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INTRODUCTION

Purpose

The 2014 AASHTO Design Specifications (Specs) contain formulas for determining the capacities of truss
gusset plates. The formulas for determining the ability of a gusset plate to sustain the demands applied by
compression web elements were based largely on a study of gusset plate characteristics that was
conducted by the FHWA (NCHRP Study). The AASHTO formulas are straightforward, easy to apply,
provide conservative estimates of plate capacities, and are consistent with contemporary AASHTO
objectives concerning structural reliability. As such, they can be used to efficiently provide reasonable
designs for new gusset plates, in most instances.

The AASHTO compression capacity formulas can also be used to get quick estimates of the capacities of
existing gusset plates. For this reason, they are included in the 2014 Interim Revisions to the Manual of
Bridge Evaluation, Second Edition (MBE). However, it is very important to note that, when evaluating an
existing structure, the cost of being conservative is much greater than when designing a new structure. In
the latter case, underestimating the capacity of a gusset plate by 20 percent results in just the added costs
of unneeded plate thickness, which is typically a small fraction of the overall cost of designing and
building the connection. In the case of an existing bridge, however, the same degree of conservatism can
result in the expenditure of tens of thousands of dollars to retrofit a single plate that actually needs no
modification. On an entire bridge, construction costs due solely to using very conservative plate capacity
estimates can reach millions, to say nothing of the “costs” associated with unneeded disruptions, detours
and posted load limits. Therefore, when the standard formulas for plate compression strength indicate a
deficiency, it is often worthwhile to perform a more rigorous analysis to eliminate some of the
conservatism inherent in the standard approach.

Recognizing the fact that the cost of conservatism can be quite high when dealing with existing structures,
the authors of the MBE included text that allows the use of alternative methods for determining gusset
plate capacities. The only alternate method discussed explicitly in the MBE involves the development of
robust finite element models. While finite element (FE) methods can be used to provide reasonable
estimates of gusset plate strengths, the cost of useful FE analyses can quickly approach the cost of
retrofitting a gusset plate, and obtaining reliable results requires substantial modeling and analytical
expertise.

Fortunately, much of the conservatism inherent in the MBE gusset plate compression checks can be
eliminated simply by using enhanced “hand” calculations. Therefore, when the MBE compression checks
indicate a deficiency, or if they control a load rating, they should be supplemented by a more rigorous
evaluation.

Compared to the basic MBE formulas, the methods outlined in this Guide for calculating plate
compression capacities provide much better estimates of actual strengths and, when used in conjunction
with the MBE load and strength reduction factors, they result in levels of reliability comparable to that
which is targeted by the methods specified in the MBE. The methods outlined in this Guide are meant to
replace the MBE formulas related to Whitmore Buckling and Partial Shear. A modified approach for
checking Horizontal Shear is also provided.

Use of the Guide methods, or similarly effective approaches, will greatly reduce the amount of resources
spent on unnecessary modifications of existing gusset plates, while maintaining a degree of reliability
consistent with applicable design provisions.
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Outline

This Guide includes four sections. The first section describes Refined Analysis Methods that can be used
to evaluate gusset plates. It includes relevant background information on the subjects of reliability,
ductility, and buckling. Following the background information are detailed descriptions of the three
strength determination checks that are intended to replace some of the basic checks in the MBE when
evaluating gusset plates that are 0.375 inches thick or thicker; the Horizontal Shear check (replaces the
MBE Horizontal Shear check), the Basic Corner Check (meant to replace the MBE Whitmore L4 and
Partial Shear checks), and the Refined Corner Check (meant to replace the MBE Whitmore L4 and
Partial Shear checks in instances where the Basic Corner Check does not provide sufficient capacity). The
last item in the Refined Analysis Section is a discussion concerning the evaluation of deteriorated gusset
plates.

The second section is a Glossary of Terms used in the calculations. The third section provides six gusset
plate load rating examples. The examples cover a variety of realistic circumstances and the application of
the Guide’s Refined Analysis Methods. The fourth section comprises various appendices that include
relevant reference materials.
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REFINED ANALYSIS METHODS

Background

The AASHTO method for calculating gusset plate compression capacity involves the application of two
“checks”; one based on the Whitmore section and a particular equivalent column length (Whitmore L ;g),
and one based on a check of the shear stress on a specific portion of the plate in the vicinity of the
compression member (Partial Shear). These checks were developed to provide quick, efficient estimates
of actual strengths. As noted in the NCHRP Study responsible for developing these checks, they tend to
underestimate actual plate strengths, at times by a considerable amount.

Recognizing the value of increased analytical rigor and the challenges of creating robust FE models of
most truss connections, methods were developed that can provide more accurate capacity estimates for
most compression situations in a few hours, using “hand” calculations. While this is much more time than
what is required to perform the basic MBE Whitmore L4 and Partial Shear checks, the benefits often far
outweigh the costs. Eliminating a single unnecessary connection modification or reducing the extent of
modifications that are needed will usually save much more than the added engineering costs. Reducing
the severity or even the need for traffic disruption and load postings are added benefits.

The Guide methods are based on fundamental engineering principles, and came from the hand-based
evaluation of the U10 gusset plates that initiated the collapse of the 1-35W Bridge. Subsequent FE
analyses by multiple parties proved the hand calculations to be very accurate. The several joint tests and
the many FE simulations performed as part of the NCHRP Study provided other examples of limit state
connection performance that were used to improve and verify the hand-based approach that was used in
the 1-35W Bridge case.

In the context of the Guide and the NCHRP Study, the “Professional Factor” (PF) is the ratio of an
element’s actual strength (i.e., the ultimate capacity as determined by testing or the ultimate capacity
established by FE analysis) divided by the strength predicted by a simplified analytical method. A PF of
one indicates a perfect match, while a PF greater than one indicates the simplified method underestimates
actual strength. Figure 1 shows the distribution of PFs for 95 gusset plates included in the NCHRP Study,
which are 0.375 inches thick or thicker. One curve shows the PFs obtained using the MBE methods, the
other shows the PFs obtained using the Guide methods. The overall average PFs for the two methods are
1.33 (MBE) and 1.10 (Guide), and the standard deviations are 0.14 (MBE) and 0.10 (Guide). In all cases
where actual tests were performed, both approaches provided conservative results. On a case-by-case
basis, the Guide prediction typically varies from being just as good as, to much better than, the MBE
prediction. In many cases, the Guide prediction is so much better that any associated load rating would be
significantly higher.

Compared to an evaluation based on the MBE formulas, use of the Guide methods would greatly reduce
the amount of false deficiency findings and unnecessary gusset plate modifications.

Figure 1 also shows that there remains a great deal of room for improvement in the Guide methods. One
of the more significant reasons for the larger PFs in the Guide methods is the fact that they do not account
for strain hardening. Study of the NCHRP Study FE simulations shows that the more compact
connections realize considerable strain hardening prior to failure. In fact, this phenomenon caused many
NCHRP Study FE connection failures to be characterized as “buckling” failures, while the associated
Guide failure mode was horizontal shear. Both characterizations are technically correct. The Guide
method correctly notes that a plate consisting of material that does not strain harden would fail via
horizontal shear, while the FE model shows that a comparable plate that can strain harden as assumed,
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would buckle before becoming unstable in shear. As work on the Guide methods continues, a method for
appropriately accounting for strain hardening may be developed.
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Figure 1. Comparison of professional factors between Guide and MBE.

Reliability

When using an approach other than the formulas contained in the Specs and the MBE to quantify gusset
plate capacity, consideration must be given to the notion of structural reliability. At the very least, an
alternate method must be based on rational engineering principles and provide reasonable estimates of
actual plate strengths. The tricky part of this requirement is defining “reasonable.” One definition would
be something that provides a level of reliability comparable to that inherent in the original design
procedure. This is the essence of “grandfathering,” a concept embraced by building codes as long as
building codes have been updated. Without grandfathering, structures would have to be retrofit every time
codes and standards become more stringent.

While grandfathering is a reasonable—even necessary—concept to apply to the evaluation of existing
structures, there are instances where it may fall short of achieving the desired ends of providing and
maintaining reasonable reliability. For example, if the original design method included a substantial
technical error or omission that resulted in unacceptably low levels of reliability, evaluation of the
resulting structures should be based on a modified approach. In the context of major truss gusset plates,
an argument can be made that historic design methods were less than comprehensive; that in some cases,
potential failure modes were overlooked to the extent that plate capacity and reliability is less than what
was intended, or less than what is currently desired. At the same time, it is clearly unreasonable to expect
existing, often decades old, plates to meet current standards for new construction. For example, if
common design practices in the 1940s routinely provided relative reliability factors (B), discussed in
detail in later sections, in the 2.0 to 3.0 range, it might be unreasonable to require these structures to now
be substantially more reliable simply because we want new structures to achieve higher B values. At the
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same time, if an older practice allowed certain types of plates to be built with B values well below the
values provided by most or all other elements of the structure, we might want to evaluate these plates
using higher standards. To our knowledge, no studies have been done to evaluate this issue.

The basic MBE formulas are based on achieving a minimum 3 value of 3.5. In fact, a benchmark 8 of 3.5
was used to determine strength reduction factors (¢ factors) for the various strength formulas. Since the
MBE ¢ factors are based on achieving a p of 3.5, an argument can be made that using them to evaluate
older structures—structures that were never expected to provide such reliability—is excessive.

Another issue involving ¢ factors relates to the use of alternate strength determination methods. Since the
listed ¢ factors were calibrated to provide a specific level of reliability using the standard formulas, use of
a different method may require different ¢ factors if the same level of reliability is to be established.

When used as part of a LRFD-based evaluation, the Guide methods will provide levels of reliability
comparable to what would be provided by following the MBE approach based on excellent FE models.
They will also provide levels of reliability comparable to, if not better than, that which was inherent in
historical design practices. A detailed discussion of relative reliability in the context of the MBE and
Guide methods is provided in Appendix C.

Ductility

Structural steel has considerable ductility. This means it can sustain strains well beyond vyield level
without degrading. Many current AASHTO and AISC capacity formulations rely on the material being
ductile. If this were not the case, residual stresses, deformation-induced (e.g., fabrication-related) stresses,
and forces and stresses caused by bolt pretension and weld shrinkage would have to be considered in
many formulas that currently ignore them. Even the strength formulas for initially stress-free compact
flexural members, shear plates, bolt groups, weld groups, and other elements would need to be greatly
modified.

The Guide capacity calculation methods take advantage of the ductility of structural steel elements in
ways that are consistent with AASHTO and AISC steel design standards.

Buckling Considerations

While structural steel is a relatively ductile material, there are circumstances under which some form of
instability limits the ability of an element to sustain post-yield strains, or even precludes achievement of
yield level strains. When an element, or the system of which the element is a part, becomes unstable
before yield level strains are reached, the instability is often referred to as “elastic buckling.” When
instability follows achievement of yield level strains, it is often referred to as “inelastic buckling.”

Sections of gusset plates that are not stiffened by connected members or other means can be susceptible to
both elastic and inelastic buckling. Therefore, it is important for any capacity determination methods to
account for these potential failure modes. When a connection detail includes unstiffened sections of plate
surrounding the end of a web compression member, the Guide methods evaluate the potential for buckling
and, if appropriate, reduce the maximum stresses that can be sustained in affected areas.

The Guide compression strength calculation methods are based on “Corner Checks.” For a particular
compression web member in an un-deteriorated plate, the “corner” is the section of gusset plate that
contains the web member/plate fasteners, and is bounded by a vertical line that passes through the
fastener (or row of fasteners) that is closest to the adjacent web member, and a horizontal line that passes
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through the fastener (or row of fasteners) that is closest to the chord. The section of plate defined by the
vertical line is called the “vertical surface” of the corner, while the section of plate defined by the
horizontal line is called the “horizontal surface” of the corner. A typical “corner” and associated surfaces
are shown in Appendix B.

For each corner surface, there is a section of plate that spans between it and the nearest truss member.
Examples are shown in Appendix B. In gusset plates that lack any external stiffening across these spans,
buckling of the spans characterized by lateral movement of the compression member end relative to the
other truss members can occur. This mode of instability is called “sidesway buckling.” The shorter of the
horizontal and vertical spans determines the strength of the sidesway buckling mode. The Guide approach
treats the shorter span like a fixed-ended, sidesway column, and calculates a corresponding critical stress.
This critical stress is used as an upper bound for the principal stress that the material making up the span
can sustain. The longer span is treated like a bounded plate element. The loaded edges of the plate are
assumed to be restrained against translation and rotation, one of the remaining sides is also assumed to be
restrained against translation and rotation, and the fourth side is free of all restraint. The classic plate
buckling equation is used to determine the critical Euler (i.e., elastic) buckling stress, while the actual
critical buckling stress is determined using the AASHTO column buckling equation in order to account
for the presence of residual stresses. As with the short span, the critical plate buckling stress defines the
upper limit to the principal stresses in the longer span.

When the principal stress in a span falls below the corresponding critical stress, buckling of that span is
not a factor. When the principal stress exceeds the associated critical stress, the forces acting on the
corresponding corner surface are reduced proportionally.

Horizontal Shear Check

Shear failure along a plane parallel to the chord often determines the ultimate strength of a gusset plate.
This failure mode is called “Horizontal Shear” in the MBE and this Guide. Because the critical shear
plane usually carries more than just shear force, the effect of these other forces on the shear capacity must
be considered. The MBE accounts for this by reducing the available shear strength by a factor designated
by the symbol Q. In all cases, the MBE assumes Q = 0.88.

The Guide method of calculating Horizontal Shear strength is identical to the method used in the MBE,
except for the fact that Q is variable. In the Guide approach for connections that are not located at truss
support bearings, Q is calculated using a shear/moment interaction equation developed by Drucker
(Drucker, 1956). The moment that coincides with the shear is equal to the horizontal shear force
multiplied by the distance between the chord centerline (i.e., where moment is zero) and the horizontal
plane in question. Since the moment is a function of the shear and the shear capacity is a function of the
moment, calculating Q is an iterative process. When a truss node coincides with a truss bearing, there are
additional normal stresses acting on the horizontal shear plane. To account for these stresses, shear
strength is determined based on the approach outlined in Appendix A.

The steps involved in calculating the shear strength of a horizontal shear plane for a connection that is not
located at a truss support point are provided below. Parameters are defined in the Glossary of Terms
section.

1. Locate critical Horizontal Shear (HS) plane using the following constraints:
a. between chord and web members
b. parallel to chord
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c. as far from chord as possible, without intersecting any web member fasteners (note: if
elements of web members cross all planes that meet Constraints (a) and (b), Horizontal
Shear Capacity (HSC) can be modified to account for the added HS capacity provided by
the crossing elements)

2. Determine length of critical HS plane (Lus)
3. Determine eccentricity of critical HS plane (eps)

4. Calculate plastic shear strength (Vp) and plastic moment strength (Mp) of the critical plane as
follows:

a. Vp=0.58(F)(Lus)t
b. Mp = F[t(Lus)/4]
5. At the nominal shear strength (Vy), the moment acting on the critical plane (Mys) is:
a. Mys = Vn(ens)
6. The nominal strength given Mys is calculated as follows:
a. Vn=VpQ= VP[:I-‘(MHs/|\/|P)]O'25 or; Vi = Vp[1-(Vn(ens) /MP)]O'25

7. Moving the Vp term to the left side of the equations in Item 6a shows that the Guide definition of
Q is as follows:

a. Q= VyVp = [1-(Mus/Mp)]°® = [1-(Vi(ers) /Mp)]°?

Since Vyis on both sides of the above equations, solving for it is an iterative process. Pick a value, plug it
into the equation, and vary the value until both sides are equal. Starting with a value of 0.9V; should lead
to a rapid solution.

When the connection in question is located at a truss support point, the critical horizontal shear plane
carries more than just moment and shear. It also carries large net normal forces between the truss web
members and the bearing. In this case, the stresses associated with the net normal forces must be
combined with the normal stresses caused by bending in order to calculate the associated shear strength
using the method outlined in Appendix A.

Basic Corner Check (BCC)

The BCC involves calculation of the capacity of a “Corner” section. A “Corner” section is the section of
gusset plate that contains the web member/plate fasteners, and is bounded by a line that passes through
the fastener (or row of fasteners) that is closest to and parallel to the adjacent chord member, and an
orthogonal line that passes through the fastener (or row of fasteners) that is closest to the adjacent web
member. The line that parallels the chord is called the “horizontal surface” of the Corner, while the
orthogonal line is called the “vertical surface” of the Corner. A typical “Corner” and associated surfaces
are shown in Figure 2.

The maximum forces that can develop on the horizontal and vertical surfaces of a Corner are calculated
based on the following constraints:

o Each surface carries a uniform normal stress (6) and a uniform shear stress (1)
e o and t are limited by the Von Mises stress interaction:
= °+30°<F/
e The resultant of the shear and normal forces acting on each surface must pass through the
connection work point
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e The principal stress on a surface can be no more than the corresponding critical buckling stress
calculated as previously described

The steps in implementing a BCC are outlined below:

1) Locate critical corner sides using the following constraints:

a) horizontal side is parallel to chord, and passes through the compression member
fastener(s) closest to the chord

b) vertical side is orthogonal to the horizontal side, and passes through the compression
member fastener(s) closest to the other web members

2) Locate the following points:
a) centroid of vertical side (WP,)
b) centroid of horizontal side (WP,

c) point where compression member centerline crosses the endmost row of compression
member fasteners (WPs;)

d) point where compression member centerline crosses the end of the compression member
(WPs)

e) intersection of web and chord member centerlines (WP)

3) Calculate the following parameters:
a) length of vertical side (L)
b) length of horizontal side (L)
c) angle between line drawn from WP to WPy, and vertical side (6,)
d) angle between line drawn from WP to WPy, and horizontal side (6y)
e) the longest of the following two distances (a):

i) distance from WP, to line through nearest fastener in adjacent web member
(measured perpendicular to the vertical side)

ii) distance from WPy, to line through nearest fastener in adjacent chord member
(measured perpendicular to the horizontal side)

f) distance between WPg; and nearest edge of an adjacent web or chord member (Ls;)

[3P% 1]

parallel to shorter distance “a
g) distance between WPs, and nearest fastener in an adjacent web or chord member (Ls;)

[3P% 1]

parallel to shorter distance “a
4) Calculate the side forces (Py, V., Py, V) subject to the following constraints:
a) oym = Fyon one of the sides, while o, < F, on the other

b) resultant of each set of side forces passes through WP (i.e., P,/V, = tan(6,), and P,/V,, =
tan(6n))

c) resultant of all side forces aligns with compression member (i.e., (Py+V,)/(P,+V}) =
tan(Oy)

5) Calculate Cgcc as follows:
a) Cacc = 2[(Pr+V)*+(PAVi)1"?

Check Buckling
1) Calculate normal stress (o) and shear stress (t) on each side as follows:
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a) o, =PJ/(L,*t)
b) t =VJ/(L*t)
C) on=Pu/(Ly*t)
d) = Vi/(Ly*t)
2) Calculate principal stress (cprinc) ON €ach side as follows:
a) Oprinc.v = (GV/Z) + [(GVIZ)Z + (TV)Z]OI5
b) Oprineh = (oW/2) + [(o1/2)* + (10)1°°
3) Calculate critical buckling stress on side defined by Ls; and Ls; as follows:
a) calculate Lsyg = (Ls1 + Ls2)/2
b) calculate KL/r = 1.0(Lsavg)/(0.291)
c) calculate Euler stress F, = n°E/(KL/r)?
d) calculate critical stress (F) as follows:
i) for Fe>F,/2: Fo = Fy[1 - (Fy/Fe)*1(2%2°%)]
i) forFe<Fy/2:Fy=Fc
4) Calculate critical buckling stress on side defined by “a” as follows:

a) calculate the length/width ratio = a/b; (where b is either L, or Ly, whichever is the one
from which “a” was measured)

b) calculate the buckling coefficient (k): k = 4.64(a/b) ™%

c) calculate the critical elastic stress (F.): Fe = [k ()? E]/[10.6(b/t)?]; (where b is either Ly or
Ly, whichever is the one from which “a” was measured)

d) calculate critical stress (F) as follows:
i) for Fe>F,/2: Fo = Fy[1 - (Fy/Fe)*1(2%2°%)]
i) forFe<Fy/2:Fy=Fc
5) On each side, compare 6princ t0 cOrresponding F and calculate P as follows:
a) if oprine < Fr 0N both sides; buckling is not a factor; C¢ = Cgec from Step 5 of BCC check

b) if oprine > Fcr ON either or both sides; buckling is a factor; Cc = [Cgec from Step 5 of BCC
check] x [smallest value of F/cpinc]

Surface Resultants

Horizontal Surface \\
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Figure 2. Basic Corner Check Surfaces and Resultants thru Work Point.
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Refined Corner Check

This step involves an iterative process in which the BCC constraint that the resultant of each set of Corner
side forces must pass through the WP is removed. This allows for side forces to make more effective use
of available material strength. However, this also places greater demands on the portion of the gusset
plate that is outside (essentially horizontally adjacent to) the compression Corner. As a result, that portion
of plate must be checked for stability under the modified demands.

A typically effective starting point for the RCC is to assume the resultants of each set of side forces align
with the axis of the compression member. If this proves to be a stable situation (i.e., if all remaining
constraints are met, material stresses are not excessive, and buckling stresses are not exceeded), further
iterations will likely yield very little increases in capacity. If the resulting side forces are not sustainable
for any reason, the forces must be adjusted (usually by reducing the P force on one side and calculating
the remaining 3 side forces), and the various checks re-done.

In all cases, the following constraints are maintained:

e The resultant of all 4 side forces aligns with compression member
e The sum of moments about the WP of all 4 side forces equals zero

When a RCC is done, the associated Cc supersedes the value calculated via the BCC. The steps involved
with a RCC are outlined below:

1) Calculate initial P and V forces using the following constraints:

a) select a specific C value > Cgcc for one of the sides (or, pick P/V ratio for a side that is
greater than the ratio corresponding to the BCC case) and calculate the side forces subject
to the following constraints:

b) oum = F, on one of the sides, while o, <F, on the other
b) resultant of side forces aligns with compression member (i.e., (P, + Vp)/(Py + V,) =
tan(Ow))
c) sum of moments about WP of all P and V forces = zero
2) Calculate initial Crcc as follows:
a) Crec = 2[(PrtV)+(P+V;) %
3) Calculate forces in other web elements that act concurrently with Crcc

4) Calculate axial load (Pg) and moment (Mg) acting on Q surface of “stub” of plate adjacent to
compression corner

5) Calculate maximum normal stress acting on the Q surface as follows:
a) Omax = Po/Aq + Mo/Sq

6) Calculate minimum normal stress acting on the Q surface as follows:
a) omin = Po/Ag - Mo/Sq

7) 1If omax < Fy, and oniq is Negative or equal to zero, calculate o; as follows; otherwise go to Step 8:
a) o;=0.6(omax); go to Step 9

8) If omax < Fy, and omi, is positive, calculate o; as follows; otherwise go to Step 1 (Gmax IS t0 high):
a) Gi= Omin T 0.6(Cmax - Omin); g0 to Step 9

9) Calculate available shear strength along the Q surface as follows:
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a) ™ =0.58(F,)[1 - (ci/F,)’]*°
10) If Ty does not equal (or nearly equal) the sum of the horizontal stress acting on the Q surface , go
to Step 1 (i.e., perform another iteration); otherwise, go to Step 11

11) Check principal compression Corner stresses for the RCC P,, V,, Py, and V,, forces as outlined in
the BCC check, then go Step 12

12) On each side, compare oprinc t0 corresponding F and calculate C¢ as follows:
a) if oprinc < Fer 0N both sides; Cc = Crec
b) if oprine > Fcr ON either or both sides; Cc = Crece X [smallest value of Fe/6princ]

Deterioration

The MBE includes a method for accounting for the effects of certain types of plate deterioration. The
method can be very conservative. When used to evaluate Whitmore L4 buckling strengths, it tends to
greatly overestimate the effect of localized deterioration by essentially projecting localized section losses
along the entire length of the equivalent column.

The Corner Check methods outlined in this Guide provide a versatile way to more accurately assess the
effects of deterioration, especially the common form of banded section loss that often exists along the top
of the bottom chord member. The BCC and RCC checks can be supplemented by other Corner checks in
which the Corner surfaces are located to intercept the zones of significant deterioration. In this way, the
sections that define member capacity (in this case, both tension and compression), are reduced by the
deterioration. In addition, variation in section loss along a surface is accounted for by locating the surface
work point to match the center of gravity of the affected section. The effect of deterioration on buckling is
accommodated by developing equivalent thicknesses for the plate material comprising each span.

The Guide also accounts for strain hardening in narrow bands of deterioration using the same approach
relied upon by AASHTO and AISC to account for strain hardening in net sections. This avoids the overly
conservative assumption that the maximum stress that can be mobilized at the root of a narrow strip of
section loss is limited to Fy.

In general, the effects of deterioration are evaluated by doing a number of additional Corner checks, each
one intercepting different areas of deterioration. The check providing the lowest capacity governs. Since
deterioration mechanisms act without the constraints of any codes or standards to create an infinite variety
of conditions, it is impossible to provide quantitative methods (e.g., formulas) to address all forms of
deterioration. However, concepts for accounting for the effects of deterioration can be provided.

Accurate assessment of deterioration requires accurate data. When considering various potential failure
planes, it is important to know with some precision, the thickness of the material along that plane. In
order to identify possible critical planes, it is important to know how thickness varies in all directions.
Spending an extra hour measuring a plate’s thickness in areas of section loss can mean the difference
between spending tens of thousands of dollars and spending nothing.

One general concept that should be applied whenever possible is strain hardening. The AASHTO and
AISC design standards take advantage of strain hardening by allowing the use of the material’s ultimate
strength in situations where the associated strains can be mobilized before failure occurs. The most
common examples include welds, bolts and net sections (i.e., potential failure planes that intercept bolt
holes and/or other local reductions in cross sectional areas). When deterioration is highly localized, it is
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often appropriate, and highly beneficial, to treat potential failure planes passing through the deteriorated
area as net sections; to base the strength on Fy rather than Fy.

A very common form of deterioration involves a narrow band of section loss located just above and
parallel to the top of the bottom chord. The reduced cross sectional areas created by such bands are
essentially the same as the reduced areas (net areas) created by a row of bolt or rivet holes. Therefore, it is
reasonable to calculate the strength of a plane through the band using Fy rather than Fy. Even in wide
bands of section loss, strain hardening will occur if the areas of maximum loss are confined to narrow
strips within the overall deteriorated zone. Taking advantage of strain hardening in such cases requires
careful quantification of section loss in all directions.

[1]Drucker, D., The Effect of Shear on the Plastic Bending of Beams, American Society of Mechanical
Engineers, NAMD Conference, Urbana, Illinois, June 1956



Gusset Plate Evaluation Guide - Refined Analysis Methods Page 13

GLOSSARY OF TERMS

Aq gross area of the plate resisting shear (in.2)

Ap = area of horizontal surface (in.?)

A, = net area of the plate resisting shear (in.2)

A, = area of vertical surface (in.%)

a = long span unbraced plate buckling length (in.)

ay, = long span unbraced plate buckling length for horizontal interface (in.)

a, = long span unbraced plate buckling length for vertical interface (in.)

b = long span plate buckling surface length (in.)

Cgec = basic corner check capacity (kip)

Csccwm = basic corner check capacity based on von Mises stress on interfaces only, does not consider
buckling (kip)

Cus = horizontal shear capacity of plate (kip)

Chs.m2 = Member 2 capacity based on horizontal shear (kip)

Crec = refined corner check capacity (kip)

Cy net shear rupture capacity of plate (kip)

Cy = gross shear yielding capacity of plate (kip)

C, distance from elastic neutral axis to extreme fiber in bending based on net section properties (in.)

DLy = unfactored member dead load (i=1, 2, 3, 4, 5) (kip)

dy, = fastener hole diameter (in.)

E = modulus of elasticity of steel (ksi)

€org = eccentricity from centroid of horizontal shear yield plane to intersection of plane and line of
action of bearing (in.)

€hrg.U = eccentricity from centroid of horizontal shear rupture plane to intersection of plane and line of
action of bearing (in.)

s = eccentricity of horizontal shear plane (in.)

emi = eccentricity from center of gravity of gusset plate stub to intersection of stub surface and line of
action of member (i = 3, 4) (in.), eccentricity from centroid of horizontal shear yield plane to
intersection of plane and line of action of member (i = 1, 2) (in.)

emiu = eccentricity from centroid of horizontal shear rupture plane to intersection of plane and line of
action of member (i = 1, 2) (in.)

€h.wp = eccentricity of horizontal surface from work point (in.)

€v.wp = eccentricity of vertical surface from work point (in.)

€Q.wp eccentricity of gusset plate “stub” surface from work point (in.)

Fer = critical buckling stress (ksi)

Fe = Euler buckling stress (ksi)

Fui force in member based on a corresponding horizontal shear yield capacity (i = 1, 2, 3) (kip)

Fuiu = force in member based on a corresponding horizontal shear rupture capacity (i = 1, 2, 3) (kip)

Freemi equivalent concurrent forces in members (i = 3, 4) based on refined corner check capacity (kip)

Fu = specified minimum tensile strength of steel (ksi)

Fy specified minimum yield strength of steel (ksi)

lg moment of inertia based on gross section properties (in.*)

I = moment of inertia based on net section properties (in.)

InvForcey,; = factored member forces for inventory rating (i = 1, 2, 3, 4, 5) (kip)

IRFgcc = inventory rating factor based on basic corner check capacity

IRFyus = inventory rating factor based on horizontal shear capacity

IRFgrec = inventory rating factor based on refined corner check capacity
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MPIane
Iv'PIane.U
Mq
Mhole
OpForcey;
ORFgcc
ORFys
ORFgcc
Py
PPlame
PPIame.U
Po

Pv

Ratio
Rbrg
Rbrg.U

Vh

VPIane
VPIane.U
Vo

Vv

effective length factor

plate buckling coefficient

length of controlling partial shear plane (in.); length of full shear plane (in.)

distance from the middle of the Whitmore section to the nearest member fastener line in the
direction of the member (in.)

length of horizontal surface (in.)

horizontal length of gusset plate outside of corner (length of “stub”) (in.)
average of unbraced lengths for column buckling (in.)

unbraced length for column buckling measured orthogonally to surface with smaller of the
unbraced plate buckling lengths. Distance is from the intersection of member centerline with the
row of rivets nearest work point to nearest member edge (in.)

unbraced length for column buckling measured orthogonally to surface with smaller of the
unbraced plate buckling lengths. Distance is from the intersection of member centerline with the
leading member edge to nearest fastener of another truss member (in.)

length of full shear plane for plate rupture (in.)

length of vertical surface (in.)

length of full shear plane for plate yielding (in.)
unfactored member live load (i=1, 2, 3, 4, 5) (kip)

moment demand along shear yield plane (k-in.)
plastic moment capacity (k-in.)

moment on horizontal shear yield plane (k-in.)

moment on horizontal shear rupture plane (k-in.)

moment on gusset plate “stub” (k-in.)

number of fastener holes in net section

factored member forces for operating rating (i = 1, 2, 3, 4, 5) (kip)

operating rating factor based on basic corner check capacity
operating rating factor based on horizontal shear capacity
operating rating factor based on refined corner check capacity
axial component of resultant on horizontal surface (kip)

axial force on horizontal shear yield plane (kip)
axial force on horizontal shear rupture plane (kip)
axial force on gusset plate “stub” (kip)

axial component of resultant on vertical surface (kip)

available stress to demand stress
bearing reaction based on horizontal shear yield capacity (kip)

bearing reaction based on horizontal shear rupture capacity (kip)

radius of gyration (in.)
section modulus based on gross section properties (in.®)

section modulus based on net section properties (in.%)
section modulus of gusset plate “stub”(in.®) mention subscripts n,g

plate thickness (in.)
shear demand along shear yield plane (kip)
shear component of resultant on horizontal surface (kip)

plastic shear capacity (kip)

shear force on horizontal shear yield plane (kip)
shear force on horizontal shear rupture plane (kip)
shear force on gusset plate stub (kip)

shear component of resultant on vertical surface (kip)
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Vo

thit
Ypar.left
ybar.right
Yparv
YpNAr
ybar.Q

eh

Omi
ePaneIPoint
0

A%
o
Oh

\"

actual shear stress on gusset plate “stub” (ksi)

width of Whitmore section (in.)

distance to centroid of gusset plate surface from the left edge (in.)

distance to centroid of gusset plate surface from right edge (in.)

distance to centroid of gusset vertical surface of corner check the bottom edge (in.)

distance to plastic neutral axis from right edge of gusset plate (in.)

distance to centroid of gusset “stub” of the refined corner check from the left edge of “stub” (in.)
angle between resultant thru work point on horizontal surface and horizontal surface (degrees)
angle of member to chord (i =1, 2, 3, 4, 5) (degrees)

angle of bottom chord with respect to the horizontal (degrees)

angle between resultant thru work point on vertical surface and vertical surface (degrees)

material Poisson’s ratio
normal stress (ksi)
normal stress on horizontal surface (ksi)

bending stress on gusset plate “stub” (ksi)

axial stress on gusset plate “stub” (ksi)

equivalent normal stress to be used in von Mises relationship (ksi)
principal stress (ksi)

normal stress on vertical surface (ksi)

von Mises stress (ksi)

von Mises stress on vertical surface (ksi)

von Mises stress on horizontal surface (ksi)

shear stress (ksi)
shear stress on horizontal surface (ksi)

maximum allowable shear stress on gusset plate “stub” (ksi)
shear stress on vertical surface (ksi)

resistance factor for gusset plate shear rupture taken as 0.85

resistance factor for gusset plate shear yielding taken as 1.00
shear reduction factor for gusset plates
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method
Example 1 is a five member gusset plate with a short buckling length between members. It is not a compact gusset
plate and no members are chamfered. Calculations apply to one of two gusset plates.

G1.1 Gusset Plate Material, Geometric, and Loading Properties:

Material Properties

Fy = 36.4ksi
F, = 62.6ksi
E = 29000ksi : T
V=03 /%:X"' 2]
s 7 (°e%0% %% |% i
Plate Thickness ~ ,g? O"::\: ! :",
™ - '

26.4

ooooooooo\q\o |
=] o o ocooo|oboo o =] o o |
1 o o o 000000000 o o o 1 !

Member Angles © © o ©ooo|loooo © o0 © O

1 1 O00CO0CO0OO00000C0 000000000000 1

t = —in
2

O\pp = 45deg

N 59.0 |
Oms = 90deg Figure 1: Basic Geometry of Gusset Plate
Oy = 45deg

Unfactored Member Forces Per Gusset Plate Pair

LLy; = 80kip M3
DLy = 186 kip o |E_)||__==§36 M4
LLyp, = —165kip DL = DL = 1217?
DLy, = —386 kip LL=

LLy; = 33kip

DLy; = 76kip

LLyy = 117 kip

N —
ooooooooo\o\o!o%ooooooooo M5
e o o oooo\]/o,’ooo e o © o

LLys = ~120kip DL = 188 S LT e se ey Lt o DL 280

DLM5 = -280 klp
Figure 2: Concurrent Member Forces Transferred to Two Gusset Plates

Member forces based on NCHRP Project 12-84 loads with an assumed Dead Load to Live Load ratio of 70/30.
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.1 Gusset Plate Material, Geometric, and Loading Properties Cont.:

Factored Forces Acting on Gusse

t Plate Pair

InVFOrCCMl = ’YInVLL.LLMl + ’YDL'DLMI = 21780klp + 1.3- 186klp

OpFOrCCMl = ”{LL'LLMI + ’YDL'DLMI = 1380k1p + 13186k1p

F =345 —ea—

F =141

ODOQODOOO\O\D!D 00000 QCO0OO0O0OO0

o o o ocoo\_J/o_.boo o o o o
Ho— 0—©0- —0- 000000000 —0- 0 -0—
o ©o ©o ooo0oo/0O0O0O0 © © ©O O

——t— F = 520

0000000000000 0000C0C0C0O0O0O0

Figure 3: Concurrent Member Operating Forces
Transferred to Two Gusset Plates
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InvForceyy; = 414 kip
OpForcey; = 345 kip
InvForceyp, = —860 kip
OpForcey, = =716 kip
InvForcey3 = 169 kip
OpForcey 3 = 141 kip
InvForcey4 = 609 kip
OpForcepy4 = 507 kip
InvForcey s = —624 kip
OpForcep s = =520 kip



Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2 Evaluation Approach:

In accordance with the 2014 Interim Revisions to the Manual for Bridge Evaluation, Second Edition, the following
gusset plate limit state checks were done:

(a) Fastener strength (L6B.2.6.1)

(b) Vertical shear resistance (L6B.2.6.3)

(c) Horizontal shear resistance (L6B.2.6.3)

(d) Partial shear yield resistance (L6B.2.6.3)

(e) Compressive (Whitmore) resistance (L6B.2.6.4)
(f) Tension strength (L6B.2.6.5)

(g) Bock shear resistance (L6B.2.6.5)

(h) Chord splice capacity (L6B.2.6.6)

Load Factor Rating Summary for Example 1

Limit State . Guss.et Plate Pair .
Operating Rating |[Inventory Rating
Fasteners 4.42 2.65 7/8 in. diam A325 threads excluded fasteners
Vertical Shear 4.08 244 Q =0.88 with splice plates included
Horizontal Shear 1.89 1.13
Partial Shear Yield 0.61 0.37 Controls
Whitmore Compression 0.95 0.57
Tension 4.32 2.59
Block Shear 4.18 2.51
Chord Splice 16.1 9.64

When the Partial Shear Plane Yield and/or Whitmore Compression capacity checks control and indicate a less than
acceptable rating, more rigorous evaluation should be performed.

