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Chapter 1

USE AND CLASSIFICATION OF MOMENT END-PLATE

CONNECTIONS

1.1 Introduction

The low-rise metal building industry has pioneered the
use of moment end-plate connections in the United States.
These bolted connections are used between rafters and
columns and to connect two rafter segments in typical
gable frames as shown in Figures 1-1 and 1-2. Hence,
built-up shapes used in the metal building industry are
exclusively used in the examples; however, the design
procedures also apply to hot-rolled shapes of comparable
dimensions to the tested parameter ranges (i.e. Tables 3-6
and 4-7).
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__~">_ Tension Zone
(a) Beam-to-Beam Connection
=~ Tension Zone
M M
i
M
\/’
I

(b) Beam-to-Column Connection

Figure 1-1 Typical uses of end-plate moment
connections (flush).

Rigid frame or continuous frame construction, desig-
nated Type FR in the American Institute of Steel Con-
struction (AISC) Load and Resistance Factor Design
(LRFD) Specification or Type 1 in the AISC Allowable
Stress Design (ASD) Specification, is usually assumed for

~_“— Tension Zone
(a) Beam-to-Beam Connection

,ﬁ Tension Zone

(b) Beam-to-Column Connection

Figure 1-2 Typical uses of end-plate moment
connections (extended).

the design of the frames. The moment end-plate connec-
tion is one of three fully restrained moment connections,
as defined in the AISC Manual of Steel Construction,
Load & Resistance Factor Design, 2" Ed. (1994), that
can be used for FR (or Type 1) beam-to-column connec-
tions.

A typical end-plate moment connection is composed
of a steel plate welded to the end of a beam section with
attachment to an adjacent member using rows of high-
strength bolts. End-plate moment connections are classi-
fied as either flush or extended, with or without stiffeners,
and further classified depending on the number of bolts at
the tension flange. Depending on the direction of the
moment and whether the connection will see a moment
reversal, the bolted end-plate may be designed to carry
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tension at the top or bottom, or both. This could result in
a design with a combination of configurations such as a
flush end-plate at the compression side and an extended
end-plate at the tension side.

A flush connection is detailed such that the end-plate
does not appreciably extend beyond the beam flanges
with all bolts located between the beam flanges. An ex-
tended end-plate is one that extends beyond the tension
flange a sufficient distance to allow the location of bolts
other than between the beam flanges. Flush end-plate
connections are typically used in frames subject to light
lateral loads or near inflection points of gable frames.
Extended end-plates are typically used for beam-to-
column moment connections. However, flush end-plates
are sometimes used for beam-to-column moment connec-
tions when a plate extension would interfere with other
members or the roof deck.

Four flush and five extended end-plate connections
are within the scope of this Guide. The four types of flush

E
@ i i
(c) Four-Bolt Stiffened with Web Gusset
Plate Between the Tension Bolts

end-plate configurations are shown in Figure 1-3. Figures
1-3a and 1-3b show unstiffened flush end-plate connec-
tions with two and four bolts near the tension flange. Fig-
ures 1-3c and 1-3d show stiffened flush end-plate connec-
tions with four bolts near the tension flange. In Figure 1-
3c a web stiffener plate is located on both sides of the
web between the two tension bolt rows, while in Figure 1-
3d the web stiffener plates are located inside the two ten-
sion bolt rows. For both connections, the stiffener plates
are welded to both the end-plate and the beam web.

The five extended end-plate configurations are shown
in Figure 1-4. Figure 1-4a shows an extended, unstiffened
end-plate connection with four bolts at the tension flange
and Figure 1-4b shows the same connection with an end-
plate to beam flange stiffener. The unstiffened connection
shown in Figure 1-4a is probably the most commonly
used end-plate configuration. Three multiple row ex-
tended end-plate configurations are shown in Figures 1-
4c, 1-4d and 1-4e. These configurations have one row of

F

(b) Four-Bolt Unstiffened

L]

(d) Four-Bolt Stiffened with Web Gusset Plate
Between the Tension Bolts

Figure 1-3 Flush end-plate connections.
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bolts outside the tension flange and either two or three
rows of bolts inside the tension flange. They are identi-
fied with the notation 1/n, where “n” is the number of bolt
rows inside the tension flange. The connection shown in
Figure 1-4c is designated as the unstiffened 1/2 configu-
ration, while the connections shown in Figures 1-4d and
1-4e are designated as unstiffened and stiffened 1/3 con-
figurations, respectively.

