition of failure is required for comparison with design codes. Engineering
judgment should be exercised to ensure that safety is not compromised in the structure,
especially under special loading scenarios.
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Although compression was not a major focus of this research, the buckling capacity of the plate
due to loads in the right diagonal was calculated. The buckling capacity was found to be
significantly lower than the tensile and shear capacities, however, the plate in this experiment is
very thin, just 0.125 inches thick. Typical bridge plates are much thicker and would have a
higher buckling capacity, making compressive failure less critical.

7.6

Summary of Comparison Analysis

The tensile capacity loads according to the FHWA method for the Whitmore connection gusset
plate are associated with particular gusset plate responses. The finite element model of this
connection was analyzed to capacity, and the von Mises stress patterns were examined to see if
the expected responses were present in the plate around the left diagonal, lower chord, and across
the critical plate sections. Along the Whitmore sections, the von Mises stress distributions in the
FEM did not match the expected distribution. Von Mises stress contours along the critical block
shear planes around the left diagonal indicated that yielding had occurred on the shear planes and
the tension plane as expected. Plastification along the two left diagonal shear planes occurred at
different percentages of the applied load due to the asymmetrical nature of the connection and of
the applied loads. Regardless, block shear failure is a potential failure mechanism for this plate.
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Chapter 8: Conclusions and Future Work

8.1

Description of Research

This thesis describes an attempt to link physical behavior of a gusset plate in a truss bridge
connection at capacity to the loads that are expected to cause failure in the plate. Predicted
capacities were calculated according to the FHWA guidelines for gusset plate load rating for a
connection from Whitmore, 1952. This connection model is familiar to engineers because it was
originally used in an experiment that formed the basis of modern gusset plate understanding.

8.2

Conclusions

The finite element model was analyzed and assessed to observe if three forms of failure as shown
in the FHWA guidelines would be present in the model. Method one, direct tension failure, was
not present; this method predicted neither capacity nor behavior, but it is conservative. When the
model failed, behavior according to method two, block shear failure, was present at the location
of the left diagonal. Method three, global section shear failure was the primary failure
mechanism of the gusset plate as shown by the distribution of von Mises stress and equivalent
plastic strain at failure. The model was able to capture such behavior, indicating the successful
ability of both the model and of the FHWA method to capture tensile and shear capacity and
behavior of a gusset plate.
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8.3

Implications and Practical Applications

A major conclusion of this project is that the primary failure mechanism for a plate will be
located on the weakest section, in this case, the gross horizontal section. New truss bridges are
designed rarely in modern engineering, but the truss bridges that remain in-service in the United
States must be maintained and must provide a certain level of safety. Such information is critical
to engineers who load rate, rehabilitate, and retrofit these structures. It is simple in inspections to
observe the edges of a gusset plate, as visible deformation occurs here. By including finite
element modeling in the scope of work on an actual project, the cause of the edge deformation
may be assessed, as well as the state of stress in the central regions of a plate where deformations
may be difficult to assess.

Finite element modeling provides an engineer with a prototype, which is rare in structural
engineering. The ability to easily and cost-effectively create a model, and run the analysis many
times is becoming more common in design offices. Such sophisticated methods offer a way to
observe local behavior. In 1952, for example, Whitmore was unable to capture gusset plate
behavior with strain gauges in the vicinity of the bolt holes. He was also unable to capture large
deformations. As a result, Whitmore did not capture the “U” shaped plastic that would develop
into the connection’s failure mechanism. In the research described in this thesis, stress
concentrations were observed around the bolt holes. In the future, capturing such local behavior
will become easier, and results will be more trustworthy with more accurate models.
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8.4

Future Work

Future work for the modeling of gusset plate behavior should include a study on the effect of
buckling and compressive capacity. Neither were considered here as possible failure
mechanisms, although they may be significant. Out-of-plane effects were not considered in this
project although they may change the observed stress distributions. Such effects may be a cause
of bolt deformation, or from general load cases. The model in this research was unable to take
into account behavior after elements exceeded their failure strain. An element removal algorithm
would allow for the application of higher loads and discussion at these new load levels. Future
modeling projects should include a more detailed bolt model, or a submodel of a bolt including
the effects of bearing and friction. This will make future models more reliable in the regions
around the bolts.

This research did not include testing. Extensive testing should be performed in order to verify the
observations on capacity and behavior made in this project. Tests should be performed on a
variety of models based on existing truss bridge connections. For example, connections should
be modeled after end-portal connections, midspan connections, and quarterspan connections. The
loading on these models should be realistic and in accordance with the latest AASHTO
standards. Using such a loading program would then allow for the determination of test-toprediction ratios between predicted load-rating and true in-service behavior under design
loading.
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Finally, full-scale load testing and the finite element modeling of a global structure should be
performed so that existing critical plates may be successfully monitored. A submodel embedded
into a global model would also allow a structural health monitoring system to assess the
condition of an in-service gusset plate, provided the model were calibrated with a full-scale load
test. If applied, these discussion points would further contribute to the understanding of gusset
plate behavior.

86

References

Abaqus V6.11, Dassault Systemes Simulia, Providence, RI, USA 2011.

Ambriz, R.R., Mesmacque, G., Ruiz, A., Amrouche, A., & López, V.H. (2010). Effect of the
welding profile generated by the modified indirect electric arc technique on the fatigue
behavior of 6061-T6 aluminum alloy, Materials Science and Engineering A, 527, 20572064.