The following more rigorous rating checks are performed in Example 1:

(1) Horizontal shear capacity - Q calculated: Supercedes Horizontal Shear with Q =0.88.

(2) Basic Corer Check capacity (BCC): Replaces Partial Shear Plane Yield and Whitmore Compression capacity che:
(3) Refined Corner Check capacity (RCC): Supercedes BCC unless BCC indicates acceptable rating.
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q):

Global shear check along horizontal plane
parallel with bottom chord. Shear force
calculated using horizontal component of

diagonal member forces. Gross section G ear Vieli Blans
selected at bottom fastener of diagonal /
and vertical members to achieve maximum S | 7~ Shiar Ruptire Plane
eccentricity. Net section calculated o o B, AODIe, o\j]}_.g, e e e
through bottom chord fastener holes. Q = RS S a e s e e
calculated using Drucker formula. [19516:56116:1856 061566, || 5:65016:101.0+046/01 6 °|

L

Figure 4: Horizontal Shear Between Web and Chord Members

L=59.0in
eys = 10.52in
M= V-eHS

Ag = t-Lyg = 0.5in-59.0in = 29.5in”
dh =1lin
Npole = 23
A, = t-(L = npgedy) = 0.5in:[59.0in — (23)-1.0in] = 18.0in”
Calculate Q using Drucker formula instead of using AASHTO-specified Q=0.88
M 0.25
V= Vp{l - (—H V=QV, Drucker Formula [1]
M,
Vp = (0.58)-F A, = (0.58)-36.4ksi-29.5in° = 623kip
2

L2t (59.0in)%0.5in
7 =

Mp = -36.4ksi = 15800in-kip

Substitute V= Q*V into Drucker formula and rearrange to solve for Q using plastic shear and moment
capacities

0.25
Q'Vp'eHsj

QV. =V.1-
’ p( M,

Requires iterative process since V is
0.25 0.25 proportional to Q. Can substitute AASHTO
Q=|1- 2% VertHs =1- £-623kip-10.52in =089  specified value of Q =0.88 on right side of
Mp 15800in-kip equation as a first estimate of Q. Result
shown is the calculated value of Q after
performing necessary iterations.
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q) Cont.:
dyy = 1.0
Dyy = 0.85
Cy = by (0.58)-Fy- Ay Q = 1.00(0.58)-36.4ksi-29.5in°-(0.89) = 555kip
Cl = by (0.58)-F, A, = 0.85(0.58)-62.6ksi- 18.0in” = 556kip

Cps = min(Cy, Cy) = min(555kip, 556kip) = 555kip Horizontal Shear Capacity
(per plate)

Determine capacity of member M2 based on Horizontal Shear

OpForceyp ~716kip 260k
= 1 .
345kip — (—520kip) P Total member capacity

2-460kip = 919kip

Cusmz = Cus: = 555kip"

OpForcey;; — OpForceyys

1 1
CHS.M2 = ’\{DL' EDLMZ 460klp - 1.3- ‘5-3861{1})
ORFps = " = 1 = 1.95
-[=LL 1.3-|—-—165ki
YLL 5 M2 ‘ 7 p
1 . 1 _
CHS.MZ — \pL' EDLMz 460klp - 1.3 5—3861(111)
IRFyg = 1 - 1 - 1.16
VinvLL® ELLMZ ERINE ‘E-—165kip

[1] Drucker, D., The Effect of Shear on the Plastic Bending of Beams, American Society of Mechanical Engineers,
NAMD Conference, Urbana, IL, June 1956
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.2 Basic Corner Check:

The Basic Comer Check is a first-principles analytical approach utilizing fundamental steel design theory to
conservatively calculate gusset plate limit state capacities at critical cross sections. This check is used to evaluate
equilibrium and stability of a gusset plate "comer" bounded by horizontal and vertical planes that create the smallest
section encompassing all fasteners of the diagonal member. The diagonal member force is assumed to be resisted by
a combination of shear and normal forces acting on the vertical and horizontal surfaces bounding the "corner". Von
Mises stress calculated on the surfaces is limited to the yield strength of the gusset plate. For simplicity and to avoid
bending in the members, the resultant of each surface must pass through the work point. The "corner" can be
adjusted in terms of location and plate thickness to accommodate deterioration.

A Ln  __Cvup _|
rd M =
o i ° A0
/ | oDo oa oo
/ @ o o | /o o, oo
o o o o o
v/ 5 ° o ‘0\ ° o |.° oo/ 0 o
ﬁ:’ o o p f\o o - 0 o
i o o c 0 0 o © o,
/ e o 0 0 ° oy
/ o o \o o 7

( ﬂ}E ODDDDDDDC’I\O\U|OQ/OOOOOOOOOO
1

© ©o © ©oooQ oo © © o o
' s o o -oooee D\k/—o 00 0—0-—0— - 06—
o o o oooo WPie o o o o
CO0O0D0O0O0O0O0O00|00000000C0000

Figure 5: Basic Corner Check for Diagonal Member M2

Calculate resultant angles from the work point

L,=17.8in Chwp = 10.8in
L, = 18in ey.wp = 10.8in
Ch. 10.8i
0, = atan —™ |- atan —m = 28.7deg
Ly 17.8in .
— + eywp 5 10.8in
Cy. 10.8i
0, = atan — ™ |- atan —m = 28.6deg
v 18.0in 10.8in
— + eh'wp 2 .
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.2a Horizontal Surface Check:

Since L;, <L, set von Mises stress on horizontal surface equal to plate yield strength. After stresses on both surfaces
are determined, verify assumption that horizontal surface is critical (i.e. reaches von Mises yield before vertical
surface).

Ph = Vh' tan(eh)

Py, Py
op=—=—
Vi VWi
Th=—=—

2 2
Oym =+ On + 3Th

Substitute Py, as a function of V|, and set the von Mises stress to yield

2 2 2 2
. 2 2 Py Vi Viy-tan(6y) Vi
Fy=364ksi= oy, =0y +31 = [|— | +3|— | = [| ———| +3:|—
L Lyt Lyt Lyt

ht

Rearrange terms and solve for V;,

Fy Lyt 36.4ksi-7.8in-0.5i
Vy = — - =TT - 178kip

J tan(6y)° + 3 \/ an(28.7deg)” + 3

Solve for Py,

P, = Vj-tan(6y) = 178kip-tan(28.7deg) = 98kip

Calculate shear and normal stresses on horizontal surface

G1.2.2b Vertical Surface Check:

Determine forces and stresses on vertical surface based on horizontal surface forces and stated constraints (i.e. force
resultants to pass through workpoint).

P, = Vv~tan(ev)
0, = 28.6-deg

Constrain final resultant to act along member

VV + Ph
O\pp = atan
PV + Vh
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.2b Vertical Surface Check Cont.:

Substitute P, as a function of V,,

VV + Ph VV + Ph
Oy = atan| ——— | = atan| —————
P, + Vp V,-tan(6,) + Vj

Rearrange terms and solve for V,. Substitute values obtained from previously solving P, and V;,.

v - Virtan(By)  98kip — 178kip-tan(45deg) -
= = = 1
¥ tan(GMz)-tan(Gv) — 1 tan(45deg)-tan(28.6deg) — 1 P

Solve for P,

P, = V,-tan(8,) = 178kip-tan(28.6deg) = 97kip
Calculate shear and normal stresses on vertical surface

Oy

" Lot (18.0in)-(0.5in)

Calculate von Mises stress

Fomy = J 0.2 + 31,2 = (107ksi)? + 3-(19.7ksi)? = 35.7ksi < F, = 36.4ksi

Since von Mises stress on vertical surface is less than yield strength of the gusset plate, the horizontal surface
controls. If this had not been the case, the von Mises stress calculated on the vertical surface would have been
greater than the yield stress. The previous process would have been modified by first setting the von Mises stress
on the vertical surface to the yield stress and then determining the necessary resultants on the horizontal surface to
balance the moment about the work point.

Substitute corresponding solved forces to determine member resultant force.

Choow = J (Vi + P+ (Vy + Pp)’ = J (178Kip + 97kip)? + (178Kip + 98kip)2 = 389Kip
BCC von Mises Capacity
(per plate)

Total member capacity
2-389kip = 778 kip

Figure 6: Basic Corner Check Resultants for Diagonal Member M2
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.2c BCC Buckling Check:

Check plate buckling due to axial forces on Basic Corner Check surfaces (refer to Appendix B). If buckling controls,
then von Mises stresses must be adjusted.

Evaluate buckling capacity of
plate regions defined by the
short and long span between
the Basic Comer Check
surfaces and adjacent member
connections.

ah

ooooooood’\o‘o!oq/o'ooooooooo
o ©o © oooo\lg/ooo o o o o
o— 0—o0- —0-0 0-0 o000 00 0—0-—0--0
o © © ooooO|loooco © © © O
0C00OOOODOOOO|0D00O0OO00O00O0O0O

Figure 7: Corner Check Buckling Lengths

G1.2.2c1 Short Span Buckling Check:

For this gusset plate, the short span corresponds to the horizontal surface (aj, <a,). a;, and a,, are defined as the

distances from the respective Corner Check surface to the parallel line passing through the nearest fastener in an
adjacent member.

L= Ly + Ly _ 7.1inJ2r 8.3in _ -

Short span controls sidesway buckling, and rotation at each end is restrained. Therefore K= 1.0 used.

2 2
E -29000ksi
Fo=—0— - T 2 - 101ksi
KL (1.07.7in)
; 0.14in
Fy 36.4ksi
F 101ksi
For = Fye| 1 = 12 | = 36.4ksi| 1 - Y= | = 28 7ksi

2+/2 2+/2
o = o, = 11.0ksi

T = T, = 20.0ksi

2 2
11.0ksi  |( 11.0ksi
Tprine = g + G) p ot = , < j ( , Slj ©(20.0ksi)” = 263ksi < F,, = 28.7ksi

Principle stress is less than the critical buckling stress; therefore, buckling of short span does not control

Page: 9/24



Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.2¢c2 Long Span Buckling Check:

Treat long span as flat rectangular plate with one non-loaded edge fixed and the remaining edges clamped (dashed
curve D in Figure 8)

Long Span Length (Figure 8) e

a=a,=83in ‘| 1 A c| | sc|

14 p—-1

Length of Long Side Surface (Figure 8)

35

Lo ]

b=L,=18.0in ,
OGNNSR AR
a 5
— =0.46 i
b
. . =—e=—=—e==— LOADED EDGES CLAMPED
Because a/b is less than 0.75 (where k curve is Loaoeo £0es swer | L0 o0
nearly asymptotic), buckling of long span plate £ SUPPORTED /573
is not a concemn. Otherwise calculate k as ¢ e Nt .- i
follows (using an approximate best fit function T A
of dashed curve D in Figure 8): -
—= 5
L\~ 1106 h..__..,l_
k = 4.64 = e c
b -
2 = \--}.h-‘"‘-
: E = =3
F5 k] - 4 &

12(1—1/2).(2)2 olliiy ,3; — l

Figure 8: Elastic Buckling Coefficients [2]
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Gusset Plate Evaluation Guide

Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.2 Basic Corner Check Cont.:

Since buckling of the short and long spans are not a concern for the Basic Corner Check, no reduction in calculated

capacity is required and capacity calculated using von Mises stress applies.

Cpcc = 389 kip

1 1
CBCC = ’\{DL' EDLMZ 3891(1]3 - 1.3- ‘5-3861{1}3
OMdhizee = = = 1.28
mee 1 1.3-|-165kip|
v [~ LLm2
2
1 . 1 _
Cgcc — VoL EDLMZ 389kip — 1.3 E'—386k1p
IRFpcc = = =0.77
nee 1 2.17-|-165kip|
VinvLL® ELLMZ

If an increased rating factor is required, perform a Refined Corner Check.

BCC Resultant Capacity

(per plate)
Total member capacity

2-389kip = 778 kip

[2] George Gerard and Herbert Becker. Handbook of Structural Stability, Part I - Buckling of Flat Plates, Tech. Note
3871, National Advisory Committee for Aeronautics, Washington, D.C., July 1957.
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.3 Refined Corner Check:

The Refined Corner Check removes the constraint that surface resultants pass through the work point as assumed in
the Basic Comer Check. In removing this constraint, it is important to check the portion of gusset plate outside of the
comer (Stub) and check again for plate buckling based on these resultants.

An efficient initial starting point in this iterative check is to force the resultants acting on each surface to be parallel
to the member and then adjust shear and normal forces as necessary.

G1.2.3a Horizontal Surface Check: Parallel Resultants

. Lh .....e“'-""P._
. :
// i\‘\ olo S0
4 i o o g
Ve A aR o, 0 o o 7
o o™ oo e o .OD
I [+] . o0 0 o o [+]
/ > o o
-1 o o o g S 0 g
@gl - ) DQ\_ o §> 0.0 o p - © o/
/ o o o o o | o o o/
o o } oo s o o/
I o 0. | g o o o
a R 1 . i v %
Hl 1] :
oj:‘ cocococooO0ODOCO D:lcﬂ/ODOOBODDOO o
o © © oecoulloboee o © o o ©)
L) 1 ! o -0 0 00000 OOOO O O -0 !
WP c o o oooo WPro o o o o
00000000000;!000000000000

Figure 9: Refined Corner Check for Diagonal Member M2

As with the Basic Comer Check, check to see if the horizontal surface is the controlling surface by setting von Mises
stress on horizontal surface equal to plate yield strength. After stresses on both surfaces are determined; verify
assumption that horizontal surface is critical (i.e. reaches von Mises yield before vertical surface).

Vv —Ph
h tan(OMz)

Constrain von Mises stress on surface equal to the plate yield stress.

2 2
Oym = ,’O'h + 31, = Fy

L,=17.8in
Oppp = 45-deg

Substitute V;, as a function of P and set the von Mises stress to yield.

2 2 2 —
. 2 2 Py Vh Py tan(Oypo)
Fy=364ksi= oy =0, +31, = [|— | +3|—| = || —| +3|———
Lyt Lyt Lyt Lyt

Rearrange terms and solve for Py,

b FyLyttan(Byo) 36 4ksi-17.8in- Sin-tan(45deg)
-

tan(9M2)2 +3 \' tan(45deg)2 +3

Solve for Vy,

= 162kip

v Py 162kip L62ki
= = = 1
h tan( 6M2) tan(45deg) P
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Gusset Plate Evaluation Guide

Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.3a Horizontal Surface Check Cont.: Parallel Resultants

Calculate resultants stresses on horizontal surface

G1.2.3b Vertical Surface Check: Parallel Resultants
Constrain moments about work point to balance (i.e. XMyp =0)

V, = P,-tan(By,)
L, = 18.0in
eywp = 10.81n

ehwp = 10.8in

Lh LV
ZM =0=|P, 3 + eywp | = Virenwp| + [Py e + hwp | + Vireywp

Substitute V, as a function of P, rearrange terms and solve for P,

Lh Lv
0= Ph' ? + Cywp | ~ Vh-eh_wp + —PV' ? + Ch.wp + PV-tan(9M2)~eV.Wp

P. =

Ly 1781
[Ph-(7 + eviij - Vh~eh_wp} 162kip~( . =+ 10.8in | — 162Kip-(10.8in)

v - .
L 18in . .
K?V + eh'ij - tan(6M2).ev_Wp:| (T + 10.81nj — tan(45deg)-10.8in

Solve for V
V, = P,-tan(Byp,) = 160kip-tan(45deg) = 160kip

Calculate resultants stresses on vertical surface

Calculate von Mises stress on vertical surface

Fomy = J 0.2 + 31,2 = (17.8ksi)? + 3-(17.8ksi)? = 35.5ksi
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.3 Refined Corner Check Cont.: Parallel Resultants

Since the von Mises stress on the vertical surface is less than the yield strength of the gusset plate, the horizontal
surface controls, as assumed. If this had not been the case, the von Mises stress calculated on the vertical surface
would have been greater than the yield stress. The previous process would have been modified by first setting the
von Mises stress on the vertical surface to the yield stress and then determining the necessary resultants on the
horizontal surface to balance the moment about the work point.

Crec = J (Vi P+ (Vy + P) = J (162Kip + 160kip)* + (160kip + 162Kip)? = 455kip

RCC Parallel Resultants Capacity
(per plate)

Total member capacity
2-455kip = 910 kip

Figure 10: Refined Corner Check Resultants with Parallel Resultants to Member
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.3c Remaining Portion (Stub) Check: Parallel Resultants

Determine equivalent concurrent forces for vertical and tension diagonal per plate

Crcc 455kip
F = OpForceypz- |———| = 141kip- [———| = 90ki
ReeMs P M3 OpForcey, P —716kip P
F OpForce Croc 507kip- | 22K | _ 550y
= C | = 1| =
RECM M4 OpForcey, —716kip P
C=90
C=322
OOODOOOO;\O.!O 0“000000000
o o =} cooe|aboo o o o =}
c=219 00 0 e000ecee e e o =3

Figure 11: Concurrent Member Capacities (per plate) Based on Refined Corner
Check (Subject to Stub Check and Buckling Check)

Check remaining portion of the gusset plate outside of the corner and chord. Select a Section Q that encompasses
all forces applied by members M3 and M4.

FRCC.M3
FRCC,M4

Lg = 41.2in ‘

equp = 10.5in =

Opg = 45-deg !

eps = 9.8in a;%

epa = 0.7in ' |

L, = 18in Figure 12: Remaining Gusset Plate Stub

ehwp = 10.8in
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.3c Remaining Portion (Stub) Check Cont.: Parallel Resultants
Calculate forces Pg and Vy along Section Q

Pq = Freewms + Freomasin(@yg) — Vy = 90kip + 322kip-sin(45deg) — 160kip = 158kip

Vi = Frecmacos(Byia) + Py = 322kip-cos(45deg) + 160kip = 388kip
Calculate moment M, acting at Qyp

L, LQ )
Mq = Py 2y + Chawp — €Quwp | — VV'? + Frecms ems — FRCC.M4'Sm(eM4)'eM4

18.0in 41.2in

Mg = 160kip-( +10.8in — 10.5in) — 160kip- + 90kip-9.8in — 322kip-sin(45deg)-0.7in

Mq = —1094kip-in

Determine section modulus and calculate bending and normal stresses

2
Lot (412in)”0.5in

S = ~ 141in°
6 6
p 158ki

op= —2 = 2P g gsgsi
LQ-t 41.2in-0.51n
M —1094kip-i

om = | SQ| _| ipinl _ g

141in°

Since op + o) <F, and oy > 6p, use ¢ in von Mises equation based on 0.6*6,,,, (Refer to Appendix A)

o6 = 0.6-(0p + Op) = 0.6:(7.65ksi + 7.76ksi) = 9.25ksi

2 9.25ksi |
= (1o [ 2225 2097
36.4ksi

T = 02:(0.58)-F, = 0.97-(0.58)-36.4ksi = 20.4ksi

Check shear on Section Q to see if it is less than 20.4 ksi

Vo 388kip
Lot 41.2in:0.5in
Therefore, remaining portion of gusset plate can sustain the demands of the Refined Corner Check

Vo = 18.8ksi =< T = 20.4 ksi
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.3d RCC Buckling Check: Parallel Resultants

Check buckling due to axial forces on corner surfaces with Refined Corner Check demands (refer to Appendix B)

G1.2.3d1 Short Span Buckling Check:

For this gusset plate, the short span corresponds to the horizontal surface
F.r = 28.7ksi See Basic Corner Check
o = o, = 18.2ksi

T= Ty, = 18.2ksi

2 2
182ksi  |(18.2ksi
Cprine = g - (3) r1l = ; =4 j ( : Slj + (182ksi)” = 29.5ksi>  Fy, = 28.7ksi

The principle stress due to the Refined Corner Check demands is greater than the critical buckling stress; therefore,
must decrease calculated strength based on buckling capacity.

G1.2.3d2 Long Span Buckling Check:

Treat as flat rectangular plate with one non-loaded edge fixed and the remaining edges clamped
Not a concern as a/b <0.75 See Basic Corner Check
Long Span Length (Figure 8)

a=a,=83in

Length of Long Side Surface (Figure 8)
b=L, = 18.0in

Reduce capacity due to buckling by reducing input forces by the ratio of the overstress to determine available
Refined Comer Check capacity with Parallel Resultants.

F 28.7k
Ratio = —— = =50 _ 9739
Oprinc  29.5ksi
Crcc = Crec-Ratio = 455kip-97.3% = 443kip RCC Parallel Resultants Capacity
(per plate)

Total member capacity
2-443kip = 886 kip

1 1
CBCC = ’\{DL' EDLMZ 4431(1]3 - 1.3- ‘5-3861{1}3
Oldhage = = = 1.79
Kee 1 1.3-|-165kip|
v [~ LLm2
2
1 . 1 _
Cgcc — You- EDLMZ 443kip — 1.3 5'—386k1p
IRFpec = = = 1.07
ree 1 2.17-|-165kip|
ViavLL® ELLMZ
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.4 Refined Corner Check: Nonparallel Resultants

Removing the constraint that the corner surface resultants remain parallel can result in further optimization of the
shear and normal forces on the surfaces and an increase in capacity. However, recognize that only a small capacity
increase can be gained by further refinement of the analysis before Horizontal Shear controls and that the buckling
strength of the short span (horizontal surface) is at capacity.

Allowing the surface resultants to be nonparallel creates multiple equations with multiple unknowns, requiring a
complex iterative approach to achieve a solution. In selecting trial values for V and P, recognize that adjustments in
shear have a 3x effect on shear stress when considering von Mises stress.

Because the horizontal surface controlled over the vertical surface when the resultants were parallel, maximize the
load on the horizontal surface by adjusting the combination of shear and normal stresses. Thus, a decrease in Vj,

will increase the capacity and increase the shear on the stub (caused by increasing P,). As a first iteration, select a
V;, such that the final capacity is larger than the Horizontal Shear capacity.

- Lh .-...e\"""P..
= A0
I~ ol o
o o o
Nosa®an, ) /o o/
o o™ oo S0 o O
a s o8 a o o ° o ¢ o
- -] G\D o o o 2 o
o o~ o @ 0,0 o p -0 @
°c o o © e | e o/ © o/
o © }/ olo P - I
0 0. | g o )
R N

Qwp_|

- 1 -
OODODQOOD\({DhGD/ODOOBODDOO
o © © oecoulloboe ©o © o o @®
Lig © O DOODD_.DDDD 2+l O o
c o o oooo WPro o o o o
00000000000;!000000000000

Figure 13: Refined Corner Check for Diagonal Member M2

G1.2.4a Determine Trial Forces and Overall Capacity with All Forces a Function of V,:

G1.2.4al - Horizontal Surface:

Solve the von Mises stress relationship for the axial force on the horizontal surface so that Py, is a function of V,
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.4a2 - Vertical Surface:

Solve for the forces acting on the vertical surface as a function of the forces acting on the horizontal surface

Constrain final resultant to be parallel to member to avoid bending in member

Ph + VV
atan = O\p
Vh + PV

Constrain moments about work point to balance (i.e. XMyp =0)

Lh Lv
ZM =0="Py 7 + Cywp |~ Vh'eh.wp - Py ? + Chwp | T Vv'ev.wp

Solve the two equations for P, and V,,

Ph + VV
v tan(GMz) h
LV Lh
Py 7 + Chwp | T Vh'ehAWp - Py 7 + Cywp

V, =

Cyv.wp

Substitute for P, and V, combine terms and simplify

Lv Lh
Py 7 + Chwp |+ Vh'eh.wp - Py 7 + Cywp

P - Cv.wp _v
v tal’l(eMz) h

Ph+

Lh'Ph - 2~Vh'eh_wp + 2~Vh'ev_wp~tan(9M2)

¥ Ly + 2-epup — 2~ev_wp-tan(6M2)
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.4a3 - Trial Force Substitution:

Choose a value for the shear on the horizontal surface (V;) that gives a calculated capacity just above that of
Horizontal Shear.

Recall:  Cpgwp = 460kip  Therefore, select vy, = 155 kip

Solve for the following:

P, = JFy2-Lh2-t2 = 3.v,2 = (36 4Ksi) 2 (17.8in)2-(0.5in)2 — 3-(155kip)° = 181kip

p 17.8in-181kip — 2-155kip-10.8in + 2-155kip-10.8in-tan(45deg) 179k
= = 1
¥ 18in + 2-10.8in — 2-10.8in-tan(45deg) P

17.8in

18i
179kip~(% + 10.8inj + 155kip-10.8in — 181kip( + 10.8inj

V, =

= 153ki
10.8in P

Crec = J(Vh +P)+ (Vy+ Py) = J (155Kip + 179Kip)® + (153kip + 181kip)? = 472kip

RCC Nonparallel Resultants Capacity

(per plate)
Total member capacity

2-472kip = 944 kip

Figure 14: Refined Corner Check Resultants with Resultants Not Parallel to
Member

If the stress checks are adequate, this combination of forces will give a capacity just greater than that calculated by

Horizontal Shear. Proceed knowing that the horizontal surface already is at maximum capacity and does not need to
be checked.

G1.2.4b Vertical Surface Check: Nonparallel Resultants

Fomy = J 0.2+ 31,2 = (19.9ksi)? + 3-(17.0ksi)? = 35.5ksi < F, = 36.4ksi
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.4c Remaining Portion (Stub) Check: Nonparallel Resultants

Calculate equivalent concurrent forces for vertical and tension diagonal

Frecmz = OpForeeys

Freema = OpForceyyy:

Crcc 472ki
— | = 141kip [ —=2| ~ 93kip
OpForcey, —716kip
Crcc 472ki
—— | = 507kip | ——2| = 334kip
OpForcey, -
C=93
// 2
GOOOODOO;\‘{O!OPADOQOOOOO
C =227 o— 0—0 —0-0 000000000 —0 -0

(=] o o o000
CCQCOQCOQOCO0OO0O00O0OO0

o000 o [+] o
0000 O0CO0CO0OCO0OO0OO0O

C =334

‘la— =343

Figure 15: Concurrent Member Capacities (per plate) Based on Refined Corner

Check (Subject to Stub Check and Buckling Check)

Check remaining portion of the gusset plate outside of the corner and chord. Select a Section Q that
encompasses all forces applied by members M3 and M4.

FRCC.M3

Lq = 41.2in
eQwp = 10.5in
Opig = 45-deg
em3 = 9.8in
ems = 0.71in
L, = 18in

ehwp = 10.8in

Figure 16: Remaining Gusset Plate Stub
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.4c Remaining Portion (Stub) Check Cont.: Nonparallel Resultants
Calculate forces Pg and Vy along Section Q

Pq = Freewms + Freomasin(Oyg) — Vy = 93kip + 334kip-sin(45deg) — 153kip = 177kip

Vg = 0 + Freemacos(Oyy) + Py = 0 + 334kip-cos(45deg) + 179kip = 415kip

Calculate moment M, about Section Q

L, LQ )
Mq = Py 2y + Chawp — €Quwp | — VV'? + Frecms ems — FRCC.M4'Sm(eM4)'eM4

18.0in 41.2in

Mq = 179kip-( + 10.8in — 10.5inj — 153kip- + 93kip-9.8in — 334kip-sin(45deg)-0.7in
Mq = -749kip-in

Determine section modulus and calculate bending and normal stresses

2 2
Lot  (41.2in)"-0.5i
S = Q = ( ln) n = 1411n3
6
p 177ki
op= —> = — P g 57k
LQ-t 41.2in-0.51n
M ~749kip-i
e | SQ| _ I7aokipinl
141in°

Since op + o) <F, and o <op, use ¢ in von Mises equation based on ¢ at 0.6*L (Refer to Appendix A)
o6 = (O‘P - O'M) + 0.6-[(09 + O'M) - (crp - GM)]

o6 = (8.57ksi — 5.30ksi) + 0.6-[(8.57ksi + 5.30ksi) — (8.57ksi — 5.30ksi)] = 9.63ksi

2 9.63ksi |
= (1o [ 222 20096
36.4ksi

T = 02:(0.58)-F, = 0.96-(0.58)-36.4ksi = 20.4ksi

Check shear on Section Q to see if it is less than 20.4 ksi

Vo 415kip
Lot

vo =202ksi < Ty=204ksi

41.2in'lin
2

Therefore, remaining portion of gusset plate can sustain the demands of the Refined Corner Check.
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.4d Buckling Check: Nonparallel Resultants

Check buckling due to axial forces on surfaces (refer to Appendix B)

G1.2.3d1 Short Span Buckling Check:
For this gusset plate, the short span corresponds to the horizontal surface

F.r = 28.7ksi See Basic Corner Check

2 2

204ksi |(20.4ksi N .

Cprine = = + (g) bt 2 j( Slj ©(174ksi)” = 304ksi = Tor= 28Tk
2 2 2 2

The principle stress is greater than the critical buckling stress; therefore, decrease calculated strength based on
buckling capacity.

G1.2.3d1 Long Span Buckling Check:
Treat as flat rectangular plate with one non-loaded edge fixed and the remaining edges clamped

Not a concern as a/b <0.75 See Basic Corner Check
Long Span Length (Figure 8)

a=a,=83in

Length of Long Side Surface (Figure 8)

b=L, = 18.0in

Reduce capacity due to buckling by reducing input forces by the ratio of the overstress to determine available
Refined Comer Check capacity with nonparallel resultants.

Crcc = Crec-Ratio = 472kip-94.4% = 446kip RCC Nonparallel Resultants Capacity

(per plate)

This value is only slightly better than the RCC-Parallel case Total member capacity

1 1 2-446kip = 892 kip
CRCC = ’\{DL' EDLMZ 446klp - 1.3- 5-3861{1}3
ORFree = = = 1.82
Kee 1 1.3-|-165kip|
v [~ LLm2
2
1 . 1 _
Crcc — Yo EDLMZ 446kip — 1.3- 5'—386k1p
IRFpcc = = = 1.09
ree 1 2.17-|-165kip|
VinvLL® ELLMZ

This solution represents only a minimal increase over when the resultants are parallel. Additional iterations could be
carried out; however, any potential increase in capacity is limited to 3% before the Horizontal Shear capacity controls
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Gusset Plate Evaluation Guide
Example 1 - Noncompact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G1.2.5 Evaluation Summary:

C=176

C =891 C =631
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Figure 17: Concurrent Member Capacities Based on Refined Analysis (for Gusset
Plate Pair)

Limit State . Gussjet Plate Pair -
Operating Rating |Inventory Rating

Fasteners 442 2.65
Vertical Shear 4.08 2.44
Heorizontal Shear -89 3
Partial Shear Yield” 061 037
Whitmere Compression 6:95 657
Tension 4.32 2.59
Block Shear 4.18 2.51
Chord Splice 16.10 9.64
Horizontal Shear (QQ Calc.) 1.95 1.16
Basie Corner Cheek’ 128 0.77
Refined Corner Check 1.82 1.09 Controls

1 Superceded by Horizontal Shear with Q calculated.
2 Superceded by Basic Corner Check (see 3).
3 Superceded by final iteration of Refined Corner Check.

By refining the analysis calculations using the approach presented above, a nearly 200% increase in the Operating
Rating can be achieved.
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Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length



Gusset Plate Evaluation Guide

Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

Example 2 is a four member gusset plate (no vertical) with a relatively long buckling length between diagonals. It is

not a compact gusset plate and no members are chamfered. Calculations apply to one of two gusset plates.

G2.1 Gusset Plate Material, Geometric, and Loading Properties:

Material Properties

F, = 36.4ksi

F, = 62.6ksi f

E = 29000ksi [
S /

V=03 e/

35.7
264

Plate Thickness

= lin = 0.4375in
16

Member Angles

O\p = 45deg
Oy = 45deg

Unfactored Member Forces Per Gusset Plate Pair
LLy; = 190 kip
DLy, = 190 kip
LLyp = —275 kip
DLy, = 275 kip
LLyy = 275 kip
DLy, = 275 kip
LLys = —200 kip

ccooo00000Q0
o o ©o ooown

- O © o0 00 0
oo oo0

o o o
Q0000000 0QCOO

[ rd

0 Q000
}/OOO
00 000
o000
000000 0CO0O0O0C0CO0OO0O

=] o o

5

000000000

o o [+] o090
+o— 00— —0-0 00 o}
o o o c0Cco0oo0

. M1
DLM5 =-200 klp DL = 190
LL =190

0000000000

9.0

Figure 1: Basic Geometry of Gusset Plate
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Figure 2: Concurrent Member Forces Transferred to Two Gusset Plates

Member forces based on NCHRP Project 12-84 loads with an assumed Dead Load to Live Load ratio of 50/50.
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.1 Gusset Plate Material, Geometric, and Loading Properties Cont.:

Factored Forces Acting on Gusset Plate Pair
InvForcen; = Vv LLmi + Yo DLy = 2.17-190kip + 1.3-190kip InvForcey; = 658 kip
OpForcen; = Yo Ly + Ypr- DLy = 1.3-190kip + 1.3-190kip OpForcey; = 493 kip
InvForcey, = —956 kip
F=716 F=716 OpForcey, = =716 kip
InvForcey4 = 956 kip
OpForcepy = 716 kip

InvForcey s = —694 kip

OpForcep s = =520 kip

000000000\‘{0 OQAOOOOOOODD
o o o oooo|oboo [+] o o [+]

F=493 —-——o o o o00co0o0olooo00 0 -0 -0 -——— F = 520

o o o o0 O|l0O0DO0OO o [+] [+] [+]

0000000000 ||O0OO0DO0OD0D00000O0O0O

Figure 3: Concurrent Member Operating Forces
Transferred to Two Gusset Plates
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2 Evaluation Approach:

In accordance with the 2014 Interim Revisions to the Manual for Bridge Evaluation, Second Edition, the following
gusset plate limit state checks were done:

(a) Fastener strength (L6B.2.6.1)

(b) Vertical shear resistance (L6B.2.6.3)

(c) Horizontal shear resistance (L6B.2.6.3)

(d) Partial shear yield resistance (L6B.2.6.3)

(e) Compressive (Whitmore) resistance (L6B.2.6.4)

(f) Tension strength (L6B.2.6.5)

(g) Bock shear resistance (L6B.2.6.5)

(h) Chord splice capacity (L6B.2.6.6)

Load Factor Rating Summary for Example 2

Limit State . Guss.et Plate Pair .
Operating Rating [Inventory Rating
Fasteners 3.05 1.83 7/8 in. diam A325 threads excluded fasteners
Vertical Shear 245 1.47 Q =0.88 with splice plates included
Horizontal Shear 0.89 0.54
Partial Shear Yield 0.68 0.41 Controls
Whitmore Compression 0.69 0.41
Tension 1.48 0.89
Block Shear 1.43 0.85
Chord Splice 107.0 64.3

When the Partial Shear Plane Yield and/or Whitmore Compression capacity checks control and indicate a less than
acceptable rating, more rigorous evaluation should be performed.

The following more rigorous rating checks are performed in Example 2:

(1) Horizontal shear capacity - Q calculated: Supercedes Horzizontal Shear with Q =0.88.