The primary purpose of this Guide is to provide a con-
venient source of design procedures for the nine con-
nections shown in Figures 1-3 and 1-4. In addition, de-
sign considerations for the “knee area” of rigid frames are
discussed.

The end-plate connection design procedures presented
here use yield-line techniques for the determination of
end-plate thickness and include the prediction of tension
bolt forces. The bolt force equations were developed be-
cause prying forces are important and must be considered
in bolt force calculations. Moment-rotation considerations
are also included in the design procedures. Chapter 2 con-
tains the general design procedures. Design procedures
for flush connections are found in Chapter 3 and for ex-
tended connections in Chapter 4. Knee area design crite-
ria are given in Chapter 5. The analysis of bolted end-
plate connections is covered in Appendix B. Both Allow-
able Stress Design (ASD) and Load and Resistance Fac-
tor Design (LRFD) procedures are discussed and illus-
trated throughout the Guide.

1.2 Background

1.2.1 Design Procedures for Moment End-Plates With
Fully Tensioned Bolts

The end-plate moment connection saw its first application
in the 1960’s, stemming from research in the 1950’s. The
connection was not a new concept but more of an evolu-
tion of the much-used split tee connection (Disque 1962).
The early designs usually resulted in thick end-plates and
large bolt diameters due mainly to simplified design as-
sumptions and analyses of the connection. The connec-
tion slowly gained acceptance and was included in the
AISC Manual of Steel Construction, 7™ Ed. (1970) due in
large part to the efforts of Douty and McGuire (1965).
Their methods used assumptions concerning bolt forces
due to prying action and simple statics resulting from
earlier) tee-stub analysis. As discussed by Griffiths
(1984), this first attempt to standardize the design resulted
in a very conservative connection. It did spur further in-
terest as seen by various studies in the early 1970's. Kato
and McGuire (1973) and Nair, et al. (1974) continued the
tee-stub concept to account for prying action. As before,
the procedures continued to produce a design with thick
plates and large bolt diameters. Based on this research
and that of Agerskov (1976, 1977), Granstrom (1980)
continued with a simple design of tee-hangers. His result-
ing design produced thinner plates and smaller diameter
bolts than before, but he did not consider the effects of
prying action.

(a) Four-Bolt Unstiffened

(b) Four-Bolt Stiffened

)L )

(c) Multiple Row 1/2 Unstiffened

[SHN]

@ )

(d) Multiple Row 1/3 Unstiffened

o0

@ :

(e) Multiple Row 1/3 Stiffened
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Packer and Morris (1977) were among the first to use
yield-line analysis. Using the tee-stub model for the end-
plate, they developed a yield line analysis of the column
flanges. Mann and Morris (1979) extended these initial
efforts in the use of yield line analysis. From review of
previous research, they surmised that the end-plate must
exhibit plastic deformation and the formation of yield
lines when near its capacity. Their proposed design pro-
cedures determined plate thickness and bolt diameter as
well as adequacy checks for the supporting column.

Krishnamurthy (1978) broke from the traditional
analysis and derived empirical relationships based on
statistical analysis of finite element results. Formulas de-
rived for end-plate thickness provided thinner plates than
previously obtained. He explained the prying force as a
pressure bulb formed under the bolt head due to the ten-
sioning of the bolts. The location of the pressure bulb
varied, depending on the level of the flange force in the
beam. As the force increases, the pressure bulb shifts to-
wards the edge of the plate. The design procedures in the
current editions of the AISC Manual of Steel Construction
are in part based on his basic work.

Kennedy, et al. (1981) refined the tee-stub analysis to
include the prediction of prying forces utilizing yield line
theory and the formation of plastic hinges. They catego-
rized the tee-stub flange behavior on three levels. First, at
low loads, there is the absence of any hinge formation in
the flange plate and the plate is said to be “thick,” with no
prying action present. Second, upon the formation of a
hinge caused by yielding of the flange at the tee-stem, the
plate is said to be “intermediate.” Some prying action
during the intermediate case is realized and adds to the
bolt forces. The third stage, “thin,” is determined when
the second plastic hinge forms at the bolt line. At this load
level, the prying action is considered to be at its maxi-
mum.