American Association of State Highway Transportation Officials, (2010). AASHTO LRFD
Bridge Design Specifications, Customary U.S. Units, Fourth Edition.

American Association of State Highway Transportation Officials, (2011). The Manual for Bridge
Evaluation, Second Edition.

American Institute of Steel Construction (2005). Steel Construction Manual, Thirteenth Edition.

Chakrabarti, S.K., & Bjorhovde, R. (1985). Tests of full-size gusset plate connections, Journal of
Structural Engineering, 111, No. 3, March, 667-684.

Chandrupatla, T.R. & Belegundu A.D. (2002). Introduction to finite elements in engineering.
Upper Saddle River, New Jersey: Prentice Hall

87

Dassault Systemes Simulia, Failure Analysis of Minneapolis I-35W Bridge Gusset Plates,
Abaqus Technology Brief, December 2009

Driver, R.G., Grondin, G. Y., & Kulak, G.L. (2006). Unified block shear equation for achieving
consistent reliability, Journal of Constructional Steel Research, 62, 210-222

Hao, S. (2010). I-35W Bridge Collapse, Journal of Bridge Engineering, 15, 608-614

Hardash, S.G., & Bjorhovde, R. (1985). New design criteria for gusset plates in tension, AISC
Engineering Journal, 22, No. 2 Second Quarter, 77-94.

Higgins, C., Senturk, A.E., & Turan, O.T., (2010). Comparison of block-shear and Whitmore
section methods for load rating existing steel truss gusset plate connections, Journal of
Bridge Engineering, March/April 2010

Holt, R. & Hartmann, J. (2008). Adequacy of the U10 & L11 gusset plate design for the
Minnesota Bridge No. 9340 (I-35W over the Mississippi River): Interim Report, Federal
Highway Administration Turner Fairbank Highway Research Center Report.

Hooputra, H., Gese, H., Dell, H., & Werner, H., (2004). A comprehensive failure model for
crashworthiness

simulation

of

aluminum

Crashworthiness, 9:5, 449-464.

88

extrusions,

International

Journal

of

Huns, B.B.S., Grondin, G.Y., & Driver, R.G., (2002). Block shear failure of bolted gusset plates,
4th Structural Specialty Conference of the Canadian Society for Civil Engineering,
Montreal, Quebec, Canada, June 5th-8th, 2002.

Li, Z.X., Chan, T.H.T., Yu, Y., & Sun, Z.H. (2009). Concurrent multi-scale modeling of civil
infrastructures for analyses on structural deterioration-Part I: modeling methodology and
strategy, Finite Elements in Analysis and Design, 45, 782-794.

National Transportation Safety Board (2008). Highway Accident Report, Collapse of the I-35W
Highway Bridge, Minneapolis, Minnesota, August 1st, 2007.

Pheifer, E. (2010). Structural Analysis, Instrumentation, and Modeling of the Maurice J. Tobin
Memorial Bridge. (Master’s Thesis). Tufts University, Medford, Massachusetts.

Sheng, N., Yam, C.H., & Iu, V.P., (2002). Analytical investigation and the design of the
compressive strength of steel gusset plate connections, Journal of Constructional Steel
Research, 58, 1473-1493.

Thornton, W.A., & Lini, C., (2011, July). The Whitmore section: How to use the Whitmore
method for tension and compression strength checks. Modern Steel Construction, 52-56.

Timoshenko, S., & Young, D.H., (1968). Elements of Strength of Materials, fifth edition, D.Van
Nostrand Company, New York, N.Y.

89

Topkaya, C. (2007). Block shear failure of gusset plates with welded connections, Engineering
Structures, 29, 11-20.

United States Department of Transportation, Federal Highway Administration (2009). Load
Rating Guidance and Examples for Bolted and Riveted Gusset Plates in Truss Bridges.

United States Department of Transportation, Federal Highway Administration (2010). National
Bridge Inventory Database.

Voorhees, H.R., & Freeman, J.W. (1960). Report on the elevated temperature properties of
aluminum and magnesium alloys, ASTM Special Technical Publication No. 291.

Walbridge, S.S., Grondin, G.Y., & Cheng, J.J.R., (2005). Gusset plate connections under
monotonic and cyclic loading, Canadian Journal of Civil Engineering, 32, 981-995.

Wheeler, A.T., Clarke, M.J., & Hancock, G.J., (1999). Finite element modeling of eight-bolt
rectangular hollow section bolted moment end plate connections, Proceedings of the
International Conference in Advances of Steel Structures, December 15-17, 1999, Hong
Kong, China, pp. 237-244.

Whitmore, R.E. (1952). Experimental Investigation of Stresses In Gusset Plates, Bulletin No. 16,
Engineering Experiment Station, The University of Tennessee, Knoxville.

90

Wierzbicki, T., Bao, Y., Lee, Y., & Bai, Y., (2005). Calibration and evaluation of seven fracture
models, International Journal of Mechanical Sciences, 47, 719-743.

Xue, L. (2007). Ductile fracture modeling – theory, experimental investigation, and numerical
verification. (Doctoral dissertation). Massachusetts Institute of Technology, Cambridge,
MA.

91

Appendix A

A.1

Left Diagonal Capacity Calculations
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A.2

Right Diagonal Capacity Calculations
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A.3

Lower Chord Capacity Calculations
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A.4

Plate Section in Shear
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