(2) Basic Cormer Check capacity (BCC): Replaces Partial Shear Plane Yield and Whitmore Compression capacity che:
(3) Refined Corner Check capacity (RCC): Supercedes BCC unless BCC indiates acceptable rating.
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q):

Global shear check along horizontal = s
plane parallel with bottom chord. Shear %% /u" G
force calculated using horizontal o:oo\o\c‘o:oo . /o“":,“. y ooZo"
component of diagonal member forces. \"\OZO;\VT . \'\0\'/0'00 o°/ - Shear Yield Plane
Gross section selected at bottom i <t e /"'_ - _,° - Shear Rupture Plane
fastener of diagonal members to achieve @ SV
maximum eccentricity. Net section =] R B s s eNloeD 6 e B
calculated through bottom chord © o o ooooloooco o o o o
fastener holes. Q calculated using £eeoe00000990, 090900090999°% °|
Drucker formula. ' L |
Figure 4: Horizontal Shear Between Web and Chord Members
L=59.0in
egs = 10.52in
M= V-eHS

Ag = t-Lyg = 0.4375in-59.0in = 25.8in2
dh =1lin
Npole = 23

A, = t(L = npgedy) = 0.4375in-[59.0in — (23)-1.0in] = 15.8in”
Calculate Q using Drucker formula instead of using AASHTO-specified
0=0.88

M

0.25

V=V ~[1 - (—H V=QYV Drucker Formula [1]

p M p
p

Vp = (0.58)-FA, = (0.58)-36.4ksi-25.8in” = 545kip

L2t (59.0in)-0.4375in
7 =

Mp = -36.4ksi = 13900in-kip

Substitute V= Q*V into Drucker formula and rearrange to solve for € using plastic shear and moment

Q- Vp-eps 0.25

QV,=V,| | - — =0.89
Mp

Requires iterative process since V is

o (1 Q'VP'CHSJOQS . (1 Q~545kip'10.521n)0'25 Coso proportional to Q. Can substitute

AASHTO specified value of Q =0.88 on
13900in-kip right side of equation as a first estimate of
Q. Result shown is the calculated value of
Q after performing necessary iterations.
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q) Cont.:
by = 1.0

dyy = 0.85

Cy = Py, (0.58) Fy- Ay = 1.00(0.58)-36.4ksi-25.8in”-(0.89) = 486kip

Cy = Py (0.58)Fy A, = 0.85(0.58)-62.6ksi- 15.8in> = 486kip

Cys = min(CY,Cu) = min(486kip,486kip) = 486kip Horizontal Shear Capacity
(per plate)
Total member capacity
Determine capacity of member M2 based on Horizontal Shear 2-485kip = 971kip
OpForceyp ~716kip

Cusmz = Cus: = 343kip

= 486kip-
P ‘493kip — (~520kip)

OpForcey;; — OpForceyys
1 : 1 _
CHS.M2 — YpL’ EDLMZ 343klp - 1.3 5—2751(111)
Ol = = =0.92
Lo 1.3-| L. 2275kip
2

1 1
CHS.MZ — \pL' EDLMZ 3431(1]3 - 1.3 ‘5-2751(1})
IRFyg = - - 0.55
it Lol 2.17- ‘l'—275kip

2

[1] Drucker, D., The Effect of Shear on the Plastic Bending of Beams, American Society of Mechanical Engineers,
NAMD Conference, Urbana, IL, June 1956
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.2 Basic Corner Check:

The Basic Comer Check is a first-principles analytical approach utilizing fundamental steel design theory to
conservatively calculate gusset plate limit state capacities at critical cross sections. This check is used to evaluate
equilibrium and stability of a gusset plate "comer" bounded by horizontal and vertical planes that create the smallest
section encompassing all fasteners of the diagonal member. The diagonal member force is assumed to be resisted by
a combination of shear and normal forces acting on the vertical and horizontal surfaces bounding the "corner". Von
Mises stress calculated on the surfaces is limited to the yield strength of the gusset plate. For simplicity and to avoid
bending in the members, the resultant of each surface must pass through the work point. The "corner" can be
adjusted in terms of location and plate thickness to accomodate deterioration.

A b G
// T !
f’ 1 ;\ @ 0
S0 o D
/ | ok o0
/ (- B - -
o/ 3 fo om0 o o /
Pv—' / o o N o > o 0
[ 0 © oo \o/u
-V N o
%_ ' o o /%, =] o
g . N .
. +> | = cocooooooo'go oc;/ocnoaooooo
B'n \_| | @ o © ©o oooolleobeo © ©o © ©
il ! ! 0 O——0Q- —0-0 00 O 0 0-0 0—0- —0 o
\.1 o ©o o ooco| Pre o o o o
vwe WP ococoCcoO0OOODOOOD|0oODOOODOOOOOOOD

Figure 5: Basic Corner Check for Diagonal Member M2

Calculate resultant angles from the work point

L,=17.8in Chwp = 10.8in
L, = 18in ey.wp = 10.8in
Ch. 10.8i
0, = atan P = atan - = = 28.7deg
Ly 17.8in
—ie + 10.8in
V.Wp
2
Cy. 10.8i
0, = atan TP = atan - = = 28.6deg
L, 18.0in .
7 + Chp + 10.8in
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.2a Horizontal Surface Check:

Since L;, <L, set von Mises stress on horizontal sruface equal to plate yield strength. After stresses on both surfaces
are determined, verify assumption that horizontal surface is critical (i.e. reaches von Mises yield before vertical
surface).

Ph = Vh' tan(eh)

Py, Py
O'h = —=

Vi Vi
Th = —=

2 2
Oym =+ On + 3Th

Substitute Py, as a function of V|, and set the von Mises stress to yield

2 2 2 2
. 2 2 Py Vi Viy-tan(6y) Vi
Fy=364ksi= oy, =0y +31 = [|— | +3|— | = [| ———| +3:|—
L Lyt Lyt Lyt

nt
Rearrange terms and solve for V;,

LpFyt  17.8in-36.4ksi-0.4375in

Vi = =
Jtan(6,)* + 3 \/ an(28.7deg)” + 3

Solve for Py,

= 156kip

P, = Vj-tan(6y) = 156kip-tan(28.7deg) = 86kip

Calculate shear and normal stresses on horizontal surface

Vi 156kip 20.0ksi
- = .UKS

Py 86ki
— - P = 11.0ksi T = —— = —— S
Lyt (17.8in)-(0.43751in)

C Lyt (17.8in)-(0.4375in)

Oh
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.2b Vertical Surface Check:

Determine forces and stresses on vertical surface based on horizontal surface forces and stanted constraints (i.e.
force resultants to pass thru workpoint).

P, = Vv~tan(ev)

0, = 28.6-deg

VV + Ph
O\p = atan

PV + Vh

Substitue P, as a function of V,,

VV + Ph VV + Ph
O\p = atan = atan| ————————
P, + Vp V,-tan(6,) + V,

Rearrange terms and solve for V,. Substitute values obtained from previously solving P, and V;,.

v - Virtan(By)  86kip — 156kip-tan(45deg) IS5k
= = = 1
¥ tan(GMz)-tan(Gv) — 1 tan(45deg)-tan(28.6deg) — 1 P

Solve for P,

P, = V,-tan(8,) = 155kip-tan(28.6deg) = 84kip

Calculate shear and normal stresses on vertical surface

P, 84kip Vy 155kip

= - — = 10.7ksi Ty = = - — = 19.7ksi
L,t  (18.0in)-(0.4375in) Lyt  (18.0in)-(0.4375in)

oy =

Calculate von Mises stress

Fomy = J 0.2+ 31,2 = (107ksi)? + 3-(19.7ksi)? = 35.7ksi < F, = 36.4ksi

Since von Mises stress on vertical surface is less than yield strength of the gusset plate, the horizontal surface
controls. If this had not been the case, the von Mises stress calcualted on the vertical surface would have been
greater than the yield stress. The previous process would have been modified by first setting the von Mises stress
on the vertical surface to the yield stress, and then determining the necessary resultants on the horizontal surface to
balance the moment about the work point.

Substitute corresponding solved forces to determine member resultant force.

Choow = J (Vi + P)7 + (Vy + Py)’ = J (156Kip + 84kip)? + (155kip + 86kip)2 = 340kip

BCC von Mises Capacity

(per plate)
Total member capacity

2-389kip = 778 kip

Figure 6: Basic Corner Check Resultants for Diagonal Member M2
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.2c BCC Buckling Check:

Check plate buckling due to axial forces on Basic Corner Check surfaces (refer to Appendix B). If buckling controls,
then von Mises stresses must be adjusted.

by, ay
Evalugte buckling . " D N\
capacity of plate regions "Jk 6%6° 70
o * o 0 N Q s O
defined by the short and 3 RN N {0 00/ o
long span between the | - Yo"o‘ o 8 7.8 oy
- I o o X & o,
Basic Corner Check E _,"’; meid Qf»
. & . ,
Surfaces and adja:cent ! 00000000 J\(Ko [+] cooO0OO0COODODOOOO
member connections. °© o o ocoogloboo o o o o
e P R e P e
+] [+] o o000 |00O0O0 o +] [+] o
0000000 O0COO0OO0C|OCO0O0D0C00000O0O0

Figure 7: Corner Check Buckling Lengths
G2.2.2c1 Short Span Buckling Check:

For this gusset plate, the short span corresponds to the horizontal surface (aj, <a,). a;, and a,, are defined as the
distances from the respective Corner Check surface to the parallel line passing through the nearest fastener in an
adjacent member.

L= Ly + Ly _ 7.1inJ2r 8.3in _ -

Short span assumed fixed against rotation but free to translate at one end and retrained against translation and
rotation at the other. Therefore K=1.0 used.

2 2
E 29000ksi
Fo= ——— = T .~ 77.0ksi
KL\ [1.0:(7.7in)
; 0.13in
Fy 36.4ksi
F 77ksi
For = Fye| 1 = 12 | = 36.4ksi| 1 - Y2 | = 27.6ksi

2+/2 2+/2

o = o, = 11.0ksi

T = T, = 20.0ksi

2 2
11.0ksi  |( 11.0ksi
§+ (E) NP ; Sy j( ; Slj ©(20.0ksi)® = 263ksi < Fep = 27.6ksi

OPrinc =

Principle stress is less than the critical buckling stress; therefore, buckling of short span does not control
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.2¢2 Long Span Buckling Check:

Treat as flat rectangular plate with one non-loaded edge fixed and the remaining edges clamped (dashed curve D in
Figure 8)
16

Long Span Length (Figure 8)

| T z
a=a,=213in " -

!
A . - i 35 [
Length of Long Side Surface (Figure 8) , \ [_5 ¢ |_L o l
. 3_-——'__‘ g
b= LV = 18in ‘,‘ SNNSANNANANN F
\ :
a i‘f i
E =1.18 ————— LOADED EDGES CLAMPED
w.wiomas?smsrwv ":fvg;
Because a/b is greater than 0.75 (where k curve  4e ~—— vk gazED
is nearly asymptotic), buckling of long span A it et
plate may be a concern. Therefore, calculate k
as follows (using an approximate best fit Seeee A
function of dashed curve D in Figure 8): l
h.‘____“--—_—“—
a\” 1.106 — N i
k = 4.64| — =3.85
b
= N\ "‘"‘"‘-.
g R— === 0
:_ \ "-—-._{________' L_.——_-E
ot Lig |J | - 1 3[] E' = L :
Figure 8: Elastic Buckling Coefficients [2]
ko’ E 3.85-1-29000ksi
F.= > = : > = 59.5ksi
b 18.0i
12(1 - u2)~ 2 12-(1 - 0.32)- —
t 0.4375in
. Fy
Since Fe = 59.5ksi > 5 18.2ksi
Fy 36.4ksi
F 59.5ksi
For = Fye| 1 = 12 | = 36.4ksi| 1 — Y2220 | = 26 3ksi
2+/2 2+/2
o = o, = 10.7ksi T=T, = 19.7ksi
o |(o) 2 107ksi |(107ksi)’ 2
OPrinc = Y + (;) +T = '2 + ( ‘2 j + (19.7ksi)” = 25.7ksi < F. = 26.3ksi

The principle stress is less than the critical buckling stress; therefore, buckling is not a concern.
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Gusset Plate Evaluation Guide

Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.2 Basic Corner Check Cont.:

Since buckling of the short and long spans are not a concern for the Basic Corner Check, no reduction in calculated

capacity is required, and capacity calculated using von Mises stress applies.

CBCC = 340 klp

1 1
CBCC = ’\{DL' EDLMZ 3401(1]3 - 1.3- ‘5—2751(113
ORFpcc = = = 0.90
mee 1 1.3-|-275kip|
v [~ LLm2
2
1 . 1 _
Cgcc — VoL EDLMZ 340kip — 1.3 E'—275k1p
IRFgec = = = 0.54
nee 1 2.17-|-275kip|
VinvLL® ELLMZ

If an increased rating factor is required, perform a Refined Corner Check.

BCC Resultant Capacity

er plate
(perp )Total member capacity

2-340kip = 680 kip

[2] George Gerard and Herbert Becker. Handbook of Structural Stability, Part I - Buckling of Flat Plates, Tech. Note
3871, National Advisory Committee for Aeronautics, Washington, D.C., July 1957.
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.3 Refined Corner Check:

The Refined Corner Check removes the constraint that surface resultants pass through the work point as assumed in
the Basic Comer Check. In removing this constraint, it is important to check the portion of gusset plate outside of
the comer (Stub) and check again for plate buckling based on these resultants.

An efficient initial starting point in this iterative check is to force the resultants acting on each surface to be parallel
to the member and then adjust shear and normal forces as necessary.

G2.2.3a Horizontal Surface Check: Parallel Resultants

- Ln .._..e\’-""P...
//\
4 T 5
o rd o ™ /-, o
o o Vv N [} D\ A0 o
At / % o o //o o 2
. o+ 0 0¥ ° o o o
o o B o o Py &/ 3 o o s o of o o o o
o B e @3 oo~ o > Q o ° o
] 00\1./ . R ) 0%/c° o
o o | W N6 07
Vh 1 | RV i
v o
\ g : =
= ocoo0o00CO0OO0CO0OO0 ollcocoocoocooooo
3 ‘ <
h ° Ll o © o o009 cce © © o o ©
WP ! ' lo-o——9o oooo0o0 o 00 0—0-—0 -0 1

o o o oooo WP:oe o o o o
C000000000C0C(|000C000000O00Q

Figure 9: Refined Corner Check for Diagonal Member M2

As with the Basic Comer Check, check to see if the horizontal surface is the controlling surface by setting von Mises
stress on horizontal sruface equal to plate yield strength. After stresses on both surfaces are determined; verify
assumption that horizontal surface is critical (i.e. reaches von Mises yield before vertical surface).

Py
Vo= tan(GMz)
Constrain von Mises stress on surface equal to the plate yield stress
Oym = ,’Ghz + 3Th2 = Fy
L, = 17.8in
Oppp = 45-deg

Substitute V;, as a function of P, and set the von Mises stress to yield

2 2 2 —
. 2 2 Py Vh Py tan(Oypo)
Fy=364ksi= oy =0, +31, = [|— | +3|—| = || —| +3| ———
Lyt Lyt Lyt Lyt

Rearrange terms and solve for Py,

b FyLyttan(Byy) 36 4ksi-17.8in-0.4375in tan(45deg)
= -
tan(9M2)2 +3 \' tan(45deg)2 +3

Solve for Vy,

= 142kip

v Py 142kip Lk
= = = 1
h tan( 6M2) tan(45deg) P
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.3a Horizontal Surface Check Cont.: Parallel Resultants

Calculate resultants stresses on horizontal surface

Py 142kip 18.9ksi Vi 142kip 18.9ksi
O =—= = .ZKS1 Th = — = = .ZKS1
"T Lot (17.8in)-(0.4375in) "T Lot (17.8in)-(0.4375in)

G2.2.3b Vertical Surface Check: Parallel Resultants

Constrain moments about work point to balance (i.e. XMyp =0)

V, = P,-tan(By,)
L, = 18in

eywp = 10.8in

ehwp = 10.8in

Lh Lv
ZM =0=|Py ? + Cywp |~ Vh'eh.wp - | Py ? + Chwp | ~ Vv'ev.wp

Substitute V,, as a function of P, rearrange terms, and solve for P,

Lh Lv
0=|Py ? + Cywp |~ Vh'eh.wp - | Py ? + Chwp | ~ Pv'tan(eM2)'ev.wp

Ly 17.8i
[Ph-(7 + eviij - Vh~eh_wp} 142kip-( . = 4 10.8in | — 142kip-(10.8in)

\ = = . = 140kip
Ly 18 08i 45deg)-10.8i
= + €hp | — tan(eM2).ev_Wp - + 10.8in | — tan(45deg)-10.8in
Solve for V
V, = P,-tan(Byp,) = 140kip-tan(45deg) = 140kip
Calculate resultants stresses on vertical surface
P 140ki V. 140ki
o= —=— P _ 178k T — =P 17 8ksi
L,t  (18.0in)-(0.4375in) Lyt  (18.0in)-(0.4375in)
Calculate von Mises stress on vertical surface
2 2 "2 2 . .
Oymy = Jov + 371, = \/(17.8ks1) + 3-(17.8ksi)” = 35.5ksi < Fy = 36.4ksi
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.3 Refined Corner Check Cont.: Parallel Resultants

Since the von Mises stress on the vertical surface is less than the yield strength of the gusset plate, the horizontal
surface controls, as assumed. If this had not been the case, the von Mises stress calcualted on the vertical surface
would have been greater than the yield stress. The previous process would have been modified by first setting the
von Mises stress on the vertical surface to the yield stress and then determining the necessary resultants on the
horizontal surface to balance the moment about the work point.

Crec = J (Vi P+ (Vy + P) = J (142Kip + 140kip)® + (140kip + 142Kip)? = 398kip
RCC Parallel Resultants Capacity
(per plate)

Total member capacity
2-398kip = 796 kip

Figure 10: Refined Corner Check Resultants with Parallel Resultants to Member
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.3c Remaining Portion (Stub) Check: Parallel Resultants

Determine equivalent concurrent force for tension diagonal per plate

Crcc 398kip
F = OpForceyyy- |——| = 716kip- |——| = 398ki
RecM4 P M OpForcey, P —716kip P
C =398 C=398

N P

ooooooooo\(o ovooooooooo

o ©o o oooco|locooce © © o o
N

C=274 —--——c 0o o ovoeoo 0000 —0 —0 -0 |—mp— C =289
o © © oooo|loooco © © O O

000D OOODOOO (000000000000

Figure 11: Concurrent Member Capacities (per plate) Based on Refined Corner
Check (Subject to Stub Check and Buckling Check)

Check remaining portion of the gusset plate outside of the corner and chord. Select a Section Q that
encompasses all forces applied by member M4.

FRCC,M4
Lq = 41.2in
eQwp = 10.5in
Opig = 45-deg

ey = 0.7in

L, = 18in

Chwp = 10.81n Figure 12: Remaining Gusset Plate Stub
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.3c Remaining Portion (Stub) Check Cont.: Parallel Resultants

Calculate forces Pg and Vy along Section Q
Pq = Freemasin(Byy) — Vy, = 398kip-sin(45deg) — 140kip = 142kip

Vi = Frecmacos(Byia) + Py = 398kip-cos(45deg) + 140kip = 421kip
Calculate moment M, acting at Qyp

L, LQ )
Mq = Py > + €hwp — €Quwp | — VV'? - Freemsa Sln(9M4)'eM4

18.0i 41.2i
Mg = 140kip-( , = 4 10.8in - 10.5inj - 140kip-Tm — 398kip-sin(45deg)-0.7in = —1790kip-in

Determine section modulus and calculate bending and normal stresses

Lo™t  (41.2im)%04375i
g_ —Q " _ (412in) -0.4375in _ .3
6 6
p 142ki
op=—=——P _ _ ;g6ksi
LQ-t 41.2in-0.43751n
M ~1790kip-i
M= Mo _ | LRLINESPPI
S 124in°

Since op + o) <F, and oy > 6p, use ¢ in von Mises equation based on 0.6*6,,,, (Refer to Appendix A)

o = 0.6-(0p + Op) = 0.6-(7.86ksi + 14.4ksi) = 13.4ksi

2 13.4ksi )2
= (1o [ 228 2003
36.4ksi

T = 2:(0.58)-F, = 0.93-(0.58)-36.4ksi = 19.6ksi

Check shear on Section Q to see if it is less than 19.6 ksi

Vo 422kip
Lot 41.2in-0.4375in

vQ = 23.4ksi > Tn = 19.6ksi

Therefore, remaining portion of gusset plate is overstressed based on the demands of the Refined Cormer Check.
Reduce input forces by the ratio of the overstress as a starting point (can refine if necessary to increase calculated
capacity).
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.3c Remaining Portion (Stub) Check Cont.: Parallel Resultants

Py, = P,-Ratio = 142kip-84.0% = 119kip

V;, = Vy-Ratio = 142kip-84.0% = 119kip

P, = P,-Ratio = 140kip-84.0% = 117kip

V, = V,-Ratio = 140kip-84.0% = 117kip
Similarly reduce stresses by the ratio of the overstress

op = op-Ratio = 7.86ksi-84.0% = 6.60ksi

oy = oy Ratio = 14.4ksi-84.0% = 12.1ksi

Since op + o) <F, and oy > 6p, use ¢ in von Mises equation based on 0.6*6,,,, (Refer to Appendix A)

o6 = 0.6-(0p + Op) = 0.6:(6.60ksi + 12.1ksi) = 11.2ksi

2 2
11.2ksi
=|1- -1 =095
36.4ksi

T = 02:(0.58)-F, = 0.95-(0.58)-36.4ksi = 20.1ksi

Therefore, remaining portion of gusset plate is not overstressed.

v = vg-Ratio = 23.4ksi-84.0% = 20.1ksi = Tn = 20.1ksi

Crec = J(Vh +P)+ (Vy+ Py) = J(119Kip + 117kip)? + (117kip + 119kip)? = 334kip

RCC Parallel Resultants Capacity
(per plate)

Total member capacity
2-334kip = 669kip
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.3d RCC Buckling Check: Parallel Resultants

Check buckling due to axial forces on corner surfaces with Refined Corner Check demands (refer to Appendix B)

G2.2.3d1 Short Span Buckling Check:
For this gusset plate, the short span corresponds to the horizontal surface

F; = 27.6ksi See Basic Corner
Check

o = oyRatio = 18.2ksi-84.0% = 15.3ksi
T = 7y-Ratio = 18.2ksi-84.0% = 15.3ksi

2 2
153ksi |( 15.3ksi
OPrine = g - (3) vt = ; " j ( - Sl) + (15.3ksi)” = 24.7ksi < Fy=27.6ksi

The principle stress is less than the critical buckling stress; therefore, short span buckling is not a concern.

G2.2.3d2 Long Span Buckling Check:

Treat as flat rectangular plate with one non-loaded edge fixed and the remaining edges clamped

For = 26.3ksi See Basic Corner Check
o = o,Ratio = 17.8ksi-84.0% = 14.9ksi
T = T, Ratio = 17.8ksi-84.0% = 14.9ksi

2 2
149ksi  |( 14.9Ksi
Cprinciple = g + (gj NpL S S j ( 5 Slj + (149ksi)’ = 24.1ksi < F. = 263ksi

The principle stress is less than the critical buckling stress, therefore long span buckling is not a concern

Since buckling is not a concern for the Refined Corner Check, no reduction in calculated capacity is required
RCC Parallel Resultants Capacity
(per plate)

Total member capacity
2-334kip = 669kip

CRCC =334 klp

1 1
CBCC = ’\{DL' EDLMZ 3341(1]3 - 1.3- ‘5—2751(113
ORFrcc = = = 0.87
Kee 1 1.3-|-275kip|
v [~ LLm2
2
1 . 1 _
Cgcc — VoL EDLMZ 334kip — 1.3 E'—275k1p
IRFyec = = =052
ree 1 2.17-|-275kip|
ViavLL® ELLMZ
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.4 Refined Corner Check: Nonparallel Resultants:

Removing the constraint that the corner surface resultants remain parallel can result in further optimization of the
shear and normal forces on the surfaces and an increase in capacity. Knowing that the necessary increase in capacity
is small to have Horizontal Shear control and that the "Stub" is nearly at capacity, choose first iteration forces to
avoid this overstress while increasing the overall capacity. A decrease in P, (to decrease the 3x shear stress term

along the stub) and an increase in V,, (to increase capacity) will require appropriate changes to P, and V}, in order to
have the final resultant along the member and to balance the moments.

Allowing the surface resultants to be nonparallel creates multiple equations with multiple unknowns, requiring a
complex iterative approach to achive a solution. In selecting trial values for V and P, recognize that adjustments in
shear have a 3x effect on shear stress when considering von Mises stress.

Considering that the stub controlled overall and the horizontal surface controlled over the vertical surface for the first
iteration, try to maximize the stress on the horizontal surface. An increase in Vy, will increase the capacity and

decrease the shear on the stub (caused by decreasing P,). Therefore, determine an increased Vi, such that the final
capacity is larger than the Horizontal Shear capacity.

A F L _evwp_
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o o /0 o,
| o 0. . 0 g,
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\ o ©o o oo0oqg opo o © o of @
\. ! ' lo-o——9o oooo0o0 0 .00 00~ —0--0 1
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Figure 13: Refined Corner Check for Diagonal Member M2
G2.2.4a Determine Trial Forces and Overall Capacity with All Forces a Function of V,:

G2.2.4al - Horizontal Surface:

Solve the von Mises stress relationship for the axial force on the horizontal surface so that Py, is a function of V,

Page: 19/25



Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.4a2 - Vertical Surface:

Solve for the forces acting on the vertical surface as a function of the forces acting on the horizontal surface
Constrain final resultant to be parallel to member to avoid bending in member

Ph + VV
atan = O\p
Vh + PV

Constrain moments about work point to balance

Ly L,
Ppl — +evwp | = Virenhwp — Py 7 + Chwp |+ Vyywp =0

2

Solve two equations for P, and Vy,

Ph + VV
=——" v
v tan(GMz) h
LV Lh
Py 7 + Chwp | T Vh'ehAWp - Py 7 + Cywp
V, =
Cv.wp
Lv Lh
Py 7 + Chwp |+ Vh'eh.wp - Py 7 + Cywp
Ph +
Cv.wp
P, = A
tal’l(eMz)

Substitute for P, and V, combine terms and simplify

Lh'Ph - 2~Vh'eh_wp + 2~Vh'ev_wp~tan(9M2)

Y Ly+ 2-epup — 2~ev_wp-tan(6M2)
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.4a3 - Trial Force Substitution:

Choose a value for the shear on the horizontal surface (Vy,) that gives a calculated capacity just above that of
Horizontal Shear.

Recall: Cpgp = 343kip  Therefore, select vV, = 118.95kip

P, = JFy2-Lh2-t2 —3v,2 = (36 4ksi) 2 (17.8in)2-(0.4375in) — 3-(150kip)> = 113kip

_ 17.8in-113kip — 2-150kip-10.8in + 2-150kip-10.8in-tan(45deg)
18in + 2-10.8in — 2-10.8in-tan(45deg)

P

= 112kip

v

17.8in

18i
112kip~(% + 10.8inj + 150kip-10.8in — 113 kip( + 10.8inj

Vv, = = 149kip

10.8in

Crec = J (Vi+ P+ (Ve + P) = J(150Kip + 112kip)® + (149kip + 113kip)? = 370kip

Considering the capacity would be nearly 10% larger (if stress checks are OK) than that of Horizontal Shear, consider
decreasing trial forces (and therefore capacity) prior to performing stress checks. The stress checks will be more
likely to work out, reducing the number of iterations. Note that increasing Vi, in this range, decreases capacity and

decreases shear on the stub.

Vy, = 150 kip

P, = J FoLy o =30V = J (36.4ksi)2-(17.8im) 2 (0.4375in)2 — 3-(155kip)* = 90kip

P 17.8in-90kip — 2-155kip-10.8in + 2-155kip-10.8in-tan(45deg)
¥ 18in + 2-10.8in — 2-10.8in-tan(45deg)

89kip

17.8in

18i
89kip-(% + IO.Sin) + 155kip-10.8in — 90kip-( + IO.Sin)

vV, = = 154kip

10.8in

Crec = J (Vi+ P+ (Ve + P) = J (155Kip + 89kip)? + (154kip + 90kip)® = 346Kkip

Figure 14: Refined Corner Check Resultants with Resultants not Parallel to Member

If the stress checks are adequate, this combination of forces would give a capacity just greater than that calculated
by Horizontal Shear. Proceed knowing that the horizontal surface already is at maximum capacity and does not need
to be checked.
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G.2.2.4b Vertical Surface Check: Nonparallel Resultants

Constrain moments about work point to balance

P ki Vv 154ki
L. L.~ S W Tyt DAkp
L,t  (18.0in)-(0.4375in) L,t  (18.0in)-(0.4375in)

oy =

= 19.5ksi

Fomy = Jof 31,2 2 (113ksi)2 + 3.(19.5ksi)2 = 35.7ksi < F, = 36.4ksi

G.2.2.4c Remaining Portion (Stub) Check: Nonparallel Resultants

Calculate equivalent concurrent forces for tension diagonal

Crcc 346kip

Frecma = OpForceyy: I l6kip

= 716kip-‘

— = 346kip
OpForcey

©00o000000Q0 cob 000000000
o © © ocooglodbeoe o © o o
C=238 —--——o o o o0co00 00000 90 o o |l C =251
o © © oooolloooo © © © ©
0000000000000 000000000O

Figure 15: Concurrent Member Capacities (per plate) Based on Refined Corner
Check (Subject to Stub Check and Buckling Check)

Check remaining portion of the gusset plate outside of the corner and chord. Select a Section Q that
encompasses all forces applied by member M4.

Frec.ma
/o
Lo = 41.2in P
. ,oooo/-'oooo
eQ_Wp =10.51n P %o( wl oo__/
Opig = 45-deg QWE-" < ¥
. /2 || Sma £
ey = 0.71n I“‘sz 4 &
: < J |
WP Lo
L, = 18in

Chwp = 10.81n Figure 12: Remaining Gusset Plate Stub
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.4c Stub Check Cont.: Nonparallel Resultants
Calculate forces Pg and Vy along Section Q
Pq = Frecmasin(Byy) — Vy, = 346kip-sin(45deg) — 154kip = 90kip
Vi = Frecmacos(Oyig) + Py = 346kip-cos(45deg) + 89kip = 334kip
Calculate moment M, about Section Q

L, LQ )
Mq = Py > + €hwp — €Quwp | — VV'? - Freemsa Sln(9M4)'eM4

18.0i 41.2i
2 4 10.8in - 10.5inj - 154kip-Tm — 346kip-sin(45deg)-0.7in = ~2510kip-in

Mg = 89kip~(

Determine section modulus and calculate bending and normal stresses

7
2 (41.2in%Lin

Lo -t 1
S = Q = 6 = 124in3
6 6
P Oki
op= —2 - 0P s o
Lot 7
Q" 412in-—in
16
M —2510kip-i
oy = | SQ| _ ipin] _ ) 3
124in°

Since op + o) <F, and oy > 6p, use ¢ in von Mises equation based on 0.6*6,,,, (Refer to Appendix A)

o = 0.6-(0p + o) = 0.6:(5.0ksi + 20.3ksi) = 15.2ksi

2 15.2ksi )2
= [1-[ 2= 2001
36.4ksi

T = 02:(0.58)-F, = 0.91-(0.58)-36.4ksi = 19.2ksi

Check shear on Section Q to see if it is less than 19.2 ksi

Vo 334kip
Lot

vQ = 18.5ksi = Tn = 19.2ksi

7
41.2in-—in

Therefore, remaining portion of gusset plate can sustain the demands of the Refined Corner Check.
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.4d Buckling Check: Nonparallel Resultants

Check buckling due to axial forces on surfaces (refer to Appendix B)

G2.2.4d1 Short Span Buckling Check:
For this gusset plate, the short span corresponds to the horizontal surface

F. = 27.6ksi See Basic Corner Check
Py 90k Vh 155k
O'—O'h:L———lpzll6k51 TITh:L———lpzl99ksl
t t
P (17.8in) (—6inj b (17.8in) (—mj
- o\ 2 11.6ksi 11.6ksi ) 2
OPrinciple = E + (Ej +T = '2 + ( .2 j + (19.9ksi)” = 26.6ksi < F.. = 27.6ksi

The principle stress is less than the critical buckling stress, therefore short span buckling is not a concern

G2.2.4d2 Long Span Buckling Check:

Treat as flat rectangular plate with one non loaded edge fixed and the remaining edges clamped

For = 26.3ksi See Basic Corner Check

o =0, = 11.3ksi

T=T, = 19.5ksi

2 2
113ksi  |( 11.3ksi
Cprinciple = g n (gj NP ; %y j ( - Slj + (19.5ksi)” = 26.0ksi < F, = 263ksi

The principle stress is less than the critical buckling stress, therefore long span buckling is not a concern
Since buckling was not a concern for the Basic Corner Check, no reduction in calculated capacity is required

RCC Nonparallel Resultants Capacity

Crec = 346 kip (per plate)
1 1 Total member capacity
Cgce — Your EDLMZ 346kip — 1.3: ‘;—2751(119 2-346kip = 691kip
ORF = = = 0.93
Ree 1 1.3-|-275kip|
AiL | 7Ll
2
1 . 1 .
CBCC — YpL’ EDLMZ 346klp - 1.3 5—2751(113
IRF = = = 0.56
Ree 1 2.17-|-275kip|
VinvLL® ELLMZ

Because this result for the Refined Corner Check is greater than result from Horizontal Shear, no further iterations are
necessary.
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Gusset Plate Evaluation Guide
Example 2 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G2.2.5 Evaluation Summary:

The Refined Corner Check replaces the Basic Corner Check when determining capacities. Since the calculations
indicate that the capacity of this gusset plate (based on the compression diagonal) is now controlled by Horizontal
Shear (and not Refined Cormer Check) there is no benefit from further refinement. This increases the calculated
capacity from 300 kips to 343 kips (14%).