Srouji, et al. (1983a) used yield-line analysis and the
Kennedy method of bolt force predictions in the first of
many studies conducted by Professor T. M. Murray at the
University of Oklahoma and Virginia Polytechnic Insti-
tute aimed at moment end-plate design unification. They
presented yield-line design methodology for a two-bolt
flush, unstiffened end-plate configuration (Figure 1-3a).
A later report by Srouji, et al. (1983b) extended the work
to other configurations including the four-bolt flush, un-
stiffened connection (Figure 1-3b). Bolt force predictions
including prying action were produced for the two-bolt
and four-bolt flush, unstiffened configurations. An ex-
perimental investigation was conducted to verify the end-
plate and bolt force predictions. It was concluded that
yield-line analysis and a modified Kennedy method are
accurate methods for predicting end-plate strength and
bolt forces.

Hendrick, et al. (1984) continued Srouji's work by
analyzing and testing two different four-bolt flush stiff-
ened end-plate configurations: those with the stiffener

between the tension bolt rows (Figure 1-3c), and those
with the stiffener inside the tension bolt rows (Figure 1-
3d). Analysis included the use of yield-line theory for
end-plate strength predictions and the modified Kennedy
approach for bolt force predictions. Analytical predictions
for end-plate strength using yield-line theory and bolt
forces using the modified Kennedy approach correlated
well with data. However, an improvement in the method
for determining the internal work for the yield line analy-
sis was presented by Hendrick, et al. (1985) for the con-
nection with the stiffener outside the tension bolt rows.

It was also determined by Hendrick, et al. (1985) that
the connections behaved as a Type 1 or FR connection up
to a certain percentage of the failure moment of the end-
plate at which point the moment-rotation curve softens.
An analysis of the moment-rotation curves for the beam
specimens tested indicated that a conservative value of
80% of the failure moment was a reasonable limit to en-
sure Type 1 or FR behavior.

Four-bolt extended stiffened (Figure 1-4b) and multi-
ple row extended unstiffened 1/3 (Figure 1-4d) configura-
tions were tested and analyzed by Morrison, et al. (1985,
1986). Analysis procedures included the use of yield-line
theory and modified Kennedy bolt force predictions.
Modifications to the Kennedy method were necessary for
determining the distribution of the applied flange force
between the outer and inner bolts in the extended end-
plate configurations. Morrison's modification factors
came directly from the experimental results of six tests of
four-bolt extended stiffened connections (Figure 1-4b)
and six tests of multiple row extended unstiffened 1/3
connections (Figure 1-4d). It was concluded from these
tests that the outer bolts do not exhibit prying action, and
therefore carry the majority of the applied flange force. It
was additionally concluded that the four-bolt extended
stiffened and multiple row extended unstiffened 1/3 con-
figurations contain adequate stiffness to be classified as
Type 1 or FR connections.

Abel and Murray (1992b) added a final configuration
to the unification of moment end-plate design: the four-
bolt extended unstiffened configuration (Figure 1-4a).
Analysis was conducted using the same yield-line analy-
sis and modified Kennedy method. Four full-scale tests
were conducted to verify the predictions. It was con-
cluded that the outer and inner rows of bolts each carry
half of the applied flange force, however, when the bolt
force prediction controls in the analysis, no prying action
exists in the outer bolts. As with the other configurations,
the four-bolt extended unstiffened moment end-plate
connection contains adequate moment-rotation stiffness
to be classified as a Type 1 or FR connection.

Proprietary testing was carried out on the multiple row
extended unstiffened 1/2 configuration of Figure 1-4c and
the multiple row extended stiffened 1/3 configuration of
Figure 1-4e as reported in Abel and Murray (1992a) and
SEI (1984). The inclusion of these configurations in this
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Guide is with the permission of the test sponsors as noted
in the Acknowledgments. Also, additional confirmatory
tests were conducted on the multiple row extended un-
stiffened 1/2 configuration of Figure 1-4¢c by Sumner and
Murray (2001).

An historic overview of the advancement and the de-
velopment of end-plate moment connection design is pre-
sented in greater detail by Murray (1988). It should be
noted that as the referenced research reports of the vari-
ous connections studied over the years were being assimi-
lated into this Guide, some updates were incorporated.
This includes some new governing yield-line mechanisms
and the LRFD approach with the proper resistance fac-
tors. Therefore, one should use the previous reports with
care and preferably, defer to this Guide as the correct ap-
proach to designing the bolted end-plate connections.