C =687 C =687

ccooooooo\{o coboo0o0000000
o e o oooqy'ooo e o o o
oo o oocoootooooo o o o |-—— =409
o e ©o oooo|looee o © © O
0000000000000 000000O00OCO

C=472

Figure 17: Concurrent Member Capacities Based on Refined Analysis (for Gusset

Plate Pair)
Limit State . Gussjet Plate Pair -
Operating Rating |Inventory Rating

Fasteners 3.05 1.83
Vertical Shear 2.45 1.47
Heorizontal Shear 089 054
Partial Shear Yield” 0.63 041
Whitmere Compression 6:69 64+
Tension 1.48 0.89
Block Shear 1.43 0.85
Chord Splice 107.0 64.3
Horizontal Shear (Q Calc.) 0.92 0.55 Controls
Basic-CornerCheek’ 0.90 0.54
Refined Comer Check 0.93 0.56

1 Superceded by Horizontal Shear with Q calculated.

2 Superceded by Basic Corner Check (see 3).

3 Superceded by final iteration of Refined Corner Check.
By refining the analysis calculations using the approach presented above, a nearly 35% increase in the Operating
Rating can be achieved. Although the Operating Rating of the gusset plate is still below 1.0, the type of repair

necessary to increase the gusset plate capacity is better understood which should lead to a more effiecient repair. In
the meantime, bridge posting limits prior to installation of repairs would be less restrictive due to the refined analysis.
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Gusset Plate Evaluation Guide
Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

Example 3 is a four member gusset plate (no vertical) with a medium buckling length between diagonals. It is not a
compact gusset plate and no members are chamfered. Calculations apply to one of the two gusset plates.
G3.1 Gusset Plate Material, Geometric, and Loading Properties:

Material Properties

F, = 53ksi AN

F, = 80ksi Y ——
E = 29000ksi /o
v =03 s/
Plate Thickness

48.78

41.14
42.78

t = —in
2

Member Angles

50.47deg - : -

v

Figure 1: Basic Geometry of Gusset Plate
68.23deg

Om3

Unfactored Member Forces Per Gusset Plate Pair

_ ~ M3
LLyy, = 112kip M2 DL eas
DLy = 449 kip LL =215 LL =183
LLy, = —215kip
DLy, = —862 kip
LLy; = 183 kip
DLy = 732 kip
LLM5 = —91 klp

DL = 449 —~—a—ri?
LL =112

M5
—-— DL = 363
LL=91

Figure 2: Concurrent Member Forces Transferred to Two Gusset Plates

Member forces based on NCHRP Project 12-84 loads with an assumed Dead Load to Live Load ratio of 80/20.
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Gusset Plate Evaluation Guide
Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G3.1 Gusset Plate Material, Geometric, and Loading Properties Cont.:

Factored Forces Acting on Gusset Plate Pair

InvForcen; = Yy 'Lyt + Yoo DLy = 2.17-112kip + 1.3-449kip InvForceyy; = 828 kip
OpForcen; = Yoo Loy + Ypr- DLy = 1.3-112kip + 1.3-449kip OpForcey; = 730 kip

InvForcey, = —1587 kip

_ F=1190
Sl OpForcey = —1400kip

InvForcey3 = 1349 kip
OpForcep3 = 1190kip
InvForcey s = —669 kip
OpForcey s = =590 kip

F =730 ———tt— —— F = 590

o oo o
o olo o
o 00 0 | —_f

Figure 3: Concurrent Member Operating Forces
Transferred to Two Gusset Plates
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Gusset Plate Evaluation Guide
Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G3.2 Evaluation Approach:

In accordance with the 2014 Interim Revisions to the Manual for Bridge Evaluation, Second Edition, the following
gusset plate limit state checks were done:

(a) Fastener strength (L6B.2.6.1)

(b) Vertical shear resistance (L6B.2.6.3)

(c) Horizontal shear resistance (L6B.2.6.3)

(d) Partial shear yield resistance (L6B.2.6.3)

(e) Compressive (Whitmore) resistance (L6B.2.6.4)

(f) Tension strength (L6B.2.6.5)

(g) Bock shear resistance (L6B.2.6.5)

(h) Chord splice capacity (L6B.2.6.6)

Load Factor Rating Summary for Example 3

Limit State . Guss.et Plate Pair .
Operating Rating |Inventory Rating
Fasteners 2.62 1.57 7/8 in. diam A502 Grade I fasteners
Vertical Shear 3.60 2.16 Q=0.88 with splice plates included
Horizontal Shear 1.69 1.01
Partial Shear Yield 1.02 0.61 Controls
Whitmore Compression 2.48 1.48
Tension 4.06 243
Block Shear 3.99 2.39
Chord Splice 459 27.5

When the Partial Shear Plane Yield and/or Whitmore Compression capacity checks control and indicate a less than
acceptable rating, more rigorous evaluation should be performed.

The following more rigorous rating checks are performed in Example 3:

(1) Horizontal shear capacity - Q calculated: Supercedes Horizontal Shear with Q =0.88.

(2) Basic Corer Check capacity (BCC): Replaces Partial Shear Plane Yield and Whitmore Compression capacity
checks.
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Gusset Plate Evaluation Guide

Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G3.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q):

Global shear check along horizontal plane
parallel with bottom chord. Shear force
calculated using horizontal component of
diagonal member forces. Gross section
selected at bottom fastener of diagonal
members to achieve maximum eccentricity.
Net section calculated through bottom
chord fastener holes. Q calculated using

~ Shear Yield Plane

~ Shear Rupture Plane

Drucker formula. &
1
L=571in Figure 4: Horizontal Shear Between Web and Chord Members
€Hs = 10.11in
M = V-eHS

1
Ay =tLyg = Ein~57.1in — 28.6in°
dh =1lin

Npole = 19

1
A, = t(L - npgedy) = Ein-[57.1in — (19)-1.0in] = 19.1in°

Calculate Q using Drucker formula instead of using AASHTO-specified Q=0.88

M 0.25
V=Vl -|— V=0V,
MP

Drucker Formula [1]

Vp = (0.58)-FA, = (0.58)-53ksi-28.6in> = 878kip

1
2 (57.1in)2-—in

2
Mp = ‘F, = p -53ksi = 21600in-kip

Substitute V= Q*V into Drucker formula and rearrange to solve for Q using plastic shear and moment capacities

0.25
Q'Vp'eHsj

QV. =V.1-
p p( M

P

0.25
Q- (1 Q'VP'eHsj a (1 Q-623-878- 10.1in)0'25 — 0.89 Requires iterative process since V is

Mp

21600in-kip

proportional to Q. Can substitute AASHTO
specified value of Q =0.88 on right side of
equation as a first estimate of Q. Result
shown is the calculated value of Q after
performing necessary iterations.

Page: 4/13



Gusset Plate Evaluation Guide
Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G3.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q) Cont.:

iy 1.0

vy

®,, = 0.85

Cy = Py, (0.58) Fy- Ay = 1.00(0.58)- 53ksi-28.6in>-(0.89) = 784kip

Cy = Py (0.58)-F- A, = 0.85(0.58)-80ksi- 19.1in2 = 752kip
Horizontal Shear Capacity
(per plate)

Note that the horizontal shear capacity is controlled
by shear rupture and is not dependent on Q being 0.88
or calculated.

Cps = min(Cy, Cy) = min(784kip, 752kip) = 752kip

Determine capacity of member M2 based on Horizontal
Shear

OpForceyp ~1400kip

= 797ki .
730kip — (—590kip) P Total member capacity
2-797kip = 1594kip

Cusmz = Cus: = 752kip"

OpForcey;; — OpForceyys

Cris.m2 — VoL %DLMZ 797kip — 1.3 ‘%-—8621@
ORFys = " = 1 = 1.69
YLL ELLMz 1.3 ‘5'—215kip
Crism2 — VoL %DLMz 797kip — 1.3- B-—gézkip

IRFyg = 1 = 1 =1.01
—LLyp 2.17- ‘E-—ZISkip

NInvLL® 5

[1] Drucker, D., The Effect of Shear on the Plastic Bending of Beams, American Society of Mechanical Engineers,
NAMD Conference, Urbana, IL, June 1956
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Gusset Plate Evaluation Guide
Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G3.2.2 Basic Corner Check:

The Basic Comer Check is a first-principles analytical approach utilizing fundamental steel design theory to
conservatively calculate gusset plate limit state capacities at critical cross sections. This check is used to evaluate
equilibrium and stability of a gusset plate "comer" bounded by horizontal and vertical planes that create the smallest
section encompassing all fasteners of the diagonal member. The diagonal member force is assumed to be resisted by
a combination of shear and normal forces acting on the vertical and horizontal surfaces bounding the "corner". Von
Mises stress calculated on the surfaces is limited to the yield strength of the gusset plate. For simplicity and to avoid
bending in the members, the resultant of each surface must pass through the work point. The "corner" can be
adjusted in terms of location and plate thickness to accommodate deterioration.

€ywp
N Ln {
.
7
oNo o\ b
B oo g% /
NG, one B A\
N e oo\\o i \\\ &/ =
RN i T A
NP °o%Na o\
NP oo ° ’evg
2 oMo TS E
"0 oM g a-
\\. % ox +
V o 5 .
h eh - %
Py ! | a
ol + €uwp .WP i

Figure 5: Basic Corner Check for Diagonal M2 Member

Calculate resultant angles from the work point

Lh = 28.41in eh_Wp = 10.7in
L,=304in eywp = 7.75in
Ch. 10.7i
0, = atan Li = atan 284—m = 26.1deg
e 2y 7750
V.Wp
2
Cv. 7.751
0, = atan — ™ |- atan —m = 16.6deg
L, 30.4in .
? + € wp + 10.7in
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Gusset Plate Evaluation Guide
Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G3.2.2a Horizontal Surface Check:

Since L;, <L, set von Mises stress on horizontal surface equal to plate yield strength. After stresses on both surfaces
are determined, verify assumption that horizontal surface is critical (i.e. reaches von Mises yield before vertical
surface).

Ph = Vh' tan(eh)

Py, Py
op=—=—
Vi VWi
Th=—=—

2 2
Oym =+ On + 3Th

Substitute Py, as a function of V|, and set the von Mises stress to yield

2 2 2 2
. 2 2 Py Vi Viy-tan(6y) Vi
Fy = 53ksi = Oy =0y + 31y = |[— | +3|—| = || ——| +3{—
Lyt Lyt Lyt Lyt

Rearrange terms and solve for V;,

1
53ksi-28.4in-—in
_ FyLyt

Vih =

= 418kip

J tan(6y)° + 3 \/ an(26.1deg)” + 3

Solve for Py,

Py, = Vj-tan(@y,) = 418kip-tan(26.1deg) = 204kip

Calculate shear and normal stresses on horizontal surface

G3.2.2b Vertical Surface Check:

Determine forces and stresses on vertical surface based on horizontal surface forces and stated constraints
(i.e. force resultants to pass thru workpoint).

P, = Vv~tan(ev)
0, = 16.6-deg

Constrain final resultant to act along member

VV + Ph
O\pp = atan
PV + Vh
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Gusset Plate Evaluation Guide
Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G3.2.2b Vertical Surface Check Cont.:

Vv, + Py Vv, + Py V, + 204kip
O\ = atan| ——— | = atan| ———————— | = atan -
P, + Vy, Vv-tan(Gv) + Vy V,-tan(16.6deg) + 418kip

Rearrange terms and solve for V,. Substitute values obtained from previously solving P, and V;,.

Py — Vietan(Byp)  204kip — 418kip-tan(50.5deg)

.= = = 473kip
tan(GMz)-tan(Gv) — 1  tan(50.5deg)-tan(16.6deg) — 1
Solve for P,
P, = V,-tan(@,) = 473kip-tan(16.6deg) = 141kip
Calculate shear and normal stresses on vertical surface
P 141k Vv 473k
O'V—L—Vt——lpl:93k51 TV—L—Vt——Ip:311ks1
v (30.4in)-| —in v (30.4in)-| —in
2 2
2 2 22 2 . .
Oymy = JO‘V + 37, = \/(9.3k51) + 3-(31.1ksi) " = 54.6ksi = Fy = 53ksi

Since the von Mises stress on the vertical surface is greater than the yield strength of the gusset plate, the vertical
surface must control. Perform second iteration of calculations while setting the von Mises stress on the vertical
surface to the yield stress and then determining the necessary resultants on the horizontal surface to balance the
moment about the work point.

G3.2.2b1 Second Iteration - Knowing Vertical Surface Controls:

G3.2.2b2 Determine Forces on \ertical Surface:

Knowing that the vertical surface controls this particular corner check, determine forces acting on vertical surface.
P, = Vv~tan(ev)

Substitute P, as a function of V, and set the von Mises stress to yield

T p, \? v, V|V, -tan(16.6deg) ) v, )
Fy=353ksi= oy =0, +31, = + 3 = || ———M—| +3-
Lt Lt Lt Lt

Rearrange terms and solve for V,,

. 1
LV'Fy't 30.4in-53ksi-—in
V, =

= 459kip

J an(6,)” + 3 \/ tan(16.6deg)” + 3

Solve for P,
P, = V,-tan(8,) = 459kip-tan(16.6deg) = 137kip

Calculate shear and normal stresses on vertical surface (to use when checking buckling strength).
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Gusset Plate Evaluation Guide
Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G3.2.2b3 Determine Forces on Horizontal Surface:

Determine forces and stresses on horizontal surface based on vertical surface forces and stated constraints (i.e. force
resultants to pass thru workpoint).

Check the horizontal surface:
Ph = Vh~tan(6h)
Constrain final resultant to act along member and substitute Py, as a function of Vy,

vV, + P, V, + Vy-tan(0y) 459Kkip + Vi-tan(26.1deg)
= atan| ——— | = atan -
PV + Vh PV + Vh 137k1p + Vh

Ovo = atan[

Rearrange terms and solve for V.. Substitute values obtained from previously solving P, and V.

V, = Ptan(Byn)  459kip — 137Kip-tan(50.5deg)

V= tan(GMz) - tan(eh) - tan(50.5deg) — tan(26.1deg) 405kip
Solve for Py,
Py, = Vj-tan(@y,) = 405kip-tan(26.1deg) = 198kip
Calculate shear and normal stresses on vertical surface
oy = Dho__ 19BKD o Thi = A0k g g

Lyt 1
h (28.4in)-(5mj

Calculate von Mises stress

o = J 012 + 31,2 =+ (14.0ksi)? + 3-(28.6ksi)? = 51.42ksi < F, = 53ksi

Vy =459
v =137

Figure 6: Basic Corner Check Resultants for Diagonal Member M2

Checam = J (Vi+ P+ (Ve + P) = J (405Kip + 137kip)? + (459kip + 198kip)? = 852kip

Page: 9/13



Gusset Plate Evaluation Guide
Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G3.2.2c BCC Buckling Check:
Check plate buckling due to axial forces on Basic Corner Check surfaces (refer to Appendix B). If buckling controls,
then von Mises stresses must be adjusted.

Evaluate buckling capacity - L
of plate regions defined by

the short and long span

between the Basic Cormer

Check surfaces and

adjacent member =]
connections.

ap

Figure 7: Corner Check Buckling Lengths
G3.2.2c1 Short Span Buckling Check:

For this gusset plate, the short span corresponds to the horizontal surface (aj, <a,). a;, and a,, are defined as the

distances from the respective Corner Check surface to the parallel line passing through the nearest fastener in an
adjacent member.

Ly + Ly _ 6.8in+7.9in _ 2 ain

Short span controls sidesway buckling, and rotation at each end is restrained. Therefore, K= 1.0 used.

7T2'E 712-29000ksi

F, - - = 110ksi
KL\ [1.0:(7.4in) ]
; 0.14in
Fy 53ksi
F 110ksi
For = Fy| 1 | = 53ksi| 1 - 2 | = 20.0ksi

242 242
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Gusset Plate Evaluation Guide
Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G3.2.2c1 Short Span Buckling Check Cont.:

o = o}, = 14.0ksi

T =T, = 28.6ksi

2 2
14.0ksi 14.0ksi
Cprinciple = g + (gj NpL , 2. j( , Sl) + (28.6ksi)’ = 36.4ksi < F, = 40.0ksi

Principle stress is less than the critical buckling stress; therefore, buckling of short span does not control.
G3.2.2¢2 Long Span Buckling Check:

Treat long span as flat rectangular plate with one non-loaded edge fixed and the remaining edges clamped (dashed
curve D in Figure 8)

Long Span Length (Figure 8) 6
a=a,=825in . - .
. . 1 _____‘1 c A l 55 g J
Length of Long Side Surface (Figure 8) !
b =L, =304in B H >
. 2 i Les © £
a  8.25in 1 f—— ——s
- = N = 027 - 11 R
b  30.4in i \i“ . £
Because a/b is less than 0.75 (where k curve is o "p I \ 3 -
nearly asymptotic), buckling of long span plate = “‘“ \ TN Ladorp ‘;‘5:"";":;’
is not a concern. Otherwise calculate k as l\i T A vrroRTED %‘I’:fo
follows (using an approximate best fit function ke & {‘ .\\ ]"‘-"-..___,“__'__ _ UNLOADED
of dashed curve D in Figure 8): o 1 \ O e e m— 4
L\~ 1106 S\ "‘~!~ —
Kk = 4.64(;) | ‘
i B I AN N =S S
k-m-E \\\
FC = \ ALY
2) (b)Y A VAN
12(1 -V ) " “E Ny e
t E" \“-‘-"‘"‘i"-—-— °
Etllllllll! L | | | i—--E
v k] - 4 &
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Gusset Plate Evaluation Guide

Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G3.2.2c BCC Buckling Check Cont.:

Since buckling of the short and long spans are not a concern for the Basic Corner Check, no reduction in calculated

capacity is required and capacity calculated using von Mises stress applies.

CBCC = 852 klp

1 1
CBCC = ’\{DL' EDLMZ 852klp - 1.3- ‘5-8621{1}3
OMdhizee = = = 2.08
mee 1 1.3-|-215kip|
v [~ LLm2
2
1 . 1 _
Cgcc — VoL EDLMZ 852kip — 1.3 5'—862k1p
IRFpcc = = =125
nee 1 2.17-|-215kip|
VinvLL® ELLMZ

BCC Resultant Capacity

(per plate)
Total member capacity
2-852kip = 1703kip

The rating factors based on the
Basic Corner Check are greater
than those based on the
Horizontal Shear Check, so no
further increases are possible

from performing a Refined Comer
Check.

[2] George Gerard and Herbert Becker. Handbook of Structural Stability, Part I - Buckling of Flat Plates, Tech. Note
3871, National Advisory Committee for Aeronautics, Washington, D.C., July 1957.
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Gusset Plate Evaluation Guide
Example 3 - Noncompact Gusset Plate with Medium Buckling Length

Load Factor Rating (LFR) Method

G1.2.5 Evaluation Summary:

C = 1504 C=1355

C =831 ——m——y7 ——— C =672

o ooo
o olo o
o 0,0 ¢

o

o
o000
o o000 | —F
o oo o

Figure 17: Concurrent Member Capacities Based on Refined Analysis (for Gusset
Plate Pair)

Limit State . Gussjet Plate Pair -
Operating Rating |Inventory Rating

Fasteners 2.62 1.57
Vertical Shear 3.60 2.16
Heorizontal Shear 169 164
Partial Shear Yield” +62 o6t
Whitme%e—@empfemeﬁz 243 +43
Tension 4.06 243
Block Shear 3.99 2.39
Chord Splice 45.9 27.5
Horizontal Shear (Q Calc.) 1.69 1.01 Controls
Basic Corner Check 2.08 1.25

1 Superceded by Horizontal Shear with Q calculated.
2 Superceded by Basic Corner Check.

By refining the analysis calculations using the approach presented above, a 66% increase in the Operating Rating
can be achieved.
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Gusset Plate Evaluation Guide - Refined Analysis Methods

Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length



Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

Example 4 is a five member gusset plate with a long buckling length for the compression diagonal. It is not a compact
gusset plate and no members are chamfered. The calculations apply to one of the two gusset plates.

G4.1 Gusset Plate Material, Geometric, and Loading Properties:
Material Properties 79.61
F, = 53ksi —
F, = 80ksi

19,75

E = 29000ksi
v =203

51.06

Properties Thickness

t = —in

Member Angles ™

= 63.43deg
Oz = 90deg
Oy = 45deg

<D
<
)
|

Figure 1: Basic Geometry of Gusset Plate

Unfactored Member Forces Per Gusset Plate Pair

LLy;, = 346 kip

M5
DL = 404
LL=173

DLy, = 808 kip e
LLyp, = —173 kip LL=346

DLy, = —404 kip

LLy3 = 58kip

DLy; = 135kip

LLyy = 138 kip

DLy = 323 kip

DL =323

. LL =138
LLM5 = 173 klp
DLys = 404 kip M2 oL as
DL = 404 -
LL=173 LL=58

Figure 2: Concurrent Member Forces Transferred to Two Gusset Plates

Member forces based on NCHRP Project 12-84 loads with an assumed Dead Load to Live Load ratio of 70/30.
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Gusset Plate Evaluation Guide

Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.1 Gusset Plate Material, Geometric, and Loading Properties, Cont.:

Factored Forces Acting on Gusset Plate Pair
InVFOI'CCMl = A{InVLL.LLMl + ’YDL'DLMI = 217346klp + 13808klp
OpFOrCCMl = ”{LL'LLMI + ’YDL'DLMI = 13346klp + 13808k1p

F=1500 ———t— ° 2 b F=750

F =250

F =750

Figure 3: Concurrent Member Operating Forces
Transferred to Two Gusset Plates

Page: 2/15

InvForceyy; = 1801 kip
OpForcey; = 1500kip
InvForcey, = —901 kip
OpForcey, = =750 kip
InvForcey 3 = 300 kip
OpForcep 3 = 250 kip
InvForceyyy = 720 kip
OpForcep4 = 600 kip
InvForcey s = 901 kip
OpForcep s = 750 kip



Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2 Evaluation Approach:

In accordance with the 2014 Interim Revisions to the Manual for Bridge Evaluation, Second Edition, the following
gusset plate limit state checks were done:

(a) Fastener strength (L6B.2.6.1)

(b) Vertical shear resistance (L6B.2.6.3)

(c) Horizontal shear resistance (L6B.2.6.3)

(d) Partial shear yield resistance (L6B.2.6.3)

(e) Compressive (Whitmore) resistance (L6B.2.6.4)

(f) Tension strength (L6B.2.6.5)

(g) Bock shear resistance (L6B.2.6.5)

(h) Chord splice capacity (L6B.2.6.6)

Load Factor Rating Summary for Example 4

. Gusset Plate Pair

Limit State - - -
Operating Rating |Inventory Rating

Fasteners 253 1.52 7/8 in. diam A325 threads excluded fasteners
Vertical Shear 3.97 2.38
Horizontal Shear 4.72 2.82
Partial Shear Yield 2.32 1.39
Whitmore Compression 0.56 0.33 Controls
Tension 6.35 3.80
Block Shear 2.73 1.64
Chord Splice 3.50 2.09

When the Partial Shear Plane Yield and/or Whitmore Compression capacity checks control and indicate a less than
acceptable rating, more rigorous evaluation should be performed.

The following additional rating checks are performed in Example 4:
(1) Horizontal shear capacity - Q calculated: Supercedes Horizontal Shear with Q =0.88.
(2) Basic Corer Check capacity (BCC): Replaces Partial Shear Plane Yield and Whitmore Compression capacity che
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Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q):

Global shear check along horizontal plane
parallel with bottom chord. Shear force
calculated using horizontal component of
diagonal member forces. Gross section i
selected at bottom fasteners of diagonal
and vertical members to achieve maximum
eccentricity. Net section calculated
through bottom chord fastener holes. Q
calculated using Drucker formula.

~ Shear Rupture Plane
Shear Yield Plane

Chs

Ly = 79.6in
Ly = 79.0in i i
) Figure 4: Horizontal Shear Between Web and Chord Members
eys = 13.21n
M= V-eHS

3
Ag=tLy= gin~79.0in = 29.6in2
dh =1lin
Npole = 26
3. . . 2
A, = t(L - npgedy) = i [79:6in - (26)-1.0in] = 20.1in

Calculate Q using Drucker formula instead of using AASHTO-specified Q=0.88

M 0.25

V=V ~[1 - (—H V=QYV Drucker Formula [1]

p M p
p

Vp = (0.58)-F, A, = (0.58)-53ksi-29.6in> = 911kip

3
L2 (79.0in)2~—in
-t
Mp = ‘Fy = -53ksi = 31000kip-in
4 4
Substitute V= Q*V into Drucker formula and rearrange to solve for Q using plastic shear and moment capacities
0'25 . . . . .
Qv - Q-Vpepns Requires iterative process since V is
Vp=Vp| 1 proportional to Q. Can substitute
P

AASHTO specified value of Q =0.88 on
right side of equation as a first estimate of

QVp-eys 0.25 Q-911kip-13.2in 0.25 Q. Result shown is the calculated value of
Q={1-— =l-— =090 Q after performing necessary iterations.
Mp 31000kip-in
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Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q) Cont.:

by = 1.0

by = 0.85
Cy = Py, (0.58) Fy- Ay = 1.00(0.58)- 53ksi-29.6in>-(0.90) = 819kip

Cy = @y (0.58)F A, = 0.85(0.58)-80ksi-20.1in> = 793kip
Horizontal Shear Capacity
Cps = min(Cy, Cy) = min(819kip, 793kip) = 793kip (per plate)

Note that the horizontal shear capacity is controlled
by shear rupture and is not dependent on Q being 0.88
or calculated.

Determine capacity of member M2 based on Horizontal
Shear

OpForcey ~750kip _ 93ki
1500kip — (750kip) B P Total member capacity

2-793kip = 1585kip

Cusmz = Cus:

= 793kip-
OpForcey;; — OpForceyys

1 1
CHS.M2 — YpL’ EDLMZ 793klp - 1.3 ‘5-4041{1})
ORFyg = = =471

1 1
—LL 1.3-|—-—173ki
) M2 ‘2 p

ALL

1 1
CHS.MZ — \pL' EDLMz 793klp - 1.3 ‘5—4041(113
IRFyg = - =282

1 1
—LL 2.17-|—-—173ki
) M2 ‘2 p

NInvLL®

[1] Drucker, D., The Effect of Shear on the Plastic Bending of Beams, American Society of Mechanical Engineers,
NAMD Conference, Urbana, IL, June 1956
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Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.2 Basic Corner Check:

The Basic Comer Check is a first-principles analytical approach utilizing fundamental steel design theory to
conservatively calculate gusset plate limit state capacities at critical cross sections. This check is used to evaluate
equilibrium and stability of a gusset plate "corner" bounded by the bottom chord and vertical member. The "corner"”
is typically the smallest section encompassing all fasteners of the diagonal member. The diagonal member force is
assumed to be resisted by a combination of shear and normal forces acting on the vertical and horizontal surfaces
bounding the "comer". Von Mises stress calculated on the surfaces is limited to the yield strength of the gusset
plate. For simplicity and to avoid bending in the members, the resultant of each surface must pass through the work
point. The "comer" can be adjusted to accomodate deterioration.

Ln Cvwp_|

Figure 5: Basic Corner Check for Diagonal M2 Member

Calculate resultant angles from the work point

L, =24.8in Chwp = 27.63 in
L,=27.8in ev.wp = 9.79 in
Ch. 27.6i
0, = atan —™ |- atan — = ). 51.2deg
Ly 24.8in
—ie + 9.79in
) V.Wp 2
Cy. 9.79i
0, = atan — ™ |- atan —m = 13.3deg
L 27.8in
= en + 27.63in
2 2
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Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.2a Horizontal Surface Check:

Since L;, <L, set von Mises stress on horizontal surface equal to plate yield strength. After stresses on both surfaces
are determined, verify assumption that horizontal surface is critical (i.e. reaches von Mises yield before vertical
surface).

Ph = Vh' tan(eh)

Py, Py
O'h = —= ——
Vi VWi
Th=—=—

2 2
Oym =+ On + 3Th

Substitute Py, as a function of V}, and set the von Mises stress to yield

2 2 Ph 2 Vh 2 Vh'tan(51.2deg) 2 Vh 2
Fy=53ksi= oy, =0, +37 = [|[— | +3|—| = || ——————| +3|———
Lyt Lyt . 3. .3,
24.8in-—in 24.8in-—in
8 8
Rearrange terms and solve for V;,
3
24.8in-53ksi-—in
Ly Fyt
V= = = 231kip
J tan(6y)° + 3 \/ tan(51 2deg)” + 3
Solve for Py,
Py, = Vj-tan(6y,) = 231kip-tan(51.2deg) = 288kip
Calculate shear and normal stresses on horizontal surface
Py 288k Vi 231k
o= = —1p3 = 30.9Kksi L i —— P~ 24 8ksi
t t
(24 81n)-(§inj bt (24 81n)~(—inj
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Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.2b Vertical Surface Check:

Determine forces and stresses on vertical surface based on horizontal surface forces and stated constraints
(i.e. force resultants to pass thru workpoint).

P, = Vv~tan(ev)
0, = 13.3-deg

Constrain final resultant to act along member

Vv, + Py Vv, + Py V, + 288kip
O\ = atan| ——— | = atan| ——————— | = atan -
P, + V;, Vv-tan(Gv) + Vy V,-tan(13.3deg) + 231kip

Rearrange terms and solve for V,. Substitute values obtained from previously solving P, and V;,.

P, — Vietan(Byp)  288kip — 231kip-tan(63.4deg)

.= = = 331kip
tan(GMz)-tan(Gv) — 1  tan(63.4deg)-tan(13.3deg) — 1
Solve for P,
P, = V,-tan(8,) = 331kip-tan(13.3deg) = 78kip
Calculate shear and normal stresses on vertical surface
P 78ki 331k
o= Vt _ —1p3 — 7.5ksi ry= = 2P 3y gksi
v (27.8in)-(§inj v (27.8in)~(—inj
2 2 2 2 . .
Oymy = JO‘V + 371, = \/(7.5k51) + 3-(31.8ksi)” = 55.5ksi > Fy = 53ksi

Since the von Mises stress on the vertical surface is greater than the yield strength of the gusset plate, the vertical
surface must control. Perform second iteration of calculations while setting the von Mises stress on the vertical
surface to the yield stress and then determining the necessary resultants on the horizontal surface to balance the
moment about the work point.
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Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.2b1 Second Iteration - Knowing Vertical Surface Controls:
G4.2.2b2 Determine Forces on \ertical Surface:

Knowing that the vertical surface controls this particular corner check, determine forces acting on vertical surface.
P, = Vv~tan(ev)
Substitute P, as a function of V, and set the von Mises stress to yield

) 2 P, 2 Vv, 2 V,-tan(13.3deg) 2 Vv,
Fy =353ksi= oy =0, +31, = s +3.E = || 43—

27.8in'iin 27.8in~iin
8 8

Rearrange terms and solve for V,,

3
27.8in-53ksi-—in
L, Fyt
V, =

= 316kip

J an(6,)” + 3 \/ tan(13 3deg)” + 3

Solve for P,

P, = V,-tan(8,) = 316kip-tan(13.3deg) = 75kip

Calculate shear and normal stresses on vertical surface (to use when checking buckling strength)
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Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.2b3 Determine Forces on Horizontal Surface:

Determine forces and stresses on horizontal surface based on vertical surface forces and stated constraints (i.e. force
resultants to pass thru workpoint).

Ph = Vh' tan(eh)

Constrain final resultant to act along member and substitute Py, as a function of Vy,

vV, + P, t V, + Vy-tan(0y) t 316kip + Vj-tan(51.2deg)
=atan| —— | = atan
PV + Vh 75klp + Vh

O\ = atan
M2 [PV +V,

Rearrange terms and solve for V.. Substitute values obtained from previously solving P, and V.

V, = Ptan(Byn)  316kip — 75kip-tan(63.4deg)

V= tan(GMz) - tan(eh) - tan(63.4deg) — tan(51.2deg) 221kip
Solve for Py,
Py, = Vj-tan(6y,) = 221kip-tan(51.2deg) = 275kip
Calculate shear and normal stresses on vertical surface
Gh—i—ﬂ:MSksi Th—ﬁ—ﬂ:Bﬂm

Calculate von Mises stress

Fomp = J 0.2 + 31,2 =+ (29.5ksi)? + 3-(23.7ksi)? = 50.6ksi < F=53ksi

As expected, the von Mises stress on the horizontal surface is less than the yield strength of the gusset plate
confirming that the vertical surface controls.

Figure 6: Basic Corner Check Resultants for Diagonal Member M2

Checon = J (Vi + P+ (Vy + Py) = J@21kip + 75kip)? + (316kip + 275kip)? = 660kip
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Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.2c BCC Buckling Check:
Check plate buckling due to axial forces on Basic Corner Check surfaces (refer to Appendix B). If buckling controls,
then von Mises stresses must be adjusted.

Evaluate buckling capacity

of plate regions defined by ;
the short and long span

between the Basic Cormer o
Check surfaces and

adjacent member R
connections.

Figure 7: Corner Check Buckling Lengths
G4.2.2c1 Short Span Buckling Check:

For this gusset plate, the short span corresponds to the vertical surface (a, <ay). a, and a;, are defined as the

distances from the respective Corner Check surface to the parallel line passing through the nearest fastener in an
adjacent member.

Ly + Ly _ 10.0in + 8.2in _ 907in

Short span controls sidesway buckling, and rotation at each end is restrained. Therefore, K = 1.0 used.

2 2
E .29000ksi
Fo=—— T % = 40.7Ksi
KL\ (1.09.07in)>
T 0.11in
Fy 53ksi
F 40.7Kksi
For = Fy| 1 | = 53ksie| 1 — Y| 3 6k
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Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.2c1 Short Span Buckling Check Cont.:
o = o, = 7.2ksi
T=T, = 31.6ksi

2 2
72ksi |(7.2ksi
Cprinciple = g N (gj NP 5 S j ( 5 SIJ + (30.3ksi)” = 34.1ksi > Fy = 31.6ksi

Principle stress is greater than the critical buckling stress; therefore, buckling is a concern and must be addressed.

Fcr _ 31.6ksi

= - = 92.7%
O-Principle 34.1ksi

RatioSG =
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Gusset Plate Evaluation Guide

Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.2¢2 Long Span Buckling Check:

Treat long span as flat rectangular plate with one non-loaded edge fixed and the remaining edges clamped (dashed

curve D in Figure 8)

Long Span Length (Figure 8) 6

a=20.1in

| C z
Length of Long Side Surface (Figure 8) 14 ' EZI LE

1
b =L, = 24.8in A :
LTl o]
L L
a — ——
- =08l L O —_
. :
Because a/b is greater than 0.75 (where k curve
. . 8t | QADED EDGES CLAMPED
is nearly asymptotic), buckling of long span tosoeo £oces smer | L o
plate may be a concern. Therefore, calculate k P SUPPORTED SypeoR?
as follows (using an approximate best fit ¢ ——~———— Vs
function of dashed curve D in Figure 8): [ — —4
[ S P
- 1.106 l -
a
k = 4.64:| — =585 D S—
b 4 e = c
\\\\
\\ LY
4\ AL
- \-.._.h-‘::-‘:-'-"..‘_": - 0
S N e e
ot Lig |J | - } E' = L -
b
Figure 8: Elastic Buckling Coefficients [2]
K-m’E 5.85.7-29000ksi
F.= > = : > = 35.0ksi
b 24.8i
12(1 - u2)~ 2 12-(1 - 0.32)- =
t 3.
—in
8
: Fy
Since F, = 35.0ksi > 5 26.5ksi
Fy 53ksi
F J 35.0ksi
For = Fy| 1= 1 | = 53ksie| 1 - Y2222 | = 29 0ksi
2+/2 2+/2
o = oy, = 29.5ksi
T =T = 23.7ksi
o (o) 2 205ksi [(295ksi)’ 2
O-Principle = E + (;j + T = 2 + ( 2 j + (2371(51) = 42.7ksi > Fcr = 29.9ksi
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Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.2¢c2 Long Span Buckling Check Cont.:
Principle stress is greater than the critical buckling stress; therefore, buckling is a concern and must be addressed.

Fcr _ 29.9ksi
O-Principle 42.7ksi

Ratiop g = =70.1%

Reduce Capacity Based on Buckling
Ratio = min(RatioSG,RatioLG) = min(92.5%,70.1%) = 70.1%

Cgcc = Cpeeovmr Ratio = 660kip-70.1% = 463kip BCC Resultant Capacity

er plate
(perp )Total member capacity

2-463kip = 926 kip

1 1
Cgcc — VoL EDLMZ 463kip — 1.3 ‘5~—404kip
ORFpcc = = =178
e 1 1.3-|-173kip]|
Y | =LLwve
2
1 . 1 _
Cgcc — oL EDLMZ 463kip — 1.3- E'—404klp
IRFpcc = = =1.07
e 1 2.17-|-173kip|
NInvLL' ELLMZ

[2] George Gerard and Herbert Becker. Handbook of Structural Stability, Part I - Buckling of Flat Plates, Tech. Note
3871, National Advisory Committee for Aeronautics, Washington, D.C., July 1957.
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Gusset Plate Evaluation Guide
Example 4 - Noncompact Gusset Plate with Long Vertical Buckling Length

Load Factor Rating (LFR) Method

G4.2.5 Evaluation Summary:

oooooooooooooooooooooooooo

° ° ©
C=1851 —a—p -7 Y R e o—— C=926
L) o 'e

C =309

C =926

Figure 9: Concurrent Member Capacities Based on Refined Analysis
(for Gusset Plate Pair)

Limit State . Gussjet Plate Pair -
Operating Rating |Inventory Rating

Fasteners 2.53 1.52
Vertical Shear 3.97 2.38
Heorizontal Shear 41 282
Partial Shear Yield” 232 +39
Whitme%e—@empfemeﬁz 0:56 6:33
Tension 6.35 3.80
Block Shear 2.73 1.64
Chord Splice 3.50 2.09
Horizontal Shear (Q Calc.) 472 2.82
Basic Corner Check 1.78 1.07 Controls

1 Superceded by Horizontal Shear with Q calculated.
2 Superceded by Basic Corner Check.

By refining the analysis calculations using the approach presented above, greater than a 200% increase in the
Operating Rating can be achieved. Moreover, the increased capacity achieves a sufficient rating as to not require
retrofitting of the gusset plates.
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Gusset Plate Evaluation Guide - Refined Analysis Methods

Example 5 - Compact Chamfered Gusset Plate with Short Vertical Buckling
Length



Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

Example 5 is a four member gusset plate with a short buckling length for the compression diagonal. It is a compact
gusset plate with the chamfer on the diagonal - near the vertical member. This example assumes that checks related to
vertical shear, fastener strength, chord splice, block shear, and tension are of greater capacity than those checked
below. It will be worked following the Load Factor Rating Method (LFR) as applied to one ofthe two gusset plates.

G5.1 Gusset Plate Material, Geometric, and Loading Properties:

Material Properties 1
Fy = 53ksi

F, = 80ksi

E = 29000ksi

v =203

Plate Thickness
t = —in

Member Angles .

60.0deg
91.9deg

v

Om3
63.0

Figure 1: Basic Geometry of Gusset Plate

Unfactored Member Forces Per Gusset Plate Pair
LLy = —252kip

DLy = =757 kip DL =714
LLyp = —238 kip
DLy, = —714 kip
LLy3 = 206 kip
DLy; = 619 kip
LLM5 = —376 klp
DLys = —1129kip

M1 M5
DL =757 ——m=—| ——— DL = 1129
LL =252 LL = 376

Figure 2: Concurrent Member Forces Transferred to Two Gusset Plates

Member forces based on NCHRP Project 12-84 loads with an assumed Dead Load to Live Load ratio of 75/25.
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Gusset Plate Evaluation Guide

Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.1 Gusset Plate Material, Geometric, and Loading Properties, Cont.:

Factored Forces Acting on Gusset Plate Pair

InvForceny = Ny LLyi + ~pr-DLay = 2.17--252kip + 1.3-=757kip = —1532kip InvForcey; = —1532kip

OpForcey = Npp-LLy + ~pr-DLy = 1.3--252kip + 1.3-=757kip = —1313kip

F=1073

F=1238

Coooo0oo0o0000O0O0OG
Oe000 00000 OGO

|2 oo 000000000
000000 O0DO0OLOCOOSG

OpForcey; = —1313 kip
InvForceyp, = —1445kip
OpForcey, = —1238 kip
InvForcey3 = 1252 kip

OpForcey 3 = 1073 kip

InvForcey s = —2285kip
OpForcep s = —1958 kip

<
co0o0o00000OBOOO0OO
o © © ooo00ooo
F=1313 o o © o ao:i\nono
. © © © o o0oo0o0o00O0O
© © © ©0000O0OCO
0000O0DOCOOOOOODOGO O

]

22— F = 1958

Figure 3: Concurrent Member Operating Forces
Transferred to Two Gusset Plates
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2 Evaluation Approach:

In accordance with the 2014 Interim Revisions to the Manual for Bridge Evaluation, Second Edition, the following
gusset plate limit state checks were done:

(a) Fastener strength (L6B.2.6.1)

(b) Vertical shear resistance (L6B.2.6.3)

(c) Horizontal shear resistance (L6B.2.6.3)

(d) Partial shear yield resistance (L6B.2.6.3)

(e) Compressive (Whitmore) resistance (L6B.2.6.4)
(f) Tension strength (L6B.2.6.5)

(g) Bock shear resistance (L6B.2.6.5)

(h) Chord splice capacity (L6B.2.6.6)

Load Factor Rating Summary for Example 5

Limit State . Guss.et Plate Pair .
Operating Rating |[Inventory Rating
Fasteners 6.41 3.84 7/8 in. diam A325 threads excluded fasteners
Vertical Shear 2.96 L7 Q=0.88 with splice plates included
Horizontal Shear 4.71 2.82
Partial Shear Yield 0.34 0.20 Controls
Whitmore Compression 1.49 0.89
Tension 4.50 2.70
Block Shear 3.65 2.19
Chord Splice 7.97 4.77

When the Partial Shear Plane Yield and/or Whitmore Compression capacity checks control and indicate a less than
acceptable rating, more rigorous evaluation should be performed.

The following additional rating checks are performed in Example 5:

(1) Horizontal shear capacity - Q calculated: Supercedes Horizontal Shear with Q =0.88.

(2) Basic Corer Check capacity (BCC): Replaces Partial Shear Plane Yield and Whitmore Compression capacity che:
(3) Refined Corner Check capacity (RCC): Supercedes BCC unless BCC indicates acceptable rating.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q):

Global shear check along horizontal plane
parallel with bottom chord. Shear force
calculated using horizontal component of
diagonal member forces. Gross section
selected at bottom fasteners of diagonal
and vertical members to achieve maximum
eccentricity. Net section calculated
through bottom chord fastener holes. Q

o 0 o0

0000000 OCEOG OO O
f°o°0co0cocoooo0

~ 8hear Yield Plane

feceoooooeonooo

calculated using Drucker formula. N, o kM| &
i - ~ Shear Rupture Plane
W e
= '
@ (=] -] -] 0 0 0'0 0 0 O o o o
1 o o o o o o \O‘fO o o0 o =] o
"o o o o ocoocoooo o o o
-] o ] 0o ©C0O0O0CO0 o o o
0 00O0CO0C0CO0OO0ODO0CO0OC0OO0CO0CO0CO0OO0OO0COQCO0OO0O
Ly
Figure 4: Horizontal Shear between Web and Chord Members
Ly =613in
Ly=63.0in
eygs = 12.91n
M = V'eHS

3
Ag =tLy= gin~61.3in = 23.0in2
dh =1lin
Nele = 21

3
A, = t(Ly = npgedy) = Ein-[63.om — (21)-1.0in] = 15.7in°
Calculate Q using Drucker formula instead of using AASHTO-specified Q=0.88

M 0.25

V=V ~[1 - (—H V=QYV Drucker Formula [1]

p M p
p

Vp = (0.58)-F, A, = (0.58)-53ksi-23.0in> = 706kip

3
2 (61.3in)2~—in
LY -t 8
Mp = -Fy = -53ksi = 18700in-kip
4 4
Substitute V= Q*V into Ducker formula and rearrange to solve for Q using plastic shear and moment capacities
0.25
Q- Vp-eps-§2 Requires iterative process since V is
=|1- M proportional to Q. Can substitute
P AASHTO specified value of Q =0.88 on

right side of equation as a first estimate of

Qv 0.25 . . 1025
0= (1 _ ﬂj — (1 _ m) — 087 € Resultshown isthe calculated value of

Mp 18700in-kip Q after performing necessary iterations.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q) Cont.:

by = 1.0
dyy = 0.85
Cy = Py, (0.58) Fy- Ay = 1.00(0.58)- 53ksi-23.0in>-(0.87) = 615kip

Cy = @y (0.58)F A, = 0.85(0.58)-80ksi- 15.7in> = 621kip
Horizontal Shear Capacity
Cps = min(Cy, Cy) = min(615kip, 621kip) = 615kip (per plate)

Determine capacity of member M2 based on Horizontal
Shear

OpForceyyp —1238kip

~1313kip — (—1958kip)

CHS.M2 = CHS' = 1180klp

OoF OoF = 615kip-‘
prorcey; — Uprorcey s
Total member capacity

) 1 2-1180kip = 2359%kip
CHS.M2 — YpL’ EDLMZ 1180klp - 1.3 5—714klp

ORFysg = = = 4.63

1 1
-|=LL 1.3-[—-—238ki
YLL 5 M2 ‘2 p
1 : 1 _
Cus.m2 — YoL- EDLMz 1180kip — 1.3 E'—714k1p
IRFys = 1 = 1 =277
VinvLL® ELLMZ 2.17~‘?—238kip

[1] Drucker, D., The Effect of Shear on the Plastic Bending of Beams, American Society of Mechanical Engineers,
NAMD Conference, Urbana, IL, June 1956
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.2 Basic Corner Check:

The Basic Comer Check is a first-principles analytical approach utilizing fundamental steel design theory to
conservatively calculate gusset plate limit state capacities at critical cross sections. This check is used to evaluate
equilibrium and stability of a gusset plate "comer" bounded by horizontal and vertical planes that create the smallest
section encompassing all fasteners of the diagonal member. The diagonal member force is assumed to be resisted by
a combination of shear and normal forces acting on the vertical and horizontal surfaces bounding the "corner". Von
Mises stress calculated on the surfaces is limited to the yield strength of the gusset plate. For simplicity and to avoid
bending in the members, the resultant of each surface must pass through the work point. The "corner" can be
adjusted in terms of location and plate thickness to accommodate deterioration.

T olo )
9.0 ol
- \ o olo
A N |° | °|
7 8 2 o\ fi22
Vi \t-\? oy, © SN |e Oi o ol
/ We O - NS o glo o
S o= No y \
S/ — Ny o® & e ovf | 90 °|
ﬁ W °oq°cc /e djo of
/ " \
/! N\ o o
‘.\:_\o o % olffll @ °|
W o o oAl° 9o e
/ W (-]
._\_\_\“-' o % _|Ia °0 o
."' i We o 4o oo o
! A\ lo oo of
| E ouoooooouh\oloooouououu
| [}] o o o ooo0looo o o o
1 i |l © © © oodlooooe o o o
o o o o o0 0 L=+ o o o
o o -] 000000 o o o
©000O0CO0CO0OOQCO0OO0CO0OCO0OO0OCO0OO0OO0OO0CO0OO0OO0OO

Figure 5: Basic Corner Check for Diagonal Member M2

Calculate resultant angles from the work point

L,=253in hwp = 14.0in
L,=36.2in eywp = 7.62in
Ch. 14.0i
0, = atan —™ |- atan —m = 34.6deg
Ly 25.3in
—ie + 7.62in
V.Wp
2
Cy. 7.62i
0, = atan — ™ |- atan —m = 13.3deg
L, 36.2in .
7 + Chp + 14.0in
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.2a Horizontal Surface Check:
G5.2.2al Horizontal Surface Check:

Since L;, <L, set von Mises stress on horizontal surface equal to plate yield strength. After stresses on both surfaces

are determined; verify assumption that horizontal surface is critical (i.e. reaches von Mises yield before vertical
surface).

Ph = Vh' tan(eh)

Py, Py
O'h = —=

Vi Vi
Th = —=

2 2
Oym =+ On + 3Th

Substitute Py, as a function of V}, and set the von Mises stress to yield

2 2 Ph 2 Vh 2 Vh~tan(34.6deg) 2 Vh 2
Fy=53ksi= oy, =0, +37 = [|[— | +3|—| = || ——————| +3|———
Lyt Lyt . 3. . 3.
25.3in-—in 25.3in-—in
8 8
Rearrange terms and solve for V;,
3
25.3in-53ksi-—in
Ly Fyt
V= = = 270kip
2 2
J tan(0y,)” + 3 \/ tan(34.6deg)” + 3
Solve for Py,
Py, = Vj-tan(@y,) = 270kip-tan(34.6deg) = 187kip
Calculate shear and normal stresses on horizontal surface
P, 187k Vh 270k
O'h————lpzl96k51 Th:—:—lpz284ks1

G5.2.2b Vertical Surface Check:

Determine forces and stresses on vertical surface based on horizontal surface forces and stated constraints
(i.e. force resultants to pass thru workpoint).

P, = Vv~tan(ev)
0, = 13.3-deg

Constrain final resultant to act along member

VV + Ph
O\pp = atan
PV + Vh
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.2b Vertical Surface Check Cont.:

Vv, + Py Vv, + Py V, + 187kip
O\ = atan| ——— | = atan| ——————— | = atan -
P, + Vy, Vv-tan(Gv) + Vy V,-tan(13.3deg) + 270kip

Rearrange terms and solve for V,. Substitute values obtained from previously solving P, and V;,.

Py — Vietan(Oyn)  187Kip — 270kip-tan(60.0deg)

Vv, = = = 478kip
tan(GMz)-tan(Gv) — 1  tan(60.0deg)-tan(13.3deg) — 1
Solve for P,
P, = V,-tan(@,) = 478kip-tan(13.3deg) = 113kip
Calculate shear and normal stresses on vertical surface
P 113ki V. 478k
O'V—L—V——lp?’:Sjksi TV—L—V——Ip:352ks1
t t
v (36.2in)-(§inj v (36.2in)~(—inj
2 2 2 2 . .
Oymy = JO‘V + 371, = \/(8.3k51) + 3-(35.2ksi)” = 61.5ksi > Fy = 53ksi

Since the von Mises stress on the vertical surface is greater than the yield strength of the gusset plate, the vertical
surface must control. Perform second iteration of calculations while setting the von Mises stress on the vertical
surface to the yield stress and then determining the necessary resultants on the horizontal surface to balance the
moment about the work point.

G5.2.2b1 Second Iteration - Knowing Vertical Surface Controls:

G5.2.2b2 Determine Forces on \ertical Surface:

Knowing that the vertical surface controls this particular corner check, determine forces acting on vertical surface.
P, = Vv~tan(ev)

Substitute P, as a function of V, and set the von Mises stress to yield

P b P, 2 Vv, 2 V,-tan(13.3deg) 2 A
Fy=353ksi= oy =0, +31, = + 3- |7 43—
L.t L.t

36.2in~iin 36.2in'iin
8 8

2

Rearrange terms and solve for V,,

; .3,
LV'Fy't 36.2in-53ksi-—in
V, =

= 412kip

J an(6,)” + 3 \/ tan(13 3deg)” + 3
Solve for P,
P, = V,-tan(8,) = 412kip-tan(13.3deg) = 98kip

Calculate shear and normal stresses on vertical surface (to use when checking buckling strength)
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.2b3 Determine Forces on Horizontal Surface:

Determine forces and stresses on horizontal surface based on vertical surface forces and stated constraints (i.e. force
resultants to pass thru workpoint).

Check the horizontal surface:
Ph = Vh~tan(6h)

Constrain final resultant to act along member and substitute Py, as a function of Vy,

V, + Phj (vv + Vh~tan(9h)j [412kip + Vh~tan(34.6deg)]
= atan| ——— [ = atan

PV + Vh 98klp + Vh

O\ = atan
M2 [PV +V,

Rearrange terms and solve for V.. Substitute values obtained from previously solving P, and V.

V, = Potan(Byn)  412Kip — 98kip-tan(60.0deg)

V= tan(GMz) - tan(eh) - tan(60.0deg) — tan(34.6deg) 233kip
Solve for Py,
Py, = Vj-tan(8y,) = 233kip-tan(34.6deg) = 161kip
Calculate shear and normal stresses on vertical surface
Gh—i—&:m%m Thzﬁzﬂ:MSkm

Calculate von Mises stress

Fomp = J 0,2 + 31,2 =+ (169ksi)? + 3-(24.5ksi)? = 45 Tksi < F=53ksi

Figure 6: Basic Corner Check Resultants for Diagonal Member M2

Checam = J (Vi+ P+ (Ve + P) = J (233kip + 98kip)? + (412Kip + 161kip)° = 661kip
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.2c BCC Buckling Check:
Check plate buckling due to axial forces on Basic Corner Check surfaces (refer to Appendix B). If buckling controls,

then von Mises stresses must be adjusted.
- b B
Evaluate buckling capacity I [e efo o]
. o o0

of plate regions defined by £ 5(e o]
the short and long span [e oo o
. e oo o
between the Basic Comer N B P
Check surfaces and 3 Y [P °je o
. v | olo o
adjacent member b oo o
connections. o e elo ol
\ [f|[® 20 of
%d |9 olo o
o 5 ool ol

L OOQOOOOOO‘Q‘O:OOOOOOOOOO

© © ©o ©oooooo ©o o o
© o o o o0oodoocoo © o o©
o o o o co0oo0c0O0QCO = o o
] o o 0 0O0CO0OO0OO0O [+] o o
0 00O0COCOODODOCOPDODOODOCOOODOOOOO

Figure 7: Corner Check Buckling Lengths

G5.2.2¢1 Short Span Buckling Check:

For this gusset plate, the short span corresponds to the vertical surface (a, <ay). a;, and a, are defined as the
distances from the respective Corner Check surface to the parallel line passing through the nearest fastener in an
adjacent member.

Lg+ Lo 5.0in+ 4.2in .
= = 4.6in

Short span controls sidesway buckling, and rotation at each end is restrained. Therefore, K= 1.0 used.

2 2 .
F = n-E w -29000ksi _ 158ksi

. -
KL (1.046in)°
T 0.11in
Fy { 53ksi
F 158ksi
© |2 s3ksif 1 - X8RS ks

242 242

o = o, = 7.2ksi

Fo = Fy| 1

T =T, = 30.3ksi

2 2
72ksi  |(7.2ksi
Cprinciple = g + (gj NP ; < j ( ; “j + (30.3ksi)” = 34.1ksi < F, = 42.1ksi

Principle stress is less than the critical buckling stress; therefore, buckling is not a concern.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.2¢2 Long Span Buckling Check:

Treat long span as flat rectangular plate with one non-loaded edge fixed and the remaining edges clamped (dashed
curve D in Figure 8)

Long Span Length (Figure 8)
6

a=6.5in
Length of Long Side Surface (Figure 8) ‘. 1 4 | | 8 ° |
14—
b=253in |
| \ :

P s PR
IR
b { P

|

AN AN s E
i‘f H

Because a/b is lqss than 0..75 (where k curve is e LoAbED EDGES CLAMPED
nearly asymptotic), buckling of long span plate conveo £oces swer | Lo oo
is not a concern. Otherwise, calculate k as P SUPPORTED sypeosT
follows (using an approximate best fit function ¢ e VESiEE
of dashed curve D in Figure 8): ————— A
- 1.106 € =
a = 5
k = 4.64| — l
b —
2 4 e -—__—“— ol
k-w-E \
F.= AN
2) (b 2 \\\\
12(1_V ) - 22— \\\"' T
t - '\-...____).‘::--'-"..‘_": - 0
:— \ "-—-._{________' L—-...___
ST L | | | |
& 0 [ Fs k] - 4 &
F. b
Fee=Fy| 1 -
242 Figure 8: Elastic Buckling Coefficients [2]

OPrinc

Page: 11/33



Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.2c BCC Buckling Check Cont.:

Since buckling of the short and long spans are not a concern for the Basic Corner Check, no reduction in calculated
capacity is required and capacity calculated using von Mises stress applies.

BCC Resultant Capacity

Cpcc = 662 kip (per plate)
Total member capacity

1 1 P .
Cicc — oL DL 662kip — 1.3- ‘;—7141@ 2-662kip = 1324kip
ORFgcc = = = 1.28
Bee 1 1.3-|-238kip|
i |7 Ll
2
1 . 1 .
CBCC — YpL’ EDLMZ 662klp - 1.3- 5—7141(113
IRFpcc = = =0.77
Bee 1 2.17-|-238kip|
VnvLL® ELLMZ

If an increased rating factor is required, perform a Refined Corner Check.

[2] George Gerard and Herbert Becker. Handbook of Structural Stability, Part I - Buckling of Flat Plates, Tech. Note
3871, National Advisory Committee for Aeronautics, Washington, D.C., July 1957.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.3 Refined Corner Check:

The Refined Corner Check removes the constraint that surface resultants pass through the work point as assumed in
the Basic Comer Check. In removing this constraint, it is important to check the portion of gusset plate outside of
the comer (Stub) and check again for plate buckling based on these resultants.

Atypically efficient initial starting point in this iterative check is to force the resultants acting on each surface to be
parallel to the member, and then adjust shear and normal forces as necessary.

G5.2.3a Horizontal Surface Check - Parallel Resultants:

Lh ev.wg
Do o
o o
9o o0
::oo!
9jo o
qlo ol
dio o
dlo of
olool
oo o
/ oo o
I,-" oo o
.,II N - i
[ E‘ ©00D000000DBOOOODOODDOOOO Si
| o o o o 6o ow0looo o o o mo:
\b 1 o o o ooéi.occo o o \
WP o o o o °© o o \Wp©° © ] o o
o o o ocooo0o0o0O0 o o o
©O0D0OO0OO0O0OOOCOOO®OCOOOOODOOO0 O

Figure 9: Refined Corner Check for Diagonal Member M2

As with the Basic Comer Check, check to see if the horizontal surface is the controlling surface by setting von Mises
stress on horizontal surface equal to plate yield strength. After stresses on both surfaces are determined; verify
assumption that horizontal surface is critical (i.e. reaches von Mises yield before vertical surface).
V, il
h= Ty
tal’l(eMz)

Constrain von Mises stress on surface equal to the plate yield stress.

2 2
va:,lch + 31, = Fy

L, =253in
Oppp = 60-deg

Substitute V}, as a function of P, and set the von Mises stress to yield.

Py 2
2 2 2 —
. 2 2 Py, Vh Py tan(Oyp2)
Fy = 53ksi= oy, =0, +37 = [|— | +3|—| = [|——— | +3:|————
Lyt Lyt . 3. . 3.
25.3in-—in 25.31n~§1n
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.3a Horizontal Surface Check Cont.: Parallel Resultants

Rearrange terms and solve for Py,

. . 3.
) Fy~Lh't-tan(9M2) 53k51~25.31n'§1n-tan(60.0deg)

2 2
tan(Oypp)” + 3 \/ tan(60.0deg)” + 3
Solve for Vy,
Py 356ki
V), = - P 206kip
tan(GMz) tan(60.0deg)
Calculate resultants stresses on horizontal
surface
Py 356k Vh 206k
O'h————lpz375ksi Th————lpz216ks1

G5.2.3b Vertical Surface Check: Parallel Resultants:

Constrain moments about work point to balance (i.e. XMyp =0)
V, = P,-tan(By,)
L,=362in
eywp = 7.6in
Chwp = 14in

ZM =0= (Ph'ep.h - Vhi'ev.hi) - (Pv'ep.v - Vv'ev.v)

Substitute V, as a function of P, rearrange terms and solve for P,

Lh Lv
0=|Py ? + Cywp |~ Vh'eh.wp - | Py ? + Chwp | ~ Pv'tan(eM2)'ev.wp

Ly 25.3i
[Ph(? + eviij - Vh~eh_wp} 356kip~( . =+ 7.62in | - 206kip-(14.0in)

P, = =
L 36.2in . .
K?V + eh'ij - tan(6M2).ev_Wp:| ( 5 + 14.01n) — tan(45deg)-7.62in

Solve for V

= 229kip

V, = P,-tan(Byp,) = 229kip-tan(60.0deg) = 397kip
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.3b Vertical Surface Check Cont.: Parallel Resultants:

Calculate resultants stresses on vertical interface

Calculate von Mises stress on vertical interface

v

Fomy = J 0.2 + 31,2 = (169ksi)? + 3-(29.2ksi)? = 53 Aksi F, = 53ksi

G5.2.3 Refined Corner Check Cont.: Parallel Resultants

Since the von Mises stress on the vertical surface is greater than the yield strength of the gusset plate, the vertical
surface actually controls. Calculations could be performed knowing that the vertical surface controls over the
horizontal surface, however, because the value is close, the next step performed will be to check the remaining portion
of'the gusset plate and buckling. If no reduction in capacity is needed due to these checks, then this step will be
revisited to determine the distribution of stresses with the vertical surface controlling overall.

Crec = J (Vi P+ (Vy + P) = J (206Kip + 229kip)* + (397kip + 356kip)? = 870kip

Vy =397
f-—P. =229

Figure 10: Refined Corner Check Resultants with Parallel Resultants to Member
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.3c Remaining Portion (Stub) Check: Parallel Resultants:

Determine equivalent concurrent forces for vertical member

Crec 870ki
. 1p .
Frecmz = OpForeeys = 1073kip- | ————| = 754kip
OpForcey) -
C =754
C =870

- I} olo )
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C=928 ——(3 ¢ I ¢ Sioosie 5 o of~e—C=1376

Figure 11: Concurrent Member Capacities (per plate) Based on Refined Corner
Check (Subject to Stub Check and Buckling Check)

Check remaining portion of the gusset plate outside of the corner and chord. Select a Section Q that
encompasses all force applied by member M3.

Frecms

3
Lo = 35.9in
Coup = 12.91in
9M3 = 919deg g Q
ey = 9.9in L
L, = 36.2in
Chwp = 14.01n Figure 12: Remaining Gusset Plate Stub
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.3c Remaining Portion (Stub) Check Cont.: Parallel Resultants:
Calculate forces Pg and Vy along Section Q
Pq = Freemssin(Bys) — Vy, = 754kip-sin(91.9deg) — 397kip = 356kip

Vo = —Frecmycos(Oys) + Py = ~754kip-cos(91.9deg) + 229kip = 254kip
Calculate moment M, acting at Qyp
L, Lq )
Mq = Py > + €hwp — €Quwp | — VV'? + FRCC.M3'Sln(9M3)'eM3

36.2in 35.9in

Mg = 229kip-( + 14.0in — 12.9inj — 397kip- + 754kip-sin(91.9deg)-9.9in = 4740kip-in

Determine section modulus and calculate bending and normal stresses

3
2, (35.9in)>-2in

L
6 6
P 356ki
op = LQ - f — 26.4ksi
-t
Q" 359in-Zin
8
M 4740kip-i
"= Mol _ la7dokip-in] _ o o, o

S 80.7in3

One of the restrictions of the Refined Cormer Check is to limit the maximum normal stress to the yield stress. With this
combination of forces, the stub is overstressed. The input forces will be reduced linearly by this overstress. Note that
this also compensates for the vertical surface of the corner being slightly overstressed.

o 53ksi
op + oy 26.4ksi + 58.7ksi

Ratio = =62.2%

op = op-Ratio = 26.4ksi-62.2% = 16.5ksi
oy = oy Ratio = 58.7ksi-62.2% = 36.5ksi

V= Vi Ratio = 229kip-62.2% = 158kip

Since op + o< F, and oy > 6p, use ¢ in von Mises equation based on 0.6*6,,,, (Refer to Appendix A)

o6 = 0.6-(0p + Op) = 0.6:(16.5ksi + 36.5ksi) = 31.8ksi

2 31.8ksi )’
= 1o [ 2= 2080
53ksi

% = 02:(0.58)-F, = 0.80-(0.58)-53ksi = 24.6ksi
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.3c Remaining Portion (Stub) Check Cont.: Parallel Resultants:

Check shear on Section Q to see if it is less than 24.6 ksi

vV 158ki
vo= —2 = P _ 1y 8ksi T = 24.6ksi
Q7 1t 3 < N

Q 35.9in-§in

Therefore, remaining portion of gusset plate can sustain the demands of the Refined Corner Check

Revise forces acting on corner surfaces
Py, = P,-Ratio = 356kip-62.2% = 222kip
Vi, = Vy-Ratio = 206kip-62.2% = 128kip

P, = P,-Ratio = 230kip-62.2% = 143kip

V, = V,-Ratio = 398kip-62.2% = 247kip
Note that the von Mises stress on the vertical surface can now be checked to confirm that this reduction has lowered
it below the yield stress limit.

o, = oRatio = 16.9ksi-62.2% = 10.5ksi

Ty = Ty-Ratio = 29.2ksi-62.2% = 18.2ksi

Oymv = Oym.y-Ratio = 53.5ksi-62.2% = 33.2ksi < Fy = 53ksi

This check shows the von Mises stress on the vertical surface is less than the yield strength of the gusset plate due
to the reduction necessary for the stub. Essentially, this verifies that the stub does control.

Crec = J (Vi+ P+ (Ve + P) = J(128Kip + 143kip)? + (247kip + 222Kip)? = S41kip
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.3d RCC Buckling Check: Parallel Resultants:

Check buckling due to axial forces on corner surfaces with Refined Corner Check demands (refer to Appendix B)
G5.2.3d1 Short Span Buckling Check:
For this gusset plate, the short span corresponds to the vertical surface

Fo = 42.1ksi See Basic Corner Check

o = o, = 10.5ksi

T=T, = 18.2ksi

2 2
10.5ksi | 10.5ksi
Cprinciple = g n (gj PP S j ( . Sl) + (18.2ksi)” = 24.2ksi < F, = 42.1ksi

2 2

The principle stress due to the Refined Corner Check is less than the critical buckling stress; therefore, buckling is
not a concern.

G5.2.3d2 Long Span Buckling Check:
Treat as flat rectangular plate with one non loaded edge fixed and the remaining edges clamped

Not a concern as a/b <0.75 See Basic Corner Check

CRCC =541 klp

The calculated capacity based on the Refined Corner Check with Parallel Resultants is less than the capacity using
the Basic Comer Check. This suggests the RCC force combination is less than optimal and that further refinement of
the comer check may be warranted and will likely yield resultants more similar to those of the Basic Corner Check.
Because the corner has been controlled by the gusset plate stub, and heavily influenced by the moment demand on
the stub, the next steps for analysis refinement will focus on reducing this demand. Note that this combination of
forces on the comer results in a lower calculated capacity than following the Basic Comer Check.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4 Refined Corner Check: Nonparallel Resultants:

Removing the constraint that the corner surface resultants remain parallel can result in further optimization of the
shear and normal forces on the surfaces and an increase in capacity. However, recognize that only a small capacity
increase can be gained by further refinement of the analysis before Horizontal Shear controls and that the stub is at
capacity.

Allowing the surface resultants to be nonparallel creates multiple equations with multiple unknowns, requiring a
complex iterative approach to achieve a solution. In selecting trial values for V and P, recognize that adjustments in
shear have a 3x effect on shear stress when considering von Mises stress.

Considering that the stub was controlled by the maximum normal stress at a point, and not the von Mises stress along
the plane, consider maximizing stress along one of the surfaces while keeping the peak normal stress on the stub beloy
the yield limit. Knowing that the vertical surface controlled over the horizontal surface for the first iteration, aim to
maximize the stress along the vertical surface. To decrease the moment on the stub while increasing calculated capacit
an increase to the amount of shear along the vertical surface is necessary.

Cawp

Figure 13: Refined Corner Check for Diagonal Member M2

G5.2.4a Determine Trial Forces and Overall Capacity with All Forces a Function of V:

G5.2.4al - Horizontal Surface:
Solve the von Mises stress relationship for the axial force on the horizontal surface so that P, is a function of V,,

2
Fy =0 +371
2 2
2 Pv Vv
Fy = +3
Lt Lt
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4a2 Vertical Surface:
Solve for the forces acting on the horizontal surface as a function of the forces acting on the vertical surface

Constrain final resultant to be parallel to member to avoid bending in member

Ph + VV
atan = O\p
Vh + PV
Constrain moments about work point to balance (i.e. XMyp =0)

Ly L,
ZM =0="Py 7 + Cywp |~ Vh'eh.wp - Py ? + Chwp | T Vv'ev.wp

Solve two equations for P, and Vy,

Py, = tan(By)- (Vi + Py) - V,

Ly Ly
Py: 7 tCywp |t VV'eVAWp - Py 7 *+ Ch.wp

Ch.wp

Vih =

Substitute for P, and V,, combine terms and simplify

Ly L,
Py 7 tCywp |t VV'ev.wp - Py 7 * Ch.wp

Ch.wp

Ph = tan( 9M2) .

+P,| -V,

2'VV'(eh.Wp - evlwp-tan(GMz)) + PV-LV~tan(9M2)

(Lh + Z-ev_wp)-tan(GMz) = 2-Cpwp

Py =
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4a3 Trial Force Substitution:
Choose a value for the shear on the vertical surface (V,) that gives a calculated capacity above that of Basic Corner
Check.

Recall:  Cpee = 662 kip Therefore, V, = 247.26 kip
select

2
3
P, = J FoL o - 300, = j (53.0ksi)2~(36.21n)2-(gin) — 3.(400kip)” = 197kip

2'VV'(eh.Wp - evlwp-tan(GMz)) + PV-LV~tan(9M2)
(Lh + Z-ev_wp)-tan(GMz) = 2-Cpwp

P < 2-400kip-(14.0in — 7.6in-tan(60deg)) + 197kip-36.2in-tan(60deg)

P, =

b . . : - 308kip
(25.3in + 2-7.62in)-tan(60deg) — 2-14.0in
Lh Lv

Py 7 tCywp |t VV'eVAWp - Py 7 *+ Ch.wp

V), =
Ch.wp
25.3i 36.2i

308kip~( . =+ 7.62in) + 400kip-7.62in — 197kip-( = 14.0in)

V), = = 212kip

14.0in

Crec = J (Vi P+ (Vy + P) = J @12Kip + 197kip)* + (400kip + 308kip)? = 818kip

Total member capacity
Vy =400 2-818kip = 1635kip

\f—Pv =197

V, =212
P, = 308 |
*wp

Figure 14: Refined Corner Check Resultants with Resultants Not Parallel to
Member

If the stress checks are adequate, this combination of forces would give a capacity greater than that calculated by
Basic Corner Check, but still below Horizontal Shear. Proceed knowing that the vertical surface already is at maximun
capacity and does not need to be checked.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4a4 Horizontal Surface Check: Nonparallel Resultants

ot = J 0.2 + 31,2 =+ (32.4ksi)? + 3-(22.3ksi)? = 50 4ksi < F, = S3ksi

Since the von Mises stress on the horizontal surface is less than the yield strength of the gusset plate, the vertical
surface does control over the horizontal surface.

G5.2.4a5 - Remaining Portion (Stub) Check: Nonparallel Resultants
Calculate equivalent concurrent forces for vertical member

Crcc 818kip
F = OpForcey3- [ —— | = 1073kip- | ————| = 709ki
ReeMs P M3 OpForceyy, P —1238kip P
C=709
C=818

C = 867 —| C=1293

Figure 15: Concurrent Member Capacities (per plate) Based on Refined Corner
Check (Subject to Stub Check and Buckling Check)

Check remaining portion of the gusset plate outside of the corner and chord. Select a Section Q that

encompasses all force applied by member M3. Frocms

Lo=359in

eqQup = 12.91n -

Opz = 91.9-deg

eps = 9.9in

L, =36.2in d gl

Chwp = 14.0in “‘E & Q
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

Figure 16: Remaining Gusset Plate Stub

G5.2.4a5 - Remaining Portion (Stub) Check Cont.: Nonparallel Resultants
Calculate forces Pg and V, along Section Q
Pq = Frecms sin(Bys) — V, = 709kip-sin(91.9deg) — 400kip = 308kip

Vg = —Freemycos(Oys) + Py = ~708kip-cos(91.9deg) + 197kip = 220kip

Calculate moment M, acting at Qyp

L, LQ )
Mq = Py > + Chwp ~ €Quwp | — VV'T + FRCCAM3'Sln(9M3)'eM3

36.2i 35.9i
Mg = 197kip-( = 14.0in - 12.9in) — 400Kip-22= 4 709kip-sin(91.9deg)-9.9in = 3620kip-in
3
2 (359in)%2in
Lot 3
S - = 80.6in
6 6
P 308ki
op = LQ _ 1;’ — 22.9ksi
-t
Q 35.9in-§in

_ [Mol _ [3620kip-in|
s

= 44 .9ksi

Om
80.6in°

As before, with the first iteration of the Refined Comer Check, peak normal stress on the stub is greater than the yield
stress limit. Input forces could be scaled down as was done previously, but changing the input values directly may
be more efficient at calculating a more accurate final capacity. In the next step of this example, a new input value for
V, aiming to decrease further the peak normal stress on the stub will be chosen.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4b Second lIteration:
G5.2.4b1 Choose Trial Forces:
Increase the shear on the vertical surface to increase capacity and decrease peak normal stress on the stub.

V, = 405 kip

2
3
P, = J FoL o - 300, = j (53.0ksi)2~(36.21n)2-(gin) — 3.(405kip)” = 163kip

2'VV'(eh.Wp — evlwp-tan(GMz)) + PV-LV~tan(9M2)
(Lh + Z-ev_wp)-tan(GMz) = 2-Cpwp

P < 2-405kip-(14.0in — 7.6in-tan(60deg)) + 163kip-36.2in-tan(60deg)
h (25.3in + 2-7.62in)-tan(60deg) — 2-14.0in

Ly Ly
Py 7 tCywp |t VV'eVAWp - Py 7 *+ Ch.wp

Ch.wp

Py =

= 259kip

Vih =

25.3i 36.2i
259kip~( . =+ 7.62in) + 405kip-7.62in — 163kip-( - = 14.0in)

Vi - = 220ki
h 14.0in P

Crec = J (Vi P+ (Vy + P) = J (220Kip + 163kip)® + (405kip + 259kip)? = T66kip

3\ V=405
\B—P, =163

Figure 17: Refined Corner Check Resultants with Resultants Not Parallel to
Member

If the stress checks are adequate, this combination of forces would give a capacity greater than that calculated by
Basic Corner Check, but still below Horizontal Shear. Proceed knowing that the vertical surface already is at maximun
capacity and does not need to be checked.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4b2 Horizontal Surface Check: Nonparallel Resultants

Py 259k Vh 220k
o= T = — 7P 57 9ksi The T — =P 230ksi
t t
h (25.3in)-(§in) h (25.3in)~(—inj
2 2 "2 2 . .
Comh = J o+ 3T, = \/ (27.2ksi)” + 3-(23.1ksi)” = 48.4ksi < F,=53ksi

Since the von Mises stress on the horizontal surface is less than the yield strength of the gusset plate, the vertical

surface does control over the horizontal surface.