1.2.2 Design Procedures for Moment End-Plates with
Snug Tight Bolts

Until just recently, all high-strength bolts in tension, in-
cluding end-plate connections, had to be pretensioned to
approximately 70% of the bolt tensile strength. Consider-
able savings would result during erection if the require-
ment for bolt tensioning were relaxed for some applica-
tions. Fleischman, et al. (1991) studied the behavior of
snug-tightened bolts in large capacity moment end-plate
connections and showed that less than full tightening did
not affect the strength of the connection.

Kline, et al. (1989), as also reported in Murray, et al.
(1992), subjected a number of end-plate configurations to
cyclic loading. In their investigation, wind loads were
considered to be the dominant contributor to lifetime
loading on a building. A test loading sequence was estab-
lished based on statistics of wind speed in the United
States. Since it is known that the wind loading distribu-
tion on low-rise buildings is site dependent, the test load-
ing was intended to be representative of the more severe
wind loading locations. The experimental part of the
study included tests of eleven full-scale end-plate connec-
tions representing five different configurations, those
shown in Figures 1-3a, 1-3b, 1-4a, 1-4b, and 1-4d. All
bolts used were A325 and they were snug-tightened prior
to testing. A snug tight condition is defined by the Re-
search Council on Structural Connections (2000) as “the
tightness that exists when all plies in a joint are in firm
contact. This may be attained by a few impacts of an im-
pact wrench or the full effort of a man using an ordinary
spud wrench.” The study by Kline, et al. (1989) observed
that the pretension force measured in the snug-tightened
bolts is directly proportional to the bolt diameter (dj).
Based on this data, a recommendation for the assumed
pretension force in snug-tightened bolts to be used in the
design procedure is:

d, <5/8 in., use 75% of specified AISC full pretension
d, = 3/4 in., use 50% of specified AISC full pretension

d,="7/8 in., use 37.5% of specified AISC full pretension
dy,> 1in., use 25% of specified AISC full pretension

Ten of the specimens were subjected to over 8000 cy-
cles of loading which represent the expected loading for a
fifty-year building life. One connection was subjected to
80,000 cycles to further verify the effect of cyclic loading
on the connection. Although bolt forces decreased with
increasing number of cycles, all of the connections sur-
vived the cyclic loading without bolt, end-plate, or weld
failure.

On completion of the cyclic loading, each connection
was loaded to failure. Ultimate moment strengths were
calculated and compared to the test results. Yield-line
analysis was used to determine end-plate strength and the
modified Kennedy method was used to predict the con-
nection strength based on bolt forces including prying
forces, except for the four-bolt, extended, unstiffened
connection shown in Figure 1-4a. The design method in
the AISC 9th Ed. ASD Manual (1989) was used for this
connection. This method does not include prying forces in
the design of the bolts. Good correlation between applied
and predicted ultimate moments was obtained for all con-
nections except the four bolt, extended, unstiffened con-
figuration. Thus, it was concluded that snug-tight bolts
could be used in moment end-plate connections if prying
forces are considered in the design model. Subsequently,
Abel and Murray (1992b) showed that a yield-
line/modified Kennedy method model accurately predicts
the strength of the four-bolt, extended, unstiffened con-
nection with snug-tight bolts.

Both the Research Council on Structural Connections
Specification for Structural Joints Using ASTM A325 or
A490 Bolts (2000) and AISC Load and Resistance Factor
Design Specification for Structural Steel Buildings (1999)
have adopted provisions to allow the use of snug-tight
A325 bolts in end-plate connections and other bolts in
tension that are not subject to fatigue loading.

1.2.3 Finite Element Analysis of Moment End-Plates

Research of moment end-plate connections utilizing finite
element modeling has recently gained momentum from
earlier, limited attempts. Krishnamurthy and Graddy
(1976) attempted to calculate end-plate deformation for
extended four-bolt connections, but computer size and
speed limited the extent and mesh complexity of the early
attempts of computer modeling of bolted connections.
This research, and that of Kukreti, et al. (1987), made
comparisons of 2D and 3D analyses for complexity and
accuracy of representation. They concluded that, at the
time, 2D analysis provided adequate reliable modeling of
moment end-plate connections. Ahuja (1982) used finite
element analysis to investigate the elastic properties of
eight-bolt stiffened connections. The programming con-
tained both 2D and 3D modeling elements for the connec-
tion. Ghassemich (1983) continued the investigation of

Documents
S Document Sharing Hub