G5.2.4b3 Remaining Portion (Stub) Check Cont.: Nonparallel Resultants
Calculate equivalent concurrent forces for vertical member

Crcc 766kip
F = OpForcep 3 |——| = 1073kip- |—————| = 664ki
ReeMs P M3 OpForceyy, P —1238kip P
C =664

C =766

lo elo of
|je 000
lo olo o
ooloo
le o0 o
o o0 0
o 0lo ol
ERCIEN-Y
o oo ol
[[oefo o
© 0,00
|0 oo o
N, | |
0_0_0_0_
©00000000BOOODOOO0OOOOO
o © ©o ooocwoooo o O
c © © ©o oodoooco o©
C=813 » o © o © ocoocoooo o . C=1212
o © © o©ooocoo0oO0 © O
©00000C000O0OGCGCOO0O0OCOOOCO 0

Figure 18: Concurrent Member Capacities (per plate) Based on Refined Corner
Check (Subject to Stub Check and Buckling Check)

Check remaining portion of the gusset plate outside of the corner and chord. Select a Section Q that
Frecms

encompasses all force applied by member M3.

) 5
Lo = 35.9in
Coup = 12.91in
9M3 = 919deg : .,0 2o °_I pr
oz ® —

ey = 9.9in g \ Lewl e | ¢

ofi . e q,c|
L, =362in ; e +
Chwp = 14.0in Figure 19: Remaining Gusset Plate Stub
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4b3 Remaining Portion (Stub) Check Cont.: Nonparallel Resultants

Calculate forces Pg and Vy along Section Q
Pq = Freemssin(Bys) — Vy, = 664kip-sin(91.9deg) — 405kip = 259kip

Vo = —Frecmacos(Oys) + Py = —664kip-cos(91.9deg) + 163kip = 185kip
Calculate moment M, acting at Qyp

L, LQ )
Mq = Py > + €hwp — €Quwp | — VV'? + FRCC.M3'Sln(9M3)'eM3

36.2in 35.9in

Mg = 163kip-( + 14.0in — 12.9inj — 405kip- + 664kip-sin(91.9deg)-9.9in = 2440kip-in

3
2, (35.9in)>-2in

L

6 6

p 259ki
op = LQ - f — 19.2ksi

-t
Q" 359in-Zin
8

M 2440kip-i

"= Mol _ 2adokipein] _ o, o

S 80.7in3

The peak normal stress on the stub is now less than the yield stress limit. Proceed with checking the von Mises
stress on the stub and the plate for buckling.

Since op + o) <F, and oy > 6p, use ¢ in von Mises equation based on ¢ at 0.6*L (Refer to Appendix A)

o6 = 0.6-(0p + o) = 0.6:(19.2ksi + 30.3ksi) = 29.7ksi

2 29.7ksi )
= (1o [ 25 Zos3
53ksi

T = 2:(0.58)-F, = 0.83:(0.58)-53ksi = 25.5ksi

Vo 185kip
Lot

vQ = 13.8ksi < TN = 25.5ksi

3
35.9in-—in
8

Therefore, remaining portion of gusset plate is adequate for this combination of forces.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4b5 Buckling Check: Nonparallel Resultants
Check buckling due to axial forces on surfaces (refer to Appendix B)
G5.2.4b5a Short Span Buckling Check:

For this gusset plate, the short span corresponds to the vertical surface

Fo = 42.1ksi See Basic Corner Check
P 163k
o=o,= L_V = 12.0ksi
-t
v 36.2in-—in
S A L1 T
-t
v 36.2in-—in
o (o) 2 120ksi 12.0ksi | 2
OPrinciple = E + (Ej +7T = .2 + ( .2 j + (29.8ksi)” = 36.4ksi < F, =42.1ksi

The principle stress is less than the critical buckling stress; therefore, buckling is not a concern.

G5.2.4d2 Long Span Buckling Check:

Treat as flat rectangular plate with one non loaded edge fixed and the remaining edges clamped

Not a concern as a/b <0.75 See Basic Corner Check

Crec = 766 kip
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4¢c Final Iteration:

G5.2.4c1 Choose Trial Forces:
Decrease the shear on the vertical surface while increasing the axial force to increase capacity and maximize the
utilization of the stub by increasing peak normal stress on the stub.

V, = 404 kip

2
3
P, = J FoL o - 300, = j (53.0ksi)2~(36.21n)2-(ginj — 3.(404kip)” = 170kip

2'VV'(eh.Wp — evlwp-tan(GMz)) + PV-LV~tan(9M2)
(Lh + Z-ev_wp)-tan(GMz) = 2-Cpwp

p 2-404kip-(14.0in — 7.6in-tan(60deg)) + 170kip-36.2in-tan(60deg)
h =

P, =

: , : = 268kip
(25.3in + 2-7.62in)-tan(60deg) — 2-14.0in
Lh Lv

Py 7 tCywp |t VV'eVAWp - Py 7 *+ Ch.wp

V), =
Ch.wp
25.3i 36.2i

268kip-( =+ 7.62in) + 404kip-7.62in — 170kip-( = 14.0in)

V), = = 218kip

14.0in

Crec = J (Vi P+ (Vy + P) = J 218Kip + 170kip)® + (404kip + 268kip)? = T76kip

v = 404
P =170

Figure 20: Refined Corner Check Resultants with Resultants Not Parallel to
Member

If the stress checks are adequate, this combination of forces would give a capacity much greater than that calculated
by Basic Corner Check, but still below Horizontal Shear. Proceed knowing that the vertical surface already is at
maximum capacity and does not need to be checked.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4c2 Horizontal Surface Check: Nonparallel Resultants

Lyt 3.\ Lyt
h (25.3in)-(§in) Lt (25.3in)~(%inj

ot = J 0.2 + 31,2 =+ (28 2ksi)? + 3-(22.9ksi)? = 48 Sksi < F, = S3ksi

Since the von Mises stress on the horizontal surface is less than the yield strength of the gusset plate, the vertical
surface does control over the horizontal surface.

G5.2.4¢3 Remaining Portion (Stub) Check: Nonparallel Resultants
Calculate equivalent concurrent forces for vertical member

Crec 776kip
F = OpForcep3: |——| = 1073kip- |—————| = 673ki
RCC.M3 M3 OpForcersy p Z1238Kip p
C =673
C=776
C=823 —m—s S 3 3 2020203 3 3 l=e— C=1228

Figure 21: Concurrent Member Capacities (per plate) Based on Refined Corner
Check (Subject to Stub Check and Buckling Check)

Check remaining portion of the gusset plate outside of the corner and chord. Select a Section Q that
encompasses all force applied by member M3.

Frecms
5
Lo = 35.9in
Coup = 12910
Oy = 91.9-deg g
e = 9.9in '”:E
L, =362in

Chwp = 14.01n Figure 22: Remaining Gusset Plate Stub
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4¢3 Remaining Portion (Stub) Check: Nonparallel Resultants
Calculate forces Pg and Vy along Section Q

Pq = Freemssin(Bys) — Vy, = 673kip-sin(91.9deg) — 404kip = 268kip
Vo = —Frecmycos(Oys) + Py = ~673kip-cos(91.9deg) + 170kip = 192kip

Calculate moment M, acting at Qyp
L, Lq .
Mq = Py > + €hwp — €Quwp | — VV'? + FRCC.M3'Sln(9M3)'eM3

36.2in 35.9in

Mg = 170kip-( + 14.0in — 12.9inj — 404kip- + 673kip-sin(91.9deg)-9.9in = 2670kip-in

3
2, (35.9in)>-2in

L
6 6
p 269ki
op = LQ - f — 19.9ksi
-t
Q 35.9in-§in

_ Mol _ [2670Kkip-in|
S

= 33.1ksi

M
80.7in3

The peak normal stress on the stub is now equal to the yield stress limit. Proceed with checking the von Mises stress
on the stub and the plate for buckling.

Since op + o< F, and oy > 6p, use ¢ in von Mises equation based on ¢ at 0.6*L (Refer to Appendix A)

o6 = 0.6-(0p + o) = 0.6:(19.9ksi + 33.0ksi) = 31.8ksi

006 31.8ksi )
o =28 o o[22 Z 080
Fy 53ksi

% = 02:(0.58)-F, = 0.80-(0.58)-53ksi = 24.6ksi

Vo 192kip
Lot

vQ = 14.3ksi < TN = 24.6ksi

3
35.9in-—in
8

Therefore, remaining portion of gusset plate is adequate for this combination of forces.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.4c4 Buckling Check: Nonparallel Resultants

Check buckling due to axial forces on surfaces (refer to Appendix B)
Gb5.2.4c4a Short Span Buckling Check:

For this gusset plate, the short span corresponds to the vertical surface

Fo = 42.1ksi See Basic Corner Check
P 170k
o=o,= L_V - 12.5ksi
-t
v 36.2in-—in
po v A08KID g o
-t
v 36.2in-—in
o (o) 2 125k 12.5ksi |2 2
OPrinciple = E + (Ej +7T = '2 + ( .2 j + (29.7ksi)” = 36.6ksi < F, =42.1ksi

The principle stress is less than the critical buckling stress; therefore, buckling is not a concern.

G5.2.4c4b Long Span Buckling Check:
Treat as flat rectangular plate with one non loaded edge fixed and the remaining edges clamped

Not a concern as a/b <0.75 See Basic Corner Check

Crec = 776 kip (RCC I}lotng)arallel Resultants Capacity
per plate

Total member capacity

1 1 2-776kip = 1553kip
CRCC — YpL’ EDLMZ 776klp - 1.3 5—714klp
ORF = = =2.02
Ree 1 1.3-|-238kip|
v [~ LLmo
2
1 . 1 .
CRCC — YpL’ EDLMZ 776klp - 1.3- 5—7141(113
IRF = = =1.21
Ree 1 2.17-|-238kip|
VinvLL® ELLMZ

This solution increases ratings to a level that is likely acceptable.
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Gusset Plate Evaluation Guide
Example 5 - Compact Gusset Plate with Short Vertical Buckling Length

Load Factor Rating (LFR) Method

G5.2.5 Evaluation Summary:
C=1346

C =1553

|°°°°°°0Ddoooo
900000000000 GO

\,
000 0QCO0OCO0CO0OO0O ‘Q_ o IO o000 ©0O0O0OO
o o o ] U\'-_O o 0 0 -] -] -]
- ) o o o =] o o .6«_' L= = < I =} o o o -
C - 1647 o -] [+] [+] 00 0CO0O0CO0 o o o C - 2456
o o o o 00000 -] -] o
0 00O0C0OOQCO0OO0CO0OCO0CO0OCO0OO0CO0OO0CO0OCO0CO0OO0CO0O

Figure 23: Concurrent Member Capacities Based on Refined Analysis (for Gusset Plate Pair)

Limit State . Gussjet Plate Pair -
Operating Rating |Inventory Rating

Fasteners 6.41 3.84
Vertical Shear 2.96 1.77
Heorizontal Shear iaad 282
Partial Shear Yield” 034 020
Whitmere Compression +49 639
Tension 4.50 2.70
Block Shear 3.65 2.19
Chord Splice 7.97 4.77
Horizontal Shear (QQ Calc.) 4.63 2.77
Basie Corner Cheek’ 128 0.77
Refined Corner Check 2.02 1.21 Controls

1 Superceded by Horizontal Shear with Q calculated.
2 Superceded by Basic Corner Check (see 3).
3 Superceded by final iteration of Refined Corner Check.

By refining the analysis calculations using the approach presented above, the Operating Rating is increased by
500%. Possible repairs to the gusset plate to achive an appropriate load rating are no longer required.
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

Example 6 is a four member gusset plate (no vertical) with a medium buckling length between diagonals. It is not a
compact gusset plate and no members are chamfered. A band of deterioration exists just above the bottom chord,
below the compression diagonal. The calculations apply to one of the two gusset plates.

G6.1 Gusset Plate Material, Geometric, and Loading Properties:

Material Properties

Fy = 53ksi
F, = 80ksi

E = 29000ksi
v =203

Plate Thickness

t = —in [
2 |

Member Angles

Oy = 50.47deg
Oms = 68.23deg t=3" t=035" t=025" Hole
Figure 1: Basic Geometry of Gusset Plate
Unfactored Member Forces Per Gusset Plate Pair
M3

LLy; = 84kip M2 DL = 549

. DL =646 LL =137
DLy = 337 kip LL =162

LLyy, = 162 kip
DLy, = —646 kip
LLys; = 137kip
DLy3 = 549 kip
LLM5 = —68 klp
DLM5 =272 klp

/
o o o [+] M5
=] =] -]

M1 © 0 o 6 0 0 -
DL=337 —e— & ISt NIt ol |e—DL=272
LL =84 ©DOOOO0OOOOOOO0O0O0O0OC 0O LL =68

Figure 2: Concurrent Member Forces Transferred to Two Gusset Plates

Member forces based on NCHRP Project 12-84 loads with an assumed Dead Load to Live Load ratio of 80/20.
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.1 Gusset Plate Material, Geometric, and Loading Properties Cont.:
Factored Forces Acting on Gusset Plate Pair
InvForcey; = Vv LLvn + Yoo DLy = 2.17-84kip + 1.3-337kip InvForcey; = 621 kip
OpForcen; = Yoo Loy + YpL DLy = 1.3-84kip + 1.3-337kip OpForcey; = 548 kip
InvForcey, = —1191 kip
OpForcey, = —1050kip
InvForcey3 = 1012 kip
OpForcey ;3 = 893 kip
InvForcey s = =502 kip
OpForcey s = —443 kip

F =893

F =1050

—~—— F =443

Figure 3: Concurrent Member Operating Forces
Transferred to Two Gusset Plates
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and

Deterioration

Load Factor Rating (LFR) Method

G6.1 Gusset Plate Material, Geometric, and Loading Properties Cont.:

Deterioration Defined

Laa=10.6in
Lgg = 6in
Lee=9in
Lpp=10.5in

LEE =2lin

t t L
= = —1n

AA P

tmiaee = 0.251n
tagie = 0.351n
tce = Oin

tmia.op = 0.251n

tadj.DD =0.351in

1,
tEE:t:—ln
2

Lyw = 30.1in
Lyx = 1.09in
Lyy = 2.08in
Lyz = 0.75in

1,
tWW:t:—ln
2

tXX = 0in
1

tYY:t: —In
2

tZZ =0.35in

o0 0 000008000000
| 10.61 6.00 9.00 | 10.50 | 21.00
Laan Les Lec  Loo Lee

t=4" t=035" t=025" Hole

Figure 4: Deterioration Lengths along Horizontal Defined

T
~

- o
- ]
o o
o c‘:w c
2o g
§" no—
- ;E;:u
J—'H
() _|I
[

i

] N
t=4" t=035" t

0.25" Hole

Figure 5: Deterioration Lengths along Vertical Surface of and Short Gap
Buckling for Corner Check Defined
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2 Evaluation Approach:

In accordance with the 2014 Interim Revisions to the Manual for Bridge Evaluation, Second Edition, the following
gusset plate limit state checks were done:

(a) Fastener strength (L6B.2.6.1)

(b) Vertical shear resistance (L6B.2.6.3)

(c) Horizontal shear resistance (L6B.2.6.3)

(d) Partial shear yield resistance (L6B.2.6.3)

(e) Compressive (Whitmore) resistance (L6B.2.6.4)
(f) Tension strength (L6B.2.6.5)

(g) Bock shear resistance (L6B.2.6.5)

(h) Chord splice capacity (L6B.2.6.6)

Load Factor Rating Summary for Example 6

. Gusset Plate Pair
Limit State - - -
Operating Rating |[Inventory Rating
7/8 in. diam A325 threads excluded fasteners
Fasteners 4.81 2.88
Vertical Shear 3.60 2.16 Q =0.88 with splice plates included
Horizontal Shear 1.45 0.87
Partial Shear Yield 0.49 0.29 Controls
Whitmore Compression 1.04 0.62
Tension 6.76 4.05
Block Shear 3.99 2.39
Chord Splice 60.0 36.0

When the Partial Shear Plane Yield and/or Whitmore Compression capacity checks control and indicate a less than
acceptable rating, more rigorous evaluation should be performed.

The following more rigorous rating checks are performed in Example 1:

(1) Horizontal shear capacity - Q calculated: Supercedes Horizontal Shear with Q =0.88.

(2) Basic Comer Check capacity (BCC): Replaces Partial Shear Plane Yield and Whitmore Compression capacity che:
(3) Refined Corner Check capacity (RCC): Supercedes BCC unless BCC indicates acceptable rating.
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q):

Global shear check along horizontal plane
parallel with bottom chord. Shear force
calculated using horizontal component of
diagonal member forces. Gross section
selected at bottom fastener of diagonal
members to achieve maximum eccentricity.
Net section calculated through bottom
chord fastener holes. Q calculated using
Drucker formula.

— Shear Yield Plane
Shear Rupture Plane

'\\\

A

o 0 000 O0O0COCOCOOOC|0O 0 O0C OO OO0

L=571in L |

eps = 7.1in Figure 6: Horizontal Shear Between Web and Chord Members
M= V-eHS

dh =1lin

Npole = 19

A, = t(L = npgedy) = —in'[57.1in - (19)-1.0in] = 19.1in”

1
2
G6.2.1al Gusset Plate Effective Thickness:

To account for strain hardening of the material, determine an effective thickness based on the proportion of
the material ultimate strength to yield strength and limited by the actual thickness of the adjacent plate. This
effectively bases the capacity calculation on F, instead of Fy. Note that the deterioration is a "narrow band."

Actual material thickness along line of interest
tmid.BB =0.25in

Material thickness adjacent to line of interest
tadj.BB =0.35in

Effective material thickness when considering strain hardening

. Fy . . 80ksi . . . . .
terrBB = MIN| tyiq BB > tagj.BB | = min| 0.25in- -,0.351n | = min(0.38in,0.35in) = 0.35in
Fy 53ksi

tmid.DD =0.251in

tadj.DD =0.351in

i Fy ) . 80ksi . . . . .
tefrpp = MiN| tyig pp = tagj.pp | = | min| 0.25in- -,0.35in | = min(0.38in,0.35in) = 0.35in
Fy 53ksi
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Gusset Plate Evaluation Guide

Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.1a2 Deteriorated Gusset Plate Section Properties:
G6.2.1a2.1 GrossArea:

Ag = Laataa + Leptesr + Loctec + Loptestpp + Lee tee
1 1
Ag = (10.6in-5in + 6in-0.35in + 9in-0in + 10.51nj-0.35in + 21.Oin~5in = 21.6in2

G6.2.1a2.1 Plastic Moment Capacity:

Assume that the plastic neutral axis lies within rightmost deteriorated zone (Section DD)
Apnaleft = Laataa + Lep-tefres + Locrtee + (LDD - Y)'teff.DD
ApNa right = LEEtEE + Y teftDD

Set areas to the left and right of the plastic neutral axis equal to one another and solve for location of the plastic
neutral axis with respect to the right edge of gusset

Laataa + Lep-tesre + Loctec + |:LDD - (YPNAr - LEE)]'teff.DD = Lgptgg + (YPNAr - LEE)'teff.DD

(LAA'tAA + LppterreB + Lectoe + Loptefrpp + LEE'teff.DD) - LEE'(tEE - teff.DD) = 2ypNar teff DD

(LAA'tAA + Lpp-tefreB + Lectee + Lpptestpp + LEE'teffADD) - LEE'(tEE - teff.DD)

YPNAr =
2-tetrDD

(10.6in-%in + 6in-0.35in + 9in-0in + 10.5in-0.351in + 21.0in-0.35inj - 21.0in~(%in - 0.35inj

YPNAr = = 21.8in

2-0.35in

Determine distance between centroids of left and right areas

Laa Lpp
(LAA'tAA)' L - ypnar— BN + (LBB'teff.BB)' L — ypnar— Laa - B

L — ypnar— Laa — Leg - Lccj
2

Lcc
+ (LCC'tCC)'(L — ¥pNar— Laa — Lpg — Tj + (LDD'teff.DD)'(

Ybar.left =
Laataa + Lpptess + Lectee + [ Lop - (vpnar— LEE)]'teff.DD
.1 . . 10.6in
10.6in-—in |-| 57.1in — 21.8in —
2 2
. . . . . 6in
+(6in-0.35in)-{ 57.1in — 21.8in — 10.6in — T
57.1in — 21.8in — 10.6in — 6in — 9i

+0in° + (10.5in-0.35in)~( = = . Sl mj

Ybar.left = = 20.6in

1
10.6in-5in + 6in-0.35in + Oin2 + [10.5in — (21.8in — 21.0in)]-0.35in
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.1a2.1 Plastic Moment Capacity Cont.:

L y - L
(LEE'tEE)~(YPNAr - %j + [(yPN Ar — LEE)'teff_DD]'( WJ

Ybar.right =
Lgg-tgg + (YPNAr - LEE)'teffADD

1 21.0i 21.8in - 21.0i
(21.0111-5111)-(21.8111 -= mj + [(21.8in — 21.Oin)-0.35in]~(Mj

2 .
Ybar.right = = 11.0in

1
21.Oin~5in + (21.8in — 21.0in)-0.35in

A= Yparleft T Ybar.right = 20.6in + 11.0in = 31.6in

3161
Mp = (Ag-%)-Fy - (21.6111- . m)-53ksi — 18100kip-in

G6.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q) Cont.:
Calculate Q using Drucker formula instead of using AASHTO-specified Q=0.88

M 025 Drucker Formula [1]
V=V, 1l -|— V=0QV,
M,

Vp = (0.58)-F,A, = (0.58)-53ksi-21.6in> = 663kip

Substitute V= Q*V into Drucker formula and rearrange to solve for Q using plastic shear and moment capacities

Requires iterative process
since V is proportional to Q.
Can substitute AASHTO
0.25 ] 1025 specified value of Q =0.88

0= (1 B Q'VP'GHS) _ (1 B Q~663k1p'7.11nj ~ 093 on right side of equation as a

Mp 18100in-kip first estimate of Q. Result
shown is the calculated value
of Q after performing
necessary iterations.

0.25
Q'Vp'eHsj

QV,= V|1 -
’ p( MP

by = 1.0
dyy = 0.85
Cy = Py, (0.58)Fy- Ay = 1.00(0.58)- 53ksi-21.6in>-(0.93) = 619kip

Cy = Py (0.58)Fy A, = 0.85(0.58)-80ksi-19.1in = 752kip

Horizontal Shear Capacity

Cps = min(Cy, Cy) = min(619kip, 752kip) = 619kip (per plate)
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Gusset Plate Evaluation Guide

Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q) Cont.:

Determine capacity of member M2 based on Horizontal
Shear

OpForceyyp ~1050kip

= 656ki .
548kip — (—443kip) P Total member capacity
2-656kip = 1312kip

Cusmz = Cus:

= 619kip-
OpForcey;; — OpForceyys

Cus.m2 — VoL %DLMZ 656kip — 1.3 ‘%-—646kip
ORFys = " = 1 =225
YL ELLMz 1.3 ‘5'—162kip
Cus.m2 — YoL- %DLMz 656kip — 1.3- ‘%~—646kip

IRFyg = 1 = 1 =135
—LLyp 2.17- ‘E-—mkip

NInv.LL' 5

[1] Drucker, D., The Effect of Shear on the Plastic Bending of Beams, American Society of Mechanical Engineers,
NAMD Conference, Urbana, IL, June 1956
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and

Deterioration

Load Factor Rating (LFR) Method

G6.2.2 Basic Corner Check:

The Basic Comer Check is a first-principles analytical approach utilizing fundamental steel design theory to
conservatively calculate gusset plate limit state capacities at critical cross sections. This check is used to evaluate
equilibrium and stability of a gusset plate "comer" bounded by horizontal and vertical planes that create the
smallest section encompassing all fasteners of the diagonal member. The diagonal member force is assumed to be
resisted by a combination of shear and normal forces acting on the vertical and horizontal surfaces bounding the
"corner". Von Mises stress calculated on the surfaces is limited to the yield strength of the gusset plate. For
simplicity and to avoid bending in the members, the resultant of each surface must pass through the work point.
The "corner" will be adjusted in terms of location and plate thickness to accommodate deterioration.

|_h ev,wp
o /
o o
o / /40"
2 o ]
N @ AO o V / o °\\O\a°
ao o o v / BTN
\00 © o P, / ° o' o
& ove’, v v/ o e
Ne o\e | </ \ 2
e / o 6, o
A2, o v o / o
AN " 3| o
] O\o = /
© cf{ v { N
N + /
N> |
1 > )
s N\ f
Vh 9'/ 1 I
P h1 ‘—1 |I % o 0000 [+] ] : o o
h ;}Lh+eva |WP 1 o c6 ©o o o © owjo o o
' o o o o o oo o o
0O 00CO0O0OOO®O©O®OOCOCOCOOCO®OO0 0

Figure 7: Basic Corner Check for Diagonal Member M2
Calculate resultant angles from the work point

L, =284in hwp = 7.1in

L, =34in ey.wp = 7.8in
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.2a Horizontal Surface Check:

Since L;, <L, set (and there is more deterioration on the horizontal surface than the vertical surface) von Mises stress

on horizontal surface equal to plate yield strength. After stresses on both surfaces are determined, verify assumption
that horizontal surface is critical (i.e. reaches von Mises yield before vertical surface).

G6.2.2al Deteriorated Gusset Plate Section Properties:

Determine area and location of centroid for horizontal surface, considering deterioration
Ap = Laataa + Lep-tesr + Loctee + (Lh —Laa—Lpp— LCC)'teff.DD

1
Ap = 10.6in-zin + 6in-0.35in + Oin-9in + (28.4in — 10.6in — 6in — 9in)-0.35in = 8.37in2

Laa Lpg Lec
(LAA'tAA)'T + (LBB'teff.BB)'(LAA + Tj + (LCC'tCC)'[LAA + Lpp + Tj

(Lh —Laa—Lep-— Lcc)

+[(Lh —Laa—Lpp - LCC)'teff.DD:l' Laa+ Lpp + Lec +

2
Ybar.left =
Laa'taa + Lgterts + Loctee + (Lo = Laa = Los — Lec) tetrop
1 10.6i 6i o;
(10.61113111)- . g (6in-0.35in)-[10.6in + %j + (9in-0in)-[10.6in + 6in + %j
28.4in — 10.6in — 6in — Oi
+[(284in — 10.6in — 6in - 9in)-o.351n]-[10.6in + 6in + 9in + o0 2‘“ in IH)J
Ybar.left =

1
10.6in'5in + 6in-0.35in + 9in-0in + (38.4in — 10.6in — 6in — 9in)-0.35in
Ybar.left = 9.9in

G6.2.2a2 Determine Horizontal Surface Resultants:

Ch. 7.1i
O, = atan bl = atan - H.l — | = 15.2deg
Li + €ywp — Yoarleft 28.4in + 7.8in — 9.9in

Ph = Vh' tan(eh)

Py, Py
O'h = —=

Vi Vi
Th = —=
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.2a2 Determine Horizontal Surface Resultants Cont.:

Substitute Py, as a function of V|, and set the von Mises stress to yield

2 2 Ph 2 Vh 2 Vh~tan( 15 Zng) 2 Vh
Fy=53ksi= oy =\l0 +37 = [|— | +3|—| = || ———————| +3
A Ap

h 8.37in° 8.37in°

Rearrange terms and solve for V;,

ApF, 8.37in>-53ksi

Vi = = 253kip

J tan(6y)° + 3 \/ tan(15 2deg)” + 3

Solve for Py,

Py, = Vj-tan(8y) = 253kip-tan(15.2deg) = 69kip

Calculate shear and normal stresses on horizontal surface

G6.2.2b Vertical Surface Check:

Determine forces and stresses on vertical surface based on horizontal surface forces and stated constraints (i.e. force
resultants to pass thru workpoint).

G6.2.2b1 Deteriorated Gusset Plate Section Properties:

Determine area and location of centroid while considering small amount of deterioration at bottom of surface.

1 1
AV = LWWtWW + LXX.tXX + LYY'tYY + Lzz'tzz = 3011115111 + 1.1in-0in + ZImEln + 0.75in-0.35in = 1641n2

(LWW'tWW)' Lyz+ Lyy + Lxx +

Lww Lxx
+ (Lxx'txx)' LZZ + LYY + T

Lyy Lzz
+(Lyytyy)| Lzz + BN (Lzztzz)- ES

Ybarv = A,
.1 . . . 30.1in o . . 1.1lin
30.11n-51n 1 0.75mn + 2.1in + 1.1in + 5 + (1.09in-0in)-| 0.75in + 2.lin + 5
1 2.11 0.751
+| 2.tin=in |-{ 0.75in + === | + (0.75in-0.35n)-| ———
2 2 2
Ybarv =

l6.4in2

Ybary = 17.6in
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.2b2 Determine Vertical Surface Resultants:

. 7.8i
ev = atan — = atan é — 174deg
Chawp T Ybarv 7.1in + 17.6in

P, = Vv~tan(ev)

Substitute P, as a function of V,,

V, + Py V, + Py V, + 69kip
O\ = atan| ——— | = atan| ——————— | = atan -
P, + V;, Vv-tan(Gv) + Vy V,-tan(17.4deg) + 253kip

Rearrange terms and solve for V,. Substitute values obtained from previously solving P, and V;,.

v P Vietan(Byp)  69kip — 253kip-tan(50.5deg) _
= = = 1
¥ tan(GMz)-tan(Gv) — 1  tan(50.5deg)-tan(17.4deg) — 1 P

Solve for P,

P, = V,-tan(8,) = 384kip-tan(17.4deg) = 120kip

Calculate shear and normal stresses on vertical surface

16.4in2
Calculate von Mises stress

Ty = J 0.2+ 31,2 = (7dksi)? + 3(23.5ksi)? = 41 3ksi < F, = 53ksi

Since von Mises stress on vertical surface is less than yield strength of the gusset plate, the horizontal surface
controls. If this had not been the case, the von Mises stress calculated on the vertical surface would have been
greater than the yield stress. The previous process would have been modified by first setting the von Mises stress
on the vertical surface to the yield stress and then determining the necessary resultants on the horizontal surface to
balance the moment about the work point.

Substitute corresponding solved forces to determine member resultant force.

Chocw = J (Vi P+ (Vy + P) = J (253kip + 120kip)® + (384kip + 69kip)° = 587kip

- BCC von Mises Capacity
/‘,(‘aj\\\ (per plate)
[} D‘P A
AR CHAN
) DD V, = 384 .
I} ’ P, = 120 Total member capacity
¥ 2-586kip = 1173kip
3
b
\.
‘e
WP

Figure 8: Basic Corner Check Resultants for Diagonal Member M2
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.2c BCC Buckling Check:

Check plate buckling due to axial forces on Basic Corner Check surfaces (refer to Appendix B). If buckling controls,
then von Mises stresses must be adjusted.

As a first pass, do not consider the distance a;, extending from the horizontal surface of the corner check shown
below which runs through the deterioration, but extending from the horizontal surface determined by the typical,
undeteriorated corner check. This would represent a worst-case buckling condition and may circumvent checking
both corer possibilities. If the buckling associated with a;, controls, this can be refined if warranted.

bh ay
Evaluate buckling capacity of
plate regions defined by the
short and long gap between
the Basic Comer Check
surfaces and adjacent member
connections.
: 7
FEMM RN L N
Figure 9: Corner Check Buckling Lengths
G6.2.2c1 Short Gap Buckling Check: o
For this gusset plate, the short gap corresponds to the horizontal surface (a;, <a,). |
ap and a,, are defined as the distances from the respective Corner Check surface to ’/35 / :
the parallel line passing through the nearest fastener in an adjacent member. //Q 5
1 3]
'
Determine effective moment of inertia for column // @
s
Lg+Lyo  68in+79n _ v/ o
Ls= = = 7.4in 035' 4 RS
2 2 //4/ a8
! 7
t; = t=—in V|
. 025" <4 08
ty=t=—m 2 at:
74
t22 = 0.35in iye !
7R
ty1 =t=—1In 0.35"/% i
3.1 S|
7 /] “
v L 1
t5, = 0.25in V7
vV ©
7
_ 1. v/, s
4y =t=—m // 73
Z
ty, = 0.35in ;4‘ =
ts =t= 1 in Figure 10: Short Gap Buckling Section View
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.2¢1 Short Gap Buckling Check Cont.:
Determine moment of inertia for different sections (1 through 5) along buckling length.

1 3
3 28.4in:| —in
Lty (2 j
Il = =

12 12

— 0.295in"

3
3 3 10.6in-| —in 3
Loty Ly — Laa) -ty (2 ) 28.4in — 10.6in)-(0.35i
=22 +( mt , 284 ) O35 _ 4 174in*
12 12 12 12

3=

3 3
Laatsy . Lpptso . (Lh — Laa—Lgp— Lcc)'t3.2
12 12 12

3
10.6in-| —in 3 3
2 . 6in-(0.25in) N (28.4in — 10.6in — 6in — 9in)-(0.25in)

L = — 0.122in”
12 12 12
3
3 3 10.6in-| —in

Laatsr”  (Ln—Laa)tsn (2 ) (28.4in — 10.6in)-(0.35in)° 4

4= = + = 0.174in
12 12 12 12
L3
3 28.4in:| —in

Ly-ts 2 4

Is= = = 0.2951n
12 12

To determine the effective moment of inertia, a lateral load of 1 kip was allowed to act on the actual section
(comprised of the moments of inertia 1 through 5 from above). The analysis, which was performed separately, showed
this load to cause a deflection 0f 0.0059".

Alkip = 0.0059in
Ikip-L

Aikip = e
0

3
_IkpLS kip(7.4in)°
12EAyg,  12:29000ksi-0.0059in

— 0.194in”

o

Determine effective buckling thickness

Lt
12

o

1 1

> 3
3
t Iy 12 0.194in" 12 03
= = = U. mn
L, 28.4in
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.2¢1 Short Gap Buckling Check Cont.:

Aeff = teff'Lh = 0.43in-28.4in = 1231112

tefr

Teff =

= 0.13in

.. 3
.NN

2
E 29000ksi
F, = == 2 83.2ksi

KLY [1.0(7.4in)]
. 0.13in
Fy [ 53ksi
F 2ksi
FooFo 1 - Y| = s3ksif 1 - XB32KT 1 5g ok

W 242
P .
o= A—h _ SKIP s ks
ff  123in
v
7= A—h = 23KP _ o4 sksi
off  123in
- oV 2 56ksi 5.6ksi > >
Oprnciple = 5+ (Ej b= ( > j 1+ (205ksi)” = 23.5ksi < Fy = 38.0ksi

The principle stress is less than the critical buckling stress; therefore, buckling is not a concern
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Gusset Plate Evaluation Guide

Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.2¢2 Long Gap Buckling Check:

Treat long gap as flat rectangular plate with one non-loaded edge fixed and the remaining edges clamped (dashed
curve D in Figure 11)

6
Long Gap Length (Figure 11) i 4 g
a=a,=8.25in 14 A LFA—I Lﬂg—l
!
\
— 1
. L L
Length of Long Side Surface (Figure 11) 12—
\ — ——
b=L,=340in \ s
1, e F}
a 8.25in
- = =0.24 == LOADED EDGES CLAMPED
b 34.0in t.o.aoiomas?szp SIMPLY ryeE oF
Because a/b is less than 0.75 (where k curve is ke ~—— vk gazED
nearly asymptotic), buckling of long gap plate A it et
is not a concern. Otherwise calculate k as
follows (using an approximate best fit function Seaae A
of dashed curve D in Figure 11): l
h.‘____“--—_—“—
a\” 1.106 — N i
k = 4.64| —
b
2 I A NT- ,
k-w-E 3 \ i N
Fe: G:nnhnu L | | L L £
) b 2 { Fs k] - 4 &
12(1 —v )(—) %
t
Figure 11: Elastic Buckling Coefficients [2]
Fy
Fe
Fee=Fy| 1 -

2+/2

Compare calculated principle stress to critical stress.

Oy
OPrinc = ? +
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Gusset Plate Evaluation Guide

Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.2 Basic Corner Check Cont.:

Since buckling of the short and long gaps are not a concern for the Basic Corner Check, no reduction in calculated
capacity is required, and capacity calculated using von Mises stress applies.

Cgcc = 586kip (BCC Flietsu)ltant Capacity
per plate

Total member capacity
2-586kip = 1173kip

1 1
CBCC — YpL’ EDLMZ 586klp - 1.3 ‘5—6461(113
ORFBCC = = = 159

1 1
—LL 1.3-|—-—162ki
) M2 ‘ ) p

ALL

1 1
CBCC — YpL’ EDLMZ 586klp - 1.3 ‘ 5—6461(113
IRFBCC = = = 095

1 1
—LL 2.17-|—-—161ki
) M2 ‘2 p

NInvLL®

If an increased rating factor is required, perform a Refined Corner Check.

[2] George Gerard and Herbert Becker. Handbook of Structural Stability, Part I - Buckling of Flat Plates, Tech. Note
3871, National Advisory Committee for Aeronautics, Washington, D.C., July 1957.
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.3 Refined Corner Check:

The Refined Corner Check removes the constraint that surface resultants pass through the work point as assumed in
the Basic Comer Check. In removing this constraint, it is important to check the portion of gusset plate outside of the

comer (Stub) and check again for plate buckling based on these resultants.

An efficient initial starting point in this iterative check is to force the resultants acting on each surface to be parallel tc
the member and then adjust shear and normal forces as necessary.

G6.2.3a Horizontal Surface Check: Parallel Resultants

|_h ev,wp
/

o £ ) /o
o o o o [0 el
o™ o o\ / oN o o [0 0.9
°D“—‘\o o °o°\0 o [ o/% of
oho g oMo g ‘o -y
o c\o ° Vv ° o' e o\ / 9 0;
\° oNo o \° o% 0 0\ ,"’o D/ o/
¢ o0 g o\ Pv 3 @ oro0 o o/ of
N O D\\o 5 . o G\o G /o 0{:0 of
o ° o\ © oo o o o;" o
\ 0\0 ) o o\n o /
o g o %8 o 4 fJ'\:! o, o/
\o o)< \ L5
o

o000 o [+] o o o o o
P o o o o o o o o o o
h WP o [+] ] o o o o o o

0O 0O0C©O0O0O0OOCOO OGSO 00006 000

Figure 12: Refined Corner Check for Diagonal Member M2

As with the Basic Comer Check, check to see if the horizontal surface is the controlling surface by setting von Mises
stress on horizontal surface equal to plate yield strength. After stresses on both surfaces are determined, verify
assumption that horizontal surface is critical (i.e. reaches von Mises yield before vertical surface).

Vv —Ph
h tal’l(eMz)

Constrain von Mises on surface to the yield stress

2 2
Oym = ,’O'h + 31, = Fy

L, =28.4in
Oy = 50.5-deg
Substitute V;, as a function of P and set the von Mises stress to yield.
Py 2
2 2 2 DN
. 2 2 Py Vh Py tan(Oyp)
Fy=353ksi=oyy=op, +31, = [|—| +3|—| = + 3| —
A Ay .2 .2
h 8.37in 8.37in
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Gusset Plate Evaluation Guide

Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and

Deterioration

Load Factor Rating (LFR) Method

G6.2.3a Horizontal Surface Check Cont.: Parallel Resultants

Rearrange terms and solve for Py,

Fy-Aytan(Byn)  53ksi8.37in’tan(50.5deg)

b= = 254kip
tan(9M2)2 +3 \/tan(SO.Sdeg)2 +3
Solve for Vy,
Py 431ki
Vi = - P 210kip
tan(GMz) tan(50.5deg)
Calculate resultants stresses on horizontal surface
P, 254k Vi 210k
oy = — = = _ 30.3ksi Th= — = & = 25 1ksi
Ah Ah

G6.2.3b Vertical Surface Check: Parallel Resultants
Constrain moments about work point to balance (i.e. XMyp =0)
V, = P,-tan(By,)
L,=34.0in
ey.wp = 7.8in
hwp = 7.1in
Vpary = 17.61n

Ybar.left = 9.9in

ZM =0= |:Ph'(Lh + Cywp ~ Ybar.left) - Vh'eh.wpi| - I:Pv'(Ybar.v + eh.wp) - Vv'ev.ij

Substitute V, as a function of P, rearrange terms and solve for P,
0= I:Ph'(Lh + Cywp — Ybar.left) - Vh'eh.wpi| - I:Pv'(Ybar.v + eh.wp) - Pv'tan(eM2)'ev.wp]

. [Pu(Ln + evp = Yoarien) = Virehwp|  254kip-(28.4in + 7.8in — 9.88in) — 210kip-(7.1in)

v [(ybar_v + eh_wp) - tan(eMz)-ev_wp] - 17.6in + 7.lin — tan(50.5deg)-7.8in

Solve for V

V, = P,-tan(Byp,) = 338kip-tan(50.5deg) = 409kip
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.3b Vertical Surface Check Cont.: Parallel Resultants

Calculate resultants stresses on vertical surface

Calculate von Mises stress on vertical surface

Cymy = J o431 = \/ (19.8Ksi)* + 3-(24.0ksi)” = 46.1ksi < F, = 53ksi

G6.2.3 Refined Corner Check Cont.: Parallel Resultants

Since the von Mises stress on the vertical surface is less than the yield strength of the gusset plate, the horizontal
surface controls, as assumed. If this had not been the case, the von Mises stress calculated on the vertical surface
would have been greater than the yield stress. The previous process would have been modified by first setting the
von Mises stress on the vertical surface to the yield stress and then determining the necessary resultants on the
horizontal surface to balance the moment about the work point.

Crec = J (Vi P+ (Vy + P) = J 210Kip + 338Kip)* + (410kip + 254kip)? = 860kip

V=410
Py =338

Figure 13: Refined Corner Check with Parallel Resultants to Member
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Gusset Plate Evaluation Guide

Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.3c Remaining Portion (Stub) Check: Parallel Resultants

Determine equivalent concurrent forces for vertical and tension diagonal per plate

Crcc 860kip
F = OpForceypz- |———| = 893kip- [—————| = 731ki
ReeMs P M3 OpForcey, P —1050kip P
C = 860 C=73
C =448 ——a—°- : S ——— C = 362

Figure 14: Concurrent Member Capacities (per plate) Based on Refined Corner
Check (Subject to Stub Check and Buckling Check)

Check remaining portion of the gusset plate outside of the corner and chord. Select a Section Q that encompasses
all forces applied by member M3.

Frecms

Lo = 28.74in
Lgp = 7.75in
Op3 = 68.23-deg
Ly cc = 10.6in  ~
L, = 34.0in
eh_Wp ="7.1in

g
€Q.wp = Ch.wp @

Figure 15: Remaining Gusset Plate Stub

Calculate forces Pg and Vy along Section Q

Pq = Frecmasin(Bys) — Vy, = 731kip-sin(68.2deg) — 410kip = 270kip

Vi = Frecmacos(8yis) + Py = 731kip-cos(68.2deg) + 338kip = 608kip
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Gusset Plate Evaluation Guide

Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.3c Remaining Portion (Stub) Check Cont.: Parallel Resultants

Determine Section Properties along Section Q

1
AQ = LSD'teff.DD + LEE'tEE = 7.75in-0.251in + 21011’1511’1 = 13211'12

Lsp Lgg
(LSD'teffADD)' BN + (LEE'tEE)' Lsp + ES

Ybar.Q =
AQ
7.751 1 21.01
(7.751n-0.351n)-( - mj + (21.Oin3inj-(7.75in - = mj
Ybar.Q = ) = 15111’1
13.2in
3 3 2 2
tefr DD LsD tgg-LEE Lsp Lgg
Ig= B + B + (LSD'teff.DD)' " YbarQ + (LSE'tEE)' Lsp + " YbarQ

1
) 3 —in-(21.Oin)3
L= 0.351in-(7.75in) N 2

Q 12 12

. 2 . 2
7.75 1 21.0
+(7.75in-0.35in)-( ; = 15.1in) + (ZI.Oin-Einj-(7.75in+ , EL 15.1in)

— 745in”

4
I 7451
S = 9 - S L — — _ 49.4in°
max(ybar_Q,LSD + Lgg - Ybar.Q) max(15.1in,7.75in + 21.0in — 15.1in)

emM3 = Ypar.Q — Lmz cc = 4.5in
Calculate moment M, acting at Qyp
Mq = Pv'(Ybar.v) = Vy'YparQ + FRCC.Ms'SiH(eMa)'em

M, = 338kip-(17.6in) — 410kip-15.1in + 731kip-sin(68.2deg)-4.47in = 2805kip-in

_ [Mol _ [280kip-in|

oM = 57ksi

Sq 49 4in’
The peak normal stress from this combination of forces is greater than the yield stress. Reducing forces to limit the
peak normal stress to be below the yield stress would reduce the calculated capacity based on the Refined Corner

Check below that already calculated using the Basic Corner Check. Instead, remove the restriction that the resultants
must be parallel and calculate a new capacity.
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and

Deterioration

Load Factor Rating (LFR) Method

G6.2.4 Refined Corner Check: Nonparallel Resultants

Since the stub was overstressed with the initial combination of forces from the Refined Cormer Check with the Parallel
Resultants, aim to have a similar combination of forces based on the Basic Corner Check as a new starting point
(rather than parallel resultants). Since the horizontal surface has controlled previously, constrain the von Mises

stress along this surface to equal the yield stress. Increasing the axial stress on this surface is the only way to

increase the overall capacity. This will also reduce the moment acting on the stub.

/,\ |_h ev,wp
//
rd /§ /e =
/ L y
// o/
/! \\ o/
v/ oo/
i / ] i
/ 3 i ol ~°f
.'I I' o /
I.' ~{o o/
I r'—
|| % o oo
1 o o °
o o
o oo

Figure 16: Refined Corner Check for Diagonal Member M2

G6.2.4a Determine Trial Forces and Overall Capacity with All Forces a Function of V,:

G6.2.4al - Horizontal Surface

Solve the von Mises stress relationship for the axial force on the horizontal surface so that V;, is a function of Py,

2 2 2
Fy =0 +37T

2 2
2 (Pn Vh
Fo=|—| +3|—
Ap Ap

G6.2.4a2 - Vertical Surface

Solve for the forces acting on the vertical surface as a function of the forces acting on the horizontal surface.
Constrain final resultant to be parallel to member to avoid bending in member.
Ph + VV
atan| —— | = Oy
Vh + PV
Constrain moments about work point to balance.
ZM =0= |:Ph'(Lh + Cywp ~ Ybar.left) - Vh'eh.wpi| - I:Pv'(Ybar.v + eh.wp) - Vv'ev.wpil
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.4a Determine Trial Forces and Overall Capacity with All Forces a Function of V, Cont.:

Solve two equations for P, and Vy,

Ph + VV
v tan(GMz) o h
_ PV'(Ybar.V + eh.wp) + Vh'eh.wp - Ph'(Lh + Cvwp — Ybar.left)
! Cyv.wp

Pv'(ybar.v + eh.wp) + Vh'eh.wp - Ph'(Lh + Cywp ~ ybar.left)

Ph+

(S
P - V.Wp -V,

tan(GMz)

Substitute for P, and V, combine terms and simplify

Ph'(Lh - Ybanleft) + Vh'(ev.wp'tan(eMZ) - eh.wp)

Ch.wp *+ Ybarv ~ ev.wp'tan(eMZ)

P. =

v

G6.2.4a3 - Trial Force Substitution:

Choose a value for the axial force on the horizontal surface (P}) that gives a calculated capacity at least that of
Horizontal Shear.

Recall:  Cpgwp = 656.14kip Therefore, select P = 125kip

Solve for the following:

= 246kip

=
Il

2 2 2
BoAY - Py j(SSksi)2~8.37in2—(125kip)2
3 3

Ph'(Lh - Ybanleft) + Vh'(ev.wp'tan(eMZ) - eh.wp)

Ch.wp *+ Ybarv ~ ev.wp'tan(eMZ)

p 125kip-(28.4in — 9.9in) + 246kip-(7.8in-tan(50.5deg) — 7.lin) 187K
= = 1
7.1lin + 17.6in — 7.8in-tan(50.5deg) P

PV'(Ybar.V + eh.wp) + Vh'eh.wp - Ph'(Lh + Cvwp — Ybar.left)

(S

V.Wp

187kip-(17.6in + 7.1in) + 246kip-7.lin — 125kip-(28.4in + 7.8in — 9.9in) .
V, = e = 399kip
.oIn

Crec = J (Vi + P+ (Vy + P) = J 246Kip + 187kip)* + (399Kip + 125kip)? = 680kip
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.4a3 - Trial Force Substitution Cont.:

2,
.\\000\‘-:*00>\ Vy =399
N©° ohg o N\ I'ir‘fp\r=187

“° °%o
e o\"Z ) RCC Resultants Nonparallel Capacity
[
\\} 5 (per plate)
" M Total member capacity
h 2-680kip = 1360kip
P, =125 LY

Figure 17: Refined Corner Check Resultants with Resultants Not Parallel to
Member

If the remaining stress checks are adequate, this combination of forces would provide a calculated capacity such that
Horizontal Shear will control the load rating.

G6.2.4b Vertical Surface Check: Nonparallel Resultants

Constrain moments about work point to balance

o oy I8TKD ro b= 2D oy
(2 - - v B a

Av 16.4in AV 16.4in
oy = J 0.2+ 31,2 =\ (11.4ksi)? + 3-(24.4ksi)? = 43 8ksi < Fy = 53ksi
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Gusset Plate Evaluation Guide

Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.4c Remaining Portion (Stub) Check - Nonparallel Resultants

Calculate equivalent concurrent forces for vertical and tension diagonal

Crec 680kip
F = OpForceyr | ———| = 893kip- | —————| = 578ki
RCC.M3 P M3 OpForcens P 1050kip p
C =680 C =578
C=355 ——— 0 0 6 o oooo o | ——-— C =286
© 00000000 o000 o0

Figure 18: Concurrent Member Capacities (per plate) Based on Refined Corner
Check (Subject to Stub Check and Buckling Check)

Check remaining portion of the gusset plate outside of the corner and chord. Select a Section Q that
encompasses all forces applied by member M3.

LQ = 28.741in
Lsp = 7.75in
Op3 = 68.23-deg N
ks
LM37CC = 10.6in
L,=34.0in
o
€Q.wp = Ch.wp

Figure 19: Remaining Gusset Plate Stub

Check the remaining portion of the gusset plate outside of the corner and chord.
Lo =28.7in
ep3 = 4.5in
Calculate forces Pg and Vy along Section Q
Py = FRCC_M3~sin(6M3) -V, = 578kip-sin(68.2deg) — 399kip = 137kip
Vi = Frecmzcos(8yis) + Py = 578kip-cos(68.2deg) + 187kip = 401kip
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.4c Remaining Portion (Stub) Check- Nonparallel Resultants Cont.:

Calculate moment M, about Section Q
Mq = Pv'(Ybar.v) = Vy'YparQ + FRCC.Ms'SiH(eMa)'em

M, = 187kip-(17.6in) — 399kip-15.1in + 578kip-sin(68.2deg)-4.5in = ~330kip-in

Determine section modulus and calculate bending and normal stresses

P 137k
op = A—Q = 2 _ 10.4ksi
Q  13.2in
M ~330kip-i
M= | S o _| lp;n' — 6.7ksi
Q 49.4in

Since op + o) <F, and oy <op, use ¢ in von Mises equation based on 0.6*L (Refer to Appendix A)

o6 = (O‘P - O'M) + 0.6-[(09 + O'M) - (crp - GM)]

o6 = (10.4ksi — 6.7ksi) + 0.6-[(10.4ksi + 6.7ksi) — (10.4ksi — 6.7ksi)] = 11.7ksi

N = §2:(0.58)-Fy = 0.98-(0.58)-53ksi = 30.0ksi
Therefore, remaining portion of gusset plate is adequate for this combination of forces.

vg=— = ——— = 30.4ksi ~< Tn = 30.0ksi
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Gusset Plate Evaluation Guide
Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.4d Buckling Check: Nonparallel Resultants
Check buckling due to axial forces on surfaces (refer to Appendix B)

G6.2.3d1 Short Gap Buckling Check:

For this gusset plate, the short gap corresponds to the horizontal surface

F.; = 38.0ksi See Basic Corner
Check
Py 125k Vh 245k
Oy = —— = ——2 ~ 10.1ksi Th:A—:—IPZI99ksl
At 15 3 ff 123in

2 2
10.1ksi 10.1ksi
Tprine = g + (3) NP . 25 j ( . Sl) + (19.9Ksi)” = 25.6ksi < T = 38.0ksi

The principle stress is less than the critical buckling stress; therefore, buckling is not a concern.

G6.2.3d2 Long Gap Buckling Check

Treat as flat rectangular plate with one non-loaded edge fixed and the remaining edges clamped
Not a concern as a/b <0.75 See Basic Corner Check

Since buckling was not a concern for the Basic Comer Check, no reduction in calculated capacity is required.

Crcc = 680kip RCC Resultants Nonparallel Capacity

(per plate)
Total member capacity

2-680kip = 1360kip

1 1
CRCC — YpL’ EDLMZ 680klp - 1.3 ‘5—6461(113
ORFyee = = = 247

1 1
—LL 1.3-|—-—162ki
) M2 ) p

ALL

1 1
CRCC — YpL’ EDLMZ 680klp - 1.3 ‘ 5—6461(113
IRFgee = = = 1.48

1 1
—LL 2.17-|—-—162ki
) M2 ) p

NInvLL

Because this result for the Refined Corner Check is greater than result from Horizontal Shear, no further iterations are
necessary.
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Gusset Plate Evaluation Guide

Example 6 - Noncompact Gusset Plate with Medium Vertical Buckling Length and
Deterioration

Load Factor Rating (LFR) Method

G6.2.5 Evaluation Summary:

C=1156

C=1360

—--—— C =573

Figure 20: Concurrent Member Capacities Based on Refined Analysis (for Gusset
Plate Pair)

Limit State . Gussjet Plate Pair -
Operating Rating |Inventory Rating
Fasteners 4.31 2.88
Vertical Shear 3.60 2.16 Ignores splice plate
Heorizontal Shear 145 087
Partial Shear Yield” 449 649
Wh#me%@emp%e&sieﬁz 104 6:62
Tension 6.76 4.05
Block Shear 3.9 2.39
Chord Splice 60.0 36.0
Horizontal Shear (QQ Calc.) 2.25 1.35 Controls
Basic-Corner Check’ +59 0:95
Refined Corner Check 2.47 1.48

1 Superceded by Horizontal Shear with Q calculated.

2 Superceded by Basic Corner Check (see 3).

3 Superceded by final iteration of Refined Corner Check.
* Not affected by shown deterioration

By refining the analysis calculations using the approach presented above, a substantial increase in the Operating
Rating can be achieved when considering the effects of deterioration.
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

Example 7 is a three member gusset plate at a bearing location (end node) with a short buckling length between
members. It is a compact gusset plate with the diagonal member chamfered. Calculations apply to one of two gusset
plates.

G7.1 Gusset Plate Material, Geometric, and Loading Properties:

Material Properties _ o

Fy = 33ksi

F, = 60ksi

E = 29000ksi ‘

v =203

Plate Thickness R
-

t = —in

Member Angles

Oppp = 45.45deg ©

Oyy = 87.17deg =

Figure 1: Basic Geometry of Gusset Plate

Note that a 3/4" doubler plate is shown at pin

Unfactored Member Forces Per Gusset Plate Pair

M2 DL=39
DL = 406 LL=109
LL =220

N

LLy; = 135kip

LLyp, = —220kip
M1
DLy, = —406 kip DL =278 —~a—y
LL =135

LLys; = —109 kip
DLy = —39kip

Figure 2: Concurrent Member Forces Transferred to Two Gusset Plates
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

Factored Forces Acting on Gusset Plate Pair

InVFOI'CCMl = A{InVLL.LLMl + ’YDL'DLMI = 217135klp + 13278klp

OpFOrCCMl = ”{LL'LLMI + ’YDL'DLMI = 13135klp + 13278k1p

F =814

N

F =536 ———t—

InvForceyy; = 654 kip
OpForcey; = 536 kip
InvForcey, = —1006 kip
OpForcey, = —814 kip
InvForcey3 = —287 kip
OpForcey 3 = —192 kip

Figure 3: Concurrent Member Operating Forces Transferred to Two Gusset Plates
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2 Evaluation Approach:

In accordance with the 2014 Interim Revisions to the Manual for Bridge Evaluation, Second Edition, the following
gusset plate limit state checks were done:

(a) Fastener strength (L6B.2.6.1)

(b) Vertical shear resistance (L6B.2.6.3)

(c) Horizontal shear resistance (L6B.2.6.3)

(d) Partial shear yield resistance (L6B.2.6.3)

(e) Compressive (Whitmore) resistance (L6B.2.6.4)

(f) Tension strength (L6B.2.6.5) - Not Applicable

(g) Bock shear resistance (L6B.2.6.5)

(h) Chord splice capacity (L6B.2.6.6) - Not Applicable

Load Factor Rating Summary for Example 7

Limit State . Guss.et Plate Pair .
Operating Rating |[Inventory Rating
Fasteners 2.67 1.60 7/8 in. diam rivets
Vertical Shear 7.25 434
Horizontal Shear 3.31 1.98
Partial Shear Yield 1.09 0.65 Controls
Whitmore Compression 2.53 1.52
Tension - -
Block Shear 11.02 6.60
Chord Splice -

When the Partial Shear Plane Yield and/or Whitmore Compression capacity checks control and indicate a less than
acceptable rating, more rigorous evaluation should be performed. When evaluating a gusset plate at an end node
such as is presented in this example, a more rigorous Horizontal Shear capacity should be determined.

The following more rigorous rating checks are performed in Example 7:
(1) Horizontal shear capacity - Q calculated: Q calculated: Supercedes Horizontal Shear with Q =0.88.
(2) Basic Cormer Check capacity (BCC): Replaces Partial Shear Plane Yield and Whitmore Compression capacity che:

Page: 3/18



Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.1 Horizontal Shear (AASHTO L6B.2.6.3 with Calculated Q):

Global shear check along horizontal planes - -
that are parallel with bottom chord. To s
determine the appropriate shear reduction T
factor, both moment and axial force acting on —
shear plane must be considered. An
effective Q will be calculated through an oo o
iterative approach for both the determination N P00
of the Operating Rating and Inventory o
Rating. e

¥
[ = 2 s ol ~ Shear Rupture Plane

[R-]
00".?//' o || @ ~ Shear Yield Plane

Because of the iterative approach, this &
check may be performed based on Ll P
knowing the controlling force from other
failure mechanism and using such a force
as a starting force. The example below will
not take advantage of such knowledge.

o 0o @ o

o 0 o o
L]

o o & o
o o

e o 9 o©
L]

o 8 o o

o
o
o
o
o

Figure 4: Horizontal Shear Between Web and Chord Members
G7.2.1a Horizontal Shear - Geometric Properties:
Account for the bottom chord not being horizontal

ePanelPoint = 2.83-deg

Determine geometric properties of member forces relative to horizontal shear yield plane. Dimensions are positive
if they are to the right of or above the plane's midpoint.

Ly =50.3in
emp = —12.9in
emp = —0.3in
em3 = 11.71n

Chrg = 13.5in

Determine section properties

5
Ag= tLy = <in-503in = 31.4in”
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.1a Horizontal Shear - Geometric Properties Cont.:
Ly = 5lin
emiu = —7.8in
eyvpu = 44in
eyvau = 11.6in
Cprgu = 13.1in
Npole = 11

dh =1lin
5. . . 2
A, = t(L - npgedy) = i [51.0in - (11)-1.0in] = 25.0in

Determine section modulus - Note that distances reported in brackets in the numerator are the distance from the
right edge of the gusset plate to the center of a particular hole.

(2.0in + 7.0in + 10.5in + 16.5in + 21.0in + 25.25in + 29.5in + 34.0in + 39.0in + 44.0in + 49.0in)-t-d},

Ybar.rightt =
Npole-t-dy

Ybar.right = 25.25in

= i-t-LU3 - nhole'i't'dhs h ZAi(di)2

1 3 1 3
I =—tLy — npge—-t-dp, ...
n 12 U hole 12 h

+— t-dy (Ybar.right - 2.Oin)2 + (Ybar.right - 7~0in)2 + (Ybar.right - 10.5i1’1)2 + (Ybar.right - 16.5il’1)2
. \2 . \2 . \2 . \2
+ (ybar.right - 21.0111) + (Ybar.right - 25'25111) + (Ybar.right - 29.5111) + (YbarAright - 34.011’1) .

+ (Ybar.right - 39‘0in)2 + (Ybar.right - 44-Oin)2 + (Ybar.right - 49'Oin)2

1 5, . \3 1 5, . \3
I, = —-—mn(51.0in)" — 11-—-—in-(1lin) " ...
RTIrE ) TR
5. . . . \2 . . \2 . . \2 . . (2
+ g n-lin:| (25.25in — 2.0in)" + (25.25in — 7.0in) " + (25.25in — 10.5in) ~ + (25.25in — 16.5in) ...

+(25.25in - 21.0in)2 + (25.25in - 25.25in)2 + (25.25in - 29.5in)2 + (25.25in - 34.0in)2 .
+(25.25in — 39.0in)> + (25.25in — 44.0in)° + (25.25in — 49.0in)°

I,= 5420in4

Ch = maX(Ybar.rightz Ly - Ybar.right) = 25.75in
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.1b Horizontal Shear:
G7.2.1b1 Horizontal Shear Yield:
G7.2.1bla Horizontal Shear Yield - First Iteration:

As a starting point, set the shear yield member forces equal to the shear yield member forces determined by following
AASHTO L6B.2.6.3.

byy = 1.0

Cy = ¢yy(0.58)-Fy- Ay 2 = 1.0-(0.58)-33ksi-31.4in2-0.88 = 529kip
Set shear from members M2 and M3 to shear yield capacity

CY = FM2'COS(9M2) + FM3'COS(9M3)

Detemine force in member M3 in terms of the force in member M2 (note that the dead load is constant and only the
live load scales in order to have the same rating value for all members).

|FM2| -13 |DLM2|j

Fyz = 1.3DLys + LLyse
M3 M3 M3 ( |LLM2|

Substitute relationship and solve for Fy,

Fyp| — 1.3|DL
Cy = Fyp-cos(Oypp) + [1.3DLM3 + LLM3-(| vl I || vl H-COS(GMz)
M2

1.3 .
Cy - cos(eM3).(1,3.|DLM3| _ | DLy, |LLM3|]

N |LLyp|
M2~ |LLM3| 'COS(GM3)
cos(OMz) + W
529kip — cos(87.17deg)-(1.3~ |30kip| — 1= |_4(|)612“;;|1;.|_|109k1p|j
— ip .
Fyp = — = 743k
M2 |-109kip| -cos(87.17deg) P

cos(45.45deg) +

| -220kip|

Determine concurrent member forces and bearing reaction for this scaled load

Fyo| — 1.3 |DL a3kl — 1.3 |-406Ki
Fyy = 1.3DLy; + LLMI'(| vl T || Mz'j = 1.3-278kip + 135kip-(| 743klp|| 22;1'(3. || 4061“"') — 493kip
M2 - 1p
Fyo| — 1.3 |DL a3kl — 1.3 |-406Ki
Fys = 1.3DLys + LLM3'(| vl T || Mz'j = 1.3-39kip + 109kip'(| 743klp|| 2231'(3. || 406k1p|) = —157kip
M2 - 1p

Rbrg = _(FM2'Sin(9M2 + ePanelPoint) + FM3'Sin(eM3 + ePanelPoint))

Ryrg = —(=743kip-sin(45.45deg + 2.83deg) + —157kip-sin(87.17deg + 2.83deg)) = 712kip
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.1bla Horizontal Shear Yield - First Iteration Cont.:
Calculate the forces acting on the the shear yield plane

Pplane = Fyia-sin(By) + Fypa-sin(By3) = ~743kip-sin(45.45deg) + —157kip-sin(87.17deg) = —686kip
Vplane = |Faia-cos(Byra) + Fapz-cos(Bygs)| = |~743kip-cos(45.45deg) + —157kip-cos(87.17deg)| = 529kip
Mpiane = FM2'Sin(9M2)'eM2 + FM3'Sin(eM3)'eM3 + Rbrg'Cos(ePanelPoint)'ebrg + Fyiemn

Mpiane = |:—743kip-sin(45.45deg)(—0.3in) + —157kip-sin(87.17deg)-(11.7in) ...| = 1550kip-in
+712kip-cos(2.83deg)- 13.5in + 493kip-(—12.9in)

Calculate bending and normal stresses on shear plane

P . .
op = | PAla“e| _ 6861“;" = 21.8ksi
& 31.4in
M . ..
oy = | :ane| _ |1550k1p31n| _ 5.0ksi
& 263in

Since op + o) <F, and oy <06p, use ¢ in von Mises equation based on 0.6*L (Refer to Appendix A)

o6 = (O‘P - O'M) + 0.6-[(09 + O'M) - (crp - GM)]

o6 = (21.8ksi — 5.9ksi) + 0.6-[(21.8ksi + 5.9ksi) — (21.8ksi — 5.9ksi)] = 23.0ksi

2 23.0ksi )
= 1o 22 o
33ksi

TN = 02:(0.58)-F, = 0.72-(0.58)-33ksi = 13.7ksi

Check shear on Section Q to see if it is less than 15.9 ksi

Vpi 529ki
Vplane = —— = 2L _ 16 8ksi > = 13.7ksi

Therefore, shear plane is overstressed for this combination of forces
and the capacity must be recalculated.

Page: 7/18



Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.1bl1b Horizontal Shear Yield - Second Iteration:

Determine the ratio of the decrease in shear force and reduce meber forces based on von Mises relationship as a
second starting point

. ™ 13.7ksi
Ratio= ——=—"— =
Vplane  16.8ksi
0.81 -1
FM2 = —743kip~|:1 + %} = —663kip
3

Determine concurrent member forces and bearing reaction for this scaled load
|Fapa| = 1.3 [ DLy
|LLys|

|-663kip| — 1.3 |-406kip|
| -220kip|

Fy = 1.3DLy; + LLMI{ J = 1.3-278kip + 135kip-( ) = 444kip

|Fapa| = 1.3 [ DLy
|LLys|

|-663kip| — 1.3 |-406kip|
| -220kip|

Fyiz = 1.3DLy3 + LLM3~( J = 1.3-39%ip + 109kip-( ) = —117kip

Rbrg = _(FM2'Sin(9M2 + ePanelPoint) + FM3'Sin(eM3 + ePanelPoint))

Ryprg = —(—663kip-sin(45.45deg + 2.83deg) + —117kip-sin(87.17deg + 2.83deg)) = 613kip

Calculate the forces acting on the the shear yield plane

Pplane = Fyiz-sin(By) + Fypa-sin(By3) = ~663kip-sin(45.45deg) + —117kip-sin(87.17deg) = ~590kip
Vplane = | Fara:cos(Byra) + Fyiz-cos(Bygs)| = |~663kip-cos(45.45deg) + —117kip-cos(87.17deg)| = 471kip
Mpiane = FM2'Sin(9M2)'eM2 + FM3'Sin(eM3)'eM3 + Rbrg'Cos(ePanelPoint)'ebrg + Fuiemn

Mpjane = [—663kip-sin(45.45deg)(—0.3in) + —117kip-sin(87.17deg)-(11.7in) J = 1290kip-in

+613kip-cos(2.83deg)- 13.5in + 444kip-(—12.9in)

Calculate bending and normal stresses on shear plane

P _ .
op = | P:‘“' _ | 5901“;" — 18.8ksi
& 31.4in
oy = | :ane| _ |1290k1p31n| _ 4.0ksi
& 263in

Page: 8/18



Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.1bl1b Horizontal Shear Yield - Second Iteration Cont.:
Since op + o) <F, and oy <op, use ¢ in von Mises equation based on 0.6*L (Refer to Appendix A)

o6 = (O‘P - O'M) + 0.6- (crp + O'M) - (crp - GM)]

o6 = (18.8ksi — 4.9ksi) + 0.6-[(18.8ksi + 4.9ksi) — (18.8ksi — 4.9ksi)] = 19.8ksi

7 = 2:(0.58)-F, = 0.80-(0.58)-33ksi = 15.3ksi

Check shear on Section Q to see if it is less than 14.9 ksi

Vplane = ——— = —— = 15.0ksi = TN = 15.3ksi

Therefore, shear plane is not overstressed for this combination of
forces and is relatively close to the final answer (Fy, = 672 kip).

Determine shear capacity of plane

by = 1.0
Cy = dyy Vplane = 1.0-471kip = 471kip
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.1b2 Horizontal Shear Rupture: ~Cogu
G7.2.1b2a Horizontal Shear Rupture - First Iteration: Syl

As a starting point, set the shear rupture member
forces equal to the shear yield member forces while
accounting for ¢,

by, = 0.85 - Shear Rupture Plane
Fyvo o 663k 2
Faiou = —— = —— — _780kip &
by 0.8
Determine concurrent member

forces and bearing reaction for
this scaled load (these will
match the shear yield forces in
this iteration)

Figure 5: Horizontal Shear Rupture Between Web and Chord Members
|Faou| = 1.3 | DLy
|LLyp|

|Faou| = 1.3 | DLy
|LLyp|

|-780kip| — 1.3 |-406kip|
| -220kip|

Fyu = 1.3DLy + LLMI-( ] = 1.3-278kip + 135kip~( j = 515kij
|-780kip| — 1.3 |-406kip|

| -220kip|

Fyvau = 1.3DLys + LLM3-( ] = 1.3-39%ip + 109kip~( j = —175kij

Rbrg.U = _(FMZ.U'Sin(eM2 + ePanelPoint) + FM3.U'Sin(9M3 + ePanelPoint))
Rbrg.U = —(—780kip-sin(45.45deg + 2.83deg) + —175kip-sin(87.17deg + 2.83deg)) = 758kip

Calculate the forces acting on the the shear yield plane

Pplanc.u = Faniz.usin(@ya) + Fypau-sin(Oys) = ~780kip-sin(45.45deg) + —175kip-sin(87.17deg) = ~731kip
Vplaneu = |Fumo.ur00s(8ua) + Fapsu-cos(Oyis)| = |~780kip-cos(45.45deg) + —175kip-cos(87.17deg)| = 556kip

Mpiane.y = FMZ.U'Sin(eM2)'eM2.U + FM3.U'Sin(eM3)'eM3.U + Rbrg.U'COS(ePanelPoint)'ebrg.U + Fymiremiu

Mplaney = [—780kip-sin(45.45deg)(—0.3in) + —175kip-sin(87.17deg)-(11.7in) ... | = 1440kip-in
+ 758kip-cos(2.83deg)-13.5in + 515kip-(—12.9in)

Calculate bending and normal stresses on shear plane

P ~ .

o0 - | P:ne-U| _ 73““;" = 29.3ksi
n 25.0in

oM = | Plane.U| _ |1440k1p 1n| = 6.9ksi

Sn 210in3
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.1b2a Horizontal Shear Rupture - First Iteration Cont.:

Since op + o) <F, and oy <op, use ¢ in von Mises equation based on 0.6*L (Refer to Appendix A)

o6 = (O‘P - O'M) + 0.6-[(09 + O'M) - (crp - GM)]

o6 = (29.3ksi — 6.9ksi) + 0.6:[(29.3ksi + 6.9ksi) — (29.3ksi — 6.9ksi)] = 30.6ksi

2 30.6ksi )
= (1o [ 228 Zos6
60ksi

T~ = €2:(0.58)-F, = 0.86-(0.58)-60ksi = 29.9ksi

Check shear on Section Q to see if'it is less than 15.9 ksi

<
oc!
&
=
(¢
[
[
[
N
N
W
e
w2
2
A

TN = 29.9ksi

Therefore, the shear plane is not overstressed for this combination of forces when considering shear
rupture and because shear rupture does not control the capacity, there is no need to recalculate.

Determine shear capacity of plane
®yy = 0.85
Cu = Gyy Vplane = 0.85-556kip = 473kip

Cps = min(Cy, Cy) = min(471kip,473kip) = 471kip

Determine capacity of member M2 based on Horizontal Shear
Horizontal Shear Capacity

(per plate)
Total member capacity

2-663kip = 1327kip

Chsmz = |Fa| = 663kip

1 1
CHS.M2 — YpL’ EDLMZ 663klp - 1.3 ‘5-4061{1})
ORFyg = = =279

1 1
—LL 1.3-|—-—220ki
) M2 ‘ ) p

ALL

1 1
CHS.MZ — \pL' EDLMz 663klp - 1.3 ‘5—4061(113
IRFyg = - — 167
HS 1 | '
2.17:|~~220kip

—LLyp

NInvLL® 5
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.2 Basic Corner Check:

The Basic Comer Check is a first-principles analytical approach utilizing fundamental steel design theory to
conservatively calculate gusset plate limit state capacities at critical cross sections. This check is used to evaluate
equilibrium and stability of a gusset plate "comer" bounded by horizontal and vertical planes that create the smallest
section encompassing all fasteners of the diagonal member. The diagonal member force is assumed to be resisted by
a combination of shear and normal forces acting on the vertical and horizontal surfaces bounding the "corner". Von
Mises stress calculated on the surfaces is limited to the yield strength of the gusset plate. For simplicity and to avoid
bending in the members, the resultant of each surface must pass through the work point. The "corner" can be

adjusted in terms of location and plate thickness to accommodate deterioration.

Figure 6: Basic Corner Check for Diagonal Member M2

Calculate resultant angles from the work point

L, =249in
L, = 24.6in
Ch.
0, = atan P
Ly
7 + ev'wp
e
0, = atan TP
I"V
7 + eh'wp

epyp = 129100

eyp = 12.6in

atan

atan

12.9in
24.9in

+ 12.6in

12.6in

24.6i
B 12.9in

= 27.2deg

= 26.5deg
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.2a Vertical Surface Check:

Since L, <L, set von Mises stress on vertical surface equal to plate yield strength. After stresses on both surfaces

are determined; verify assumption that vertical surface is critical (i.e. reaches von Mises yield before horizontal
surface).

P, = Vv~tan(ev)

Substitute P, as a function of V,, and set the von Mises stress to yield

2 2 2 2
. > > P, v, V,-tan(6,) v,
Fy =33ksi= oy, =0, +31, = + 3- = || ——21| +3-
Lt Lt Lt Lt

Rearrange terms and solve for V,,

5
24.6in-33ksi-in

L, Fyt
V, =

= 282kip

J an(6,)” + 3 \/ an(26.5deg)” + 3
Solve for P,

P, = V,-tan(@,) = 282kip-tan(26.5deg) = 140kip

Calculate shear and normal stresses on vertical surface (to use when checking buckling strength)

G7.2.2b3 Determine Forces on Horizontal Surface:

Determine forces and stresses on horizontal surface based on vertical surface forces and stated constraints (i.e. force
resultants to pass thru workpoint).

Check the horizontal surface:
Ph = Vh~tan(6h)

Constrain final resultant to act along member and substitute Py, as a function of Vy,

vV, + P, V, + Vy-tan(0y) 282kip + Vj-tan(27.2deg)
= atan| ——— | = atan -
PV + Vh PV + Vh 140k1p + Vh

Ovo = atan[

Rearrange terms and solve for V.. Substitute values obtained from previously solving P, and V.

V, — Ptan(Byn)  282kip — 140Kip-tan(45.45deg)

V= =
h tan(GMz) - tan(eh) tan(45.45deg) — tan(27.2deg)

277kip

Solve for Py,

Py, = Vj-tan(@y,) = 277kip-tan(27.2deg) = 143kip
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.2b3 Determine Forces on Horizontal Surface Cont.:

Calculate shear and normal stresses on vertical surface

Lt (24.9in)-(§inj

Calculate von Mises stress

Fomp = J 0.2 + 31,2 =+ (9.2ksi)2 + 3-(17.8ksi)? = 32.2ksi < F, = 33ksi

Since von Mises stress on horizontal surface is less than yield strength of the gusset plate, the vertical surface
controls. If this had not been the case, the Von Mises stress calculated on the horizontal surface would have been
greater than the yield stress. The previous process would have been modified by first setting the von Mises stress
on the horizontal surface to the yield stress and then determining the necessary resultants on the vertical surface to
balance the moment about the work point.

Substitute corresponding solved forces to determine member resultant force.

Choow = J (Vi + P+ (Vy + Pp)’ = J @77Kip + 140kip)® + (282Kip + 143kip)? = 595kip

BCC von Mises Capacity
(per plate)

Total member capacity
2-595kip = 1191kip

P, = 143

N

*wp

Figure 7: Basic Corner Check Resultants for Diagonal Member M2
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.2c BCC Buckling Check:

Check plate buckling due to axial forces on Basic Corner Check surfaces (refer to Appendix B). If buckling controls,
then von Mises stresses must be adjusted.

Evaluate buckling capacity of
plate regions defined by the short
and long span between the Basic
Corner Check surfaces and
adjacent member connections.

Figure 8: Corner Check Buckling Lengths

G7.2.2c1 Short Span Buckling Check:
For this gusset plate, the short span corresponds to the horizontal surface (aj, <a,). a;, and a,, are defined as the

distances from the respective Corner Check surface to the parallel line passing through the nearest fastener in an
adjacent member.

Ly + Ly _ 72in+ 6.1in _ 6.6

Short span controls sidesway buckling, and rotation at each end is restrained. Therefore, K = 1.0 used.

2 2
-E -2 ksi
P 1y . 9000ksi 2 1oksi

(5]
KL, 1.0:6.6in)>
. 0.18in
Fy [ 33ksi
F 212ksi
Fo=F.|1- Y5 |=364ksi| 1 - Y2250 |- 98 aksi

2+/2 2+/2

o = o, = 9.2ksi

T=T, = 17.8ksi

2 2
92ksi  |( 9.2ksi
Tprine = g + G) p ot = ; L j ( ; SI) + (17.8ksi)* = 23.0ksi < F,, = 28.7ksi

Principle stress is less than the critical buckling stress; therefore, buckling of short span does not control.
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.2c2 Long Span Buckling Check:

Treat long span as flat rectangular plate with one non-loaded edge fixed and the remaining edges clamped (dashed
curve D in Figure 9)

Long Span Length (Figure 9) e

a=a, = 6.6in ;4———;! 1 A c| | sc|
Lo |

Length of Long Side Surface (Figure 9)

35

b =L, =24.6in .
AN AN s F
=027 f
. . =—e=—=—e==— LOADED EDGES CLAMPED
Because a/b is less than 0.75 (where k curve is tosoev £oGes swerr | L o
nearly asymptotic), buckling of long span plate £ SUPPORTED PRORT
is not a concemn. Otherwise calculate k as ¢ e VESiEE
follows (using an approximate best fit function T A
of dashed curve D in Figure 9): -
L\ 1106 h,‘____J
k = 4.64.| — S St -
b -
km’-E S N> ==
. . = e —
Fe = ) ;— \\-"'-—-..{______ L——..._._ o
b SEETAINET L | | 1 L &
12(1—u2)~ — 0 1 2 SR z
t %
F Figure 9: Elastic Buckling Coefficients [2]
y
Fe
Fee=Fy| 1

OPrinc

Page: 16/18



Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.2 Basic Corner Check Cont.:

Since buckling of the short and long spans are not a concern for the Basic Corner Check, no reduction in calculated

capacity is required and capacity calculated using von Mises stress applies.

Cpcc = 595 kip

1 1
Coce ~ You| 5 Dlaa|  395kip - 13 ‘;4061@
ORFpcc = = =232

1 1
—LL 1.3-|—-=220ki
) M2 ‘ ) p

ALL

1 1
CBCC = '\{DL' EDLMZ 595klp - 1.3- ‘ 5—4061(113
IRFBCC = = = 139

1 1
—LL 2.17-|—--220ki
) M2 ‘ ) p

NInvLL®

If an increased rating factor is required, perform a Refined Corner Check.

BCC Resultant Capacity

(per plate)
Total member capacity

2-595kip = 1191kip

[2] George Gerard and Herbert Becker. Handbook of Structural Stability, Part I - Buckling of Flat Plates, Tech. Note
3871, National Advisory Committee for Aeronautics, Washington, D.C., July 1957.
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Gusset Plate Evaluation Guide
Example 7 - Compact End Node Gusset Plate

Load Factor Rating (LFR) Method

G7.2.3 Evaluation Summary:

F=1191

F =767 ———

Figure 10: Concurrent Member Capacities Based on Refined Analysis (for Gusset
Plate Pair)

Limit State . Gussjet Plate Pair -
Operating Rating [Inventory Rating
Fasteners 2.67 1.60
Vertical Shear 7.25 4.34
Hosizontal Shear 331 198
Partial Shear Yield” +69 0:65
Whitmore-Compression” 253 +:52
Tension - -
Block Shear 11.02 6.60
Chord Splice - -
Horizontal Shear (QQ Calc.) 2.79 1.67
Basic Corner Check 2.32 1.39 Controls

1 Superceded by Horizontal Shear with Q calculated.
2 Superceded by Basic Corner Check.

By refining the analysis calculations using the approach presented above, a greater than 100% increase in the
Operating Rating can be achieved. This could further increase (if required) by performing a Refined Comer
Check.
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APPENDIX A
Accounting for the Interaction of Shear and Normal Forces on Various Surfaces

When evaluating the state of stress on a surface that carries both shear and moment, but no net normal
force, the Guide uses the shear/moment interaction equation developed by Drucker (Drucker, 1956).
When a surface is subjected to shear, moment and a net normal force, another evaluation method is
needed.

When both moment and normal forces act on a surface, the resulting normal stress at any particular Point
X along the surface (ox) can be determined. Then, using the von Mises interaction, the maximum
sustainable shear stress at Point X (1x) can be calculated. If Point X represents the centroid of a segment
of the surface with a length Ly, the shear strength of the segment (Vx) would be calculated as follows: Vx
= 1x(Lx). If this is done at a series of points covering the entire surface (e.g., at 10 points, each with a
tributary length of one tenth of the surface length), the shear strength of the entire surface can be
calculated as the sum of the segment shear strengths. In this way, the interaction of moment, normal force
and shear can be accounted for on any surface.

The process described above is rather cumbersome to apply. Therefore, various combinations of moment
and normal force were evaluated in order to develop formulas for calculating the shear strength under
almost any practical set of conditions.

A = area of surface (in.%)

E, = yield stress (ksi) (ksi)

L = length of surface (in.)

Lseg = length of segment where o < F (in.)
M = moment demand (k-in.)

Mp = plastic moment (k-in.)

P = axial force (kip)

s = elastic section modulus (in°)

Z = plastic section modulus (in%)

fa = axial stress (ksi)

fv = bending stress (ksi)

o = normal stress (ksi)

0.6 = normal stress at 0.6L or 0.6Lq (ksi)
Opmax = maximum normal stress (ksi)

OMIN = minimum normal stress (ksi)

T = shear stress (ksi)

T = plastic shear stress (ksi)



Gusset Plate Evaluation Guide - Refined Analysis Methods Page A-2

The von Mises interaction relates the maximum sustainable normal and shear stresses using the following
formula:

2 2 _ 2
o° + 31 —Fy

Rearranging terms gives available shear strength in terms of Fy and normal stress.

2_ .2 2 2
S T
3 3

= - =2
By

Note: when normal stress is zero; 7 =1p = j—% = 0.58F, which is the formula used by

most structural steel standards to relate shear strength to tensile strength

Simplifying, a ratio of the shear stress to plastic shear stress is obtained.

1

oo f

p Fy

This equation is similar to Drucker’s interaction.
1

T M7

W [1 Mp]

Various combinations of normal force and bending moment are evaluated below.
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Case 1: No net normal force, oygx < F,

0.8

0.6

04

0.2

o/F,
o

-0.2

-0.4

-0.6

-0.8
1/10 L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Qum (Omax= Fy) = 0.44 0.71 0.87 0.95 0.99 0.99 0.95 0.87 0.71 0.44
Qum (Omax= 0.50Fy) = 0.89 0.94 0.97 0.99 1.00 1.00 0.99 0.97 0.94 0.89

Figure Al. Case 1 von Mises shear strengths for each segment

Table Al. Net t/tp

Case von Mises Drucker
omax= Fy 0.79 0.76
omax= 0.5Fy | 0.96 0.90

1
For Drucker: Ti = [1 - Mi + =[1 —0.67]/+ =0.76 for the oy = F,Case
P P

1
For Drucker: — = [1 — 0.33]s = 0.90 for the oy = F,/2 case

Tp

These values are close. However, Drucker cannot handle stress distributions where bhoth moment and
normal forces are acting. For the omax = Fy case, a normal stress equal to 0.616ma USed in combination
with the von Mises formula gives the correct shear strength. For the omex = F,/2 case, a normal stress equal
to 0.57cmax provides the right shear strength. Therefore, using von Mises with a normal stress of 0.6Gay 0
calculate the average shear strength along the entire surface would be a reasonable approach for situations
with stress reversal and 6pax < F.
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Case 2: Net normal force, no Stress Reversal, oyax < Fy,oyy =0

0.9

0.8

0.7

0.6

0.4

03

0.2

0.1
1/10 L

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Qum Owaw=Fy)= 100 099 097 094 08 08 076 066 053 031
Qum (Oua= 0.50F,)=  1.00 1.00 099 098 097 096 095 093 091 088

Figure A3. Case 2 von Mises shear strengths for each segment

Table A2. Net t/tp
Case von Mises
Omax= FY 0.79
omax= 0.5Fy 0.96

The reductions are the same for these cases when g,y = -0y ax and there are no axial forces.

In each of the previous cases, using the von Mises equation with a normal stress of 0.6 gy, 4x gives good
results.

For case where oy ax = F, ;0.6 opax = 0.6 F,
1
2

2
- [1 - (OE—FY) ] = 0.80 = 0.79 from strip model

Tp y
Fy
For case where oy x = 5 0.6 opax =03F,

272
W [1 - (OE—FV) ] = 0.95 = 0.96 from strip model

Tp y

Case 2 is essentially one extreme of Case 1. Therefore, it is appropriate for the same approximate
approach to provide reasonable values.
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Case 3: Net normal force, no Stress Reversal, oyax < Fy,oyy >0
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0.00
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Qum (Omax=0.75Fy) = 0.96 0.93 0.90 0.86 0.81 0.75 0.67 0.59 0.46 0.28
Qum (Omax= 0.50Fy) = 0.85 0.81 0.78 0.73 0.68 0.63 0.56 0.47 0.37 0.20
Qum (Omax= 0.25Fy) = 0.65 0.61 0.59 0.54 0.51 0.46 0.41 0.34 0.28 0.14

Figure A3. Case 3 von Mises shear strengths for each segment

For each case, the location along the surface at which the normal stress in combination with von Mises
gives the identical net t/tp Value is as follows:

o For omin = 0.25Fy: the normal stress at 0.59L from o,y gives the correct net t/tp value
o For omip = 0.50Fy: the normal stress at 0.58L from o,y gives the correct net t/1p vValue
e For omin = 0.75Fy: the normal stress at 0.56L from o, gives the correct net t/tp Value

Using von Mises with the normal stress at 0.6L from o, gives a reasonable value for t/tp. This is
consistent with the approach used when there is a stress reversal. The only difference is that, in this case,
We use Opin + 0.6 (stress difference) rather than 0.66 ..



Gusset Plate Evaluation Guide - Refined Analysis Methods

Case 4: Net normal force, no Stress Reversal, oyax = Fy, oy > 0
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Qum (Omax=0.25Fy) =
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0.90
0.51
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0.34

0.4

0.72
0.00

0.59
0.00

0.5

Figure A4. Case 4 von Mises shear strengths for each segment

0.6

0.34
0.00

0.7

0.00
0.00

For each case, identify the length of segment, L, of the surface where o

<

0.8

0.00
0.00

E,.

0.00
0.00

0.9 1

0.00
0.00

Use the von Mises

relationship evaluated at 0.6*L, to determine the available shear stress. Multiply result by the

proportional length of segment (LS%).

For the case where o,,;,, = 0.75 F,

Lseg _ L[l _ 1.5F, — F,

——————|=033L
1.5F, —(0.75Fy)

Determine normal stress at 0.6* L
0.6Lgeq =0.6 * 0.33L = 0.20L

Gos = 0.20L x MAXZMIND | 5 — 0.9F,
Evaluating the von Mises relationship at 0.6*Ls:
1

272
- Il _(%) l *LS%=0_14

Fy

N

Tp
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For the case where g,,;, = 0.25 F,

1.5F, — F,
Leeg =L|1 — —2—2—
1.5F, —(0.25Fy)

= 0.60 L

Determine normal stress at 0.6* L
0.6Lseg =0.6 *x 0.60L = 0.36L

Gos = 036L x AL | 5\ = 0.7F,

Evaluating the von Mises relationship at 0.6* L
1

™ _ [1 —(%)Zr*“ﬂ= 0.43

Tp Fy L

Case 4 illustrates that two steps are required to determine the available shear stress

_ omax — Fy
1l.0p6 = 0.6 [1 - ] (Omax — omin) + Omin
UMA)l( OMIN

xepoa] s
Tp Fy OMAX — OMIN

A similar strip model evaluation was used to determine how to handle situations involving stress reversal

and omax> Fy. In this case:
g

IN _ [1 _ OMAX —

= ] 0.76; as long as |ay,;n| < E,; if this is not true, the plate is overstressed
OMAX — OMIN

Tp

Summary
Stress Reversal No Stress Reversal
omax < B (1) Use von Mises based on (2) Use von Mises based on
o=0oyn + 0.6 (Oyax — omin)
omax > B (3) Use an Q equal: (4) Use von Mises based on
[1 Tuax —Fy ] 0.76 0=06 [1 - UJMA+F}'] (Omax — Omin) + Omin s
OMAX — OMIN MAX — OMIN - _F
where |oyn| < F, and then multiply the result by [1 — M]
OMAX — OMIN
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EXAMPLES
Example 1
30-in. by 1/2-in. plate; P = 150 kip; M = 2400 k-in.; Fy, = 50 ksi
1/ i in.)2
M, =z F, = LMEO 50 i = 5625 k-in.
M 2400 k-in, .
fb = ; = m =32k$l
6

_ P _ 150kip  _ .

fa = A 30in(1/,in) 10 ksi

Omax = 32 ksi+ 10 ksi =42 ksi <E,

fa < fp (i.e. stress reversal)
1

O PRy (TS R
Tp 50 ksi

Example 2
Same plate as (1); P = 300 kip, M = 1000 k-in.

M 1000 k-in.

o =5 = Gomragmy = 13 kst
6
_ P _ _300kip _ :
fa =3 = 30in(1yin) 20 ksi

Omax = 13 ksi +20ksi =33 ksi <F,

fa > fp = no stress reversal
oyy = 20 ksi — 13 ksi = 7 ksi

Ooer, = 7 ksi +0.6 (33 ksi — 7 ksi) = 23 ksi

1

v _ [, (23ksi\2]2 _
W [1 (SORSi) ] =0.89
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Example 3
Same plate as (1); P = 300 kip, M = 3000 k-in.
M 3000 k—in. ,
fo = e (30in.)2(1/27iln.) = 40 ksi
6

_ P 300kip  _ ;
fa =7 = 30in.(1/,in) 20 kesi
O-MAX :60 kSl > Fy
IN _ 60 ksi —50ksi _
W [ 60 ksi —(—20 ksi)] 0.76 =0.67

Example 4
Same plate as (1); P = 500 kip, M = 2000 k-in.
M 2000 k—in. .
fb = s = (30in.)2 (1/:11n) = 217 ksi
6
_ P _  500kip
fa =3 = 30m.(iyin) 33 kst

Opmax = 33 ksi+ 27 ksi = 60ksi > E

oyiy = 33 ksi — 27 ksi = 6 ksi no reversal

60 ksi —50 ksi

Step Loy _y = 0.6 [1 " 60 ksi —6 ksi

Step 2::_—N=[1 _ 32k51 ] [ 60 ksi =50 ksi
14

50 ksi 60 ksz —6 ksi

] (60 ksi — 6 ksi) + 6 ksi

32 ksi

Page A-9
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APPENDIX B
Buckling Considerations

Dimensions needed to determine the buckling capacities of corner “spans” are shown in the figures
below. Dimensions “b” for both the vertical surface and the horizontal surface are the lengths of these
surfaces as defined by the Basic Corner Check. Effective span lengths (a, and a,) extend orthogonally
from the respective surface to the nearest fastener of the adjacent truss member. The span with the shorter
buckling length is controlled by sidesway buckling and requires dimensions Lg; and L. Both dimensions
measure the distance between fasteners and member edges in a direction that is parallel to the
corresponding “a” dimensions. Lg; is measured from the intersection of the centerline of the diagonal
member and the row of fasteners nearest the work point, to the nearest edge of the adjacent member. L, is
the distance between the intersection of the centerline of diagonal member and the end of member, to the
nearest fastener of the adjacent member.
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Figure 4. Example buckling length determination (a, < a,).
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Figure 5. Example buckling length determination (a, < a,).
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Figure 7. Example buckling length determination (a, < ay).
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Figure 8. Example buckling length determination (a, < ay).
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APPENDIX C
Relative Reliability Considerations
Background

The following equation forms the basis of the relative reliability approach that was used to develop the
current AISC steel design specifications:

In(R/Qp)
B=mevvor (Ea.- 1)

Where:

B is the Relative Reliability Index

R is the average strength of the elements being designed or evaluated

Qnm is the average peak demand (i.e., load effect) for the return period in question

VR is the coefficient of variation (COV) of the distribution of actual strengths

Vg is the COV of the distribution of peak demands (i.e., load effects) for the selected return
period

When the capacity and load distributions are In-normal, the distributions of their natural logarithms are
normal; and, the COV for each population represents the standard deviation of the population of the
natural logarithms. In this case, the variable “In(R/Q)” is also normally distributed, with a mean value
approximately equal to the numerator in Eq. 1, and a standard deviation approximately equal to the
denominator in Eq. 1. With this in mind, the 3 term is simply the number of standard deviations between
the average In(R/Q) value and zero. A value of zero for In(R/Q) corresponds to a situation where R = Q.
Consequently, it represents a condition of imminent failure (i.e. a situation where demand equals
capacity), and  is a measure of the fraction of structural elements in a In-normal population defined by
Rm and Vg that would be expected to fail in a In-normal demand environment defined by Qn, and V.

While Eq. 1 is relatively simple, its application to structural issues is rather complicated. One primary
reason for this is the fact that there are many factors that contribute to the variability in both capacity and
demand, and quantifying these factors and their relationships to one another, is extremely difficult. In
order to make application of Eq. 1 feasible without also making it meaningless, those responsible for
developing the current AISC LRFD Steel Design Specifications (AISC Specs) made several assumptions.
Among them was the assumption that all of the various sources of capacity and demand variability are
statistically independent of one another. This assumption has the following two main consequences:

1. The COV for R (or Q) can be calculated as the square-root-sum-of-the-squares (SRSS) of the
COVs for each variable factor that determines R (or Q). For example, if there are 3 properties that
determine the capacity of a structural member - Property 1, Property 2 and Property 3 - then Vr =
[VP12+VP22+VP32]0'5-

2. The resulting standard deviation of In(R/Q) is an upper bound value, likely overestimating the
actual standard deviation by a considerable degree. When factors that are the source of variability
in R or Q are not really statistically independent, then combining their COVs via the SRSS
method often overestimates Vg or V.

Due to the second of these two consequences, resulting In(R/Q) distributions should not be used to
calculate actual probabilities of failure in populations of structural elements. In other words, B should not
be used in conjunction with the normal probability distribution function to calculate a probability of
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failure (i.e., area under the curve to the left of zero). Instead, p should be considered a measure of relative
reliability among populations with similar characteristics that are subjected to similar demands.

The development of the AISC Specs included substantial efforts to compile data and related statistics so
that strength and demand distributions could be quantified as needed for application of Eg. 1. One
offshoot of this work was the calculation of 3 values that were achieved by applying past and
contemporary Allowable Stress (ASD) methods. These “historical” B values were used to develop
benchmarks to be achieved by the AISC Load and Resistance Factor Design (LRFD) methods being
developed. In general, current AISC LRFD design specifications have been developed so as to achieve 3
values in the range of 2.5 to 3.5 for structural members, and B values of at least 4 for connectors, when
subjected to typical dead and live load combinations.

The current AASHTO MBE provisions are based on achieving/maintaining B values of about 3.5. This
benchmark does not appear to have been based on a comprehensive study of the relative reliabilities
provided by historical methods of gusset plate design. It is worth noting that the AASHTO method for
calculating B is different than the method used by AISC. The AASHTO method is based on the
assumption that R and Q are normally distributed (rather than In-normally distributed). This means that
the combined variable is “R-Q” rather than In(R/Q). For the ranges of R and Q COV values used by
AISC, the two approaches will yield similar results. When the COV for R is significantly higher than the
COV for Q, the assumption that resistance follows a normal distribution can provide significantly lower 3
values.

In a conventional LRFD approach, R, is related to Qp, as determined via the following:
Rm=RnXMXF X PF (Eq. 2)

Where:

e Ry is the nominal strength (strength when actual properties match nominal values)

e M is a material property bias factor = actual value/nominal value

e Fis afabrication-related bias factor representing the ratio of as fabricated properties to
specified (nominal) properties

e PF is the “professional factor,” which is the ratio of actual strength to calculated strength

and,
¢ X RN =LFx Qdes (Eq 3)

Where:

e ¢ isthe LRFD strength reduction factor

e LFisthe LRFD load factor

o Qques is the total design service demand (i.e. the demand caused by application of D and L)

and,

Qm = Qqes X BIAS, (Eq. 4)

Where:
e BIAS, is the ratio of Qn/Qqes (BIASq is discussed below)
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S0,
(¢ x Rm)/(M X F X PF) = LF x Qn/BIASq
(Eq.5)
which means,
Rm/Qm = (LF X M x F X PF)/(¢ x BIASq) (Eq. 6)

The FHWA Study used a value of 1.1 for M, 1.0 for F, and values of PF representing the ratios of
strengths based on FE analyses divided by strengths calculated using simplified methods. This treatment
of PF assumes the FE-based capacities are the same as actual capacities.

The FHWA study assumed variations in R were due to three factors; variability introduced via simplified
calculations (Vpe), variation inherent in material properties (Vv), and variation introduced via fabrication
(V). Constant values of 0.11 and 0.05 were used for V', and Vg, respectively. Ve values were
determined from the distribution of PF values.

For Q, the FHWA study simply used dead load (D) and live load plus impact (L) bias and COV values
taken from another report. The selected values were:

e D:bias=1.05; COV =0.10
e L:bias=1.15;COV =0.12

A particular case from the FHWA study will be used as an example of how these parameters can be used

to quantify relative reliability. The D/L ratio will be 3.0 (i.e. D represents 75% of the service load, L
represents 25%). In this case, Qy, is related to the total design demand (Qges) as follows:

Qum = [0.75(1.05) + 0.25(1.15)] X Qor = 1.075 Qees (Eq. 7)
So; BIASq = 1.075 in this case

Factored demand (Qg) is related to Qqes as follows:

Qr =[0.75(1.25) + 0.25(1.75 x 1.33)] X Qqes = 1.52 Qqes (Eq. 8)
So; the net LF is 1.52 in this case

Eliminating Qges We get:
Qr=1.41Qp, (Eq. 9)

Regarding the variability of Q; Vq is a function of the variability of both D (Vp = 0.10) and L (V, =0.12),
which can be estimated as follows":

Vo = [0.75%(0.10) + 0.25%(0.12)*]*>* = 0.081 (Eq. 10)

On the capacity side of this example, we will be checking a plate for Whitmore buckling. According to
the FHWA Study, the bias (PF) and bias-related COV (Vgg) inherent in the Whitmore capacity check are

' The variability associated with the demand at a particular point in a structure (e.g., Whitmore compression at the end of a
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1.24 and 0.127, respectively, and ¢ for Whitmore buckling at a D/L of 3.0 is about 0.93 (FHWA Report
Figure 74). Putting these and previously given values into Eq. 6 gives:

R/Qm = (LFXMXFXPF)/(¢ x BIASq) = (1.52x1.1x1x1.24)/(0.93x1.075) = 2.07
(Eq. 11)

Regarding the variability of R; the FHWA Study assumed Vr is a function of the variability of M, F and
PF, which, as noted previously, have values of V= 0.11, Vi = 0.05 and Ve = 0.127, respectively. The
corresponding Vr is calculated as follows:

Vg = [0.11% + 0.05% + 0.127%]°° = 0.175 (Eq. 12)

We now have everything we need to calculate p for this example using Eq. 1:

B= %: In(2.07)/(0.081% + 0.175)°% = 3.77 (Eqg. 13)

Since the ¢ values used in this example were developed in order to achieve a B value of 3.5, a result close
to this value was expected.

As previously noted, the relative reliability method used by the FHWA Study to establish ¢ factors was
based on the assumption that load and resistance variables are normally distributed rather than In-
normally distributed. Since the variability in  is dominated by Vr in this example, we would expect the
B value based on normal distributions would be considerably lower than 3.77. This is at odds with the
fact that the FHWA Study reportedly assumed normal distributions, and established ¢ factors to provide
values of 3.5. Using the parameters previously defined, we can determine the values needed to calculate
B assuming normally distributed load and resistance variables.

e Rn-Q,=1.07Q,
e 0oy = standard deviation of resistance = 0.175 x 2.07Q,, = 0.362Q,,
e 0q=standard deviation of demand = 0.081 x Q,, = 0.081Q,

B =1.07Qm /[(0.081Qm)? + (0.362Q.,)°]>* = 2.88

As expected, this value is considerably lower than the value based on In-normal distributions of R and Q.
Its large deviation from the FHWA Study target value of 3.5 is not expected. This suggests that the
Monte Carlo evaluation used as part of the FHWA Study did not randomly select load and Whitmore
Buckling resistance values from normal distributions defined by the parameters used in this example.
However, the distribution parameters used in this example were taken from the FHWA Study discussion
related to loads and Whitmore Buckling.

Variation in B Inherent in the 2014 AASHTO Standards

Given the BACKGROUND discussion, it should be clear that the MBE ¢ values are based on specific
values of PF that, in many cases, are significantly greater than 1.0, and values of Vg that are significantly
greater than zero. This means, each MBE ¢ value was developed to be used with a capacity calculation
method that has a particular bias and degrees of variability. Put another way, the manner in which the
MBE ¢ values were developed ostensibly requires users of other capacity calculation methods to use
different ¢ factors.
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Since there are usually many valid methods for calculating the capacities of structural elements, making ¢
factors method-dependent can create problems. The MBE provisions themselves can be used to
demonstrate this fact.

According to the MBE, the engineer has the option of using a finite element (FE) model to determine
gusset plate capacities. If we assume that the engineer creates a perfect FE model for every case (the best
possible application of the alternative approach), the associated PF (bias) will be 1.0, and Ve will be
zero. Using the previous gusset plate buckling example, and replacing the Whitmore bias and V with the
ideal FE values of 1.0 and zero, we get the following:

Vo = [0.75%(0.10)* + 0.25%(0.12)°]°° = 0.081 (as before) (Eq. 14)
Vg = [0.11% + 0.05% + 0.0°]*° = 0.121 (Eq. 15)
Ru/Qm = (LF x M x F x PF)/(¢ x BIAS,) = (1.52x1.1x1x1.0)/(0.93x1.075) = 1.67
(Eqg. 16)
l 1{m/ m
B = DR Q) In(1.67)/(0.081° + 0.121%)°° = 3.52 (Eq. 17)

- [VRZ +V02]0A5

The relative reliability decreases when a perfect capacity determination method is substituted for the
standard approach. This is an interesting artifact of the manner in which the MBE provisions were
developed. It runs counter to the notion that, if an improved capacity calculation method is used,
uncertainty and variability in the resulting capacities will decrease, and higher values of ¢ should be used.
At the very least, this example shows that strict adherence to a particular degree of relative reliability is
unrealistic. If we carefully dissected the load side of the reliability “equation,” we would find even more
examples of the variable nature of reliability inherent in the current standards. This is not due to any
errors in their development. It is simply due to the inability of the selected methods to consistently
account for the many sources of variability inherent in the construction industry. All current structural
engineering standards provide varying degrees of reliability.

Let’s consider a more practical example of an alternate capacity calculation method in which the bias is
1.1, and the COV is 0.1. In this case, Ry/Qm = 1.84, VR =0.157, and = 3.45. This is within 2 percent of
the B achieved using a truly perfect FE model, which means it is clearly a reasonable substitute for the
approaches explicitly accepted by the MBE.

The dependence of ¢ on PF could be avoided by calculating ¢ using a PF of 1.0 and a V¢ of zero. If this
were done, the resulting ¢ factors would be suitable for use with a perfect capacity determination method,
and any imperfect method that is known to err on the conservative side. This is consistent with the general
engineering approach of applying conservatism in proportion to the degree of uncertainty or ignorance
that exists.

Relationship Between ¢ and D/L Ratio

The current AASHTO Strength | load factor for dead load (D) is 1.25, and the associated live load (L)
load factor is between 1.75 and 2.33. According to a reference included in the FHWA Study, the COV for
D (Vp) is 0.10, and the COV for L (V,) is 0.12. Given these assumptions, it is easy to see why ¢ factors
must decrease as the D/L ratio increases in order to maintain a constant . In a general sense, the load
factor (LF) should be proportional to V. A load effect with low variability should have a low LF (near
1.0), while a load effect with higher variability, should have a higher LF. Load effects with similar
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variability should have similar LFs. As noted above, D and L are assumed to exhibit similar degrees of
variability, while the respective load factors are substantially different. This is the source of the problem.

As D/L increases, the net LF decreases because LFp is much smaller than LF,. While the net variability in
the overall load also decreases (Vp is smaller than V), it does so at a much slower rate. As a result, B,
which is a measure of the ratio of net LF/net V, also decreases. To keep P constant, the FHWA study
noted that ¢ must vary as D/L varies. However, since ¢ is supposed to be proportional to variability on the
strength side, it really should not be affected by load-related issues. Assuming the COV values used by
the FHWA Study accurately represent variability in load effects (a questionable assumption as noted in
Footnote 1), the appropriate solution to this issue would be to modify the D and L load factors to be
consistent with their respective degrees of variability,.

To put this into perspective, re-arrange Eq. 1 to get R,,/Qy,isolated as shown below:
Ri/Qm = exp[B(Vr*+V") "] (Eq. 18)

In this case, the term on the right is essentially the “safety factor” that is needed in order to provide a
relative reliability equal to B. This “safety factor” is comparable to an LRFD LF divided by ¢. To make
this simple, consider a situation in which the strength side of the equation is perfectly defined (i.e., there
is no bias and Vr is zero). In this case, Eq. A1 becomes:

Ra/Qn = exp[B x Vgl (Eq. 19)

For the values used in the FWHA study (i.e., p = 3.5, Vp = 0.10, V_ = 0.12), the dead-load-only safety
factor (i.e., the Ry/Qn value when B = 3.5 and Vo = 0.10) would be 1.42, and the live-load-only safety
factor (i.e., the R/Qn value when B = 3.5 and Vo = 0.12) would be 1.52. In this case, for any given ¢,
LF_ is only 7% bigger than LFp. Yet, according to AASHTO, LF_ is 40 to 86 percent greater than LFp.
Clearly, if we relate the load factors to the degree of variation exhibited by the loads (which is consistent
with the purpose of LFs), LFp and LF_ should be much closer (assuming of course the assumptions
regarding Vp and V| are correct). If this were done, there would be no need to vary ¢ as D/L varies.

As noted in a footnote related to the variability of load effects, the development of the current MBE 3 and
¢ values did not consider variability introduced by the process of transferring loads into load effects (V7).
Using the V1 value for L that was used by AISC (0.20), Vo becomes 0.23. In this case, the live-load-only
LF for a B of 3.5 would be 2.24. This is much more consistent with the current AASHTO Strength | load
factor for L. Use of this higher V4 in the FHWA study would have made ¢ much less sensitive to D/L. It
also would have resulted in lower, and likely more accurate, 3 values.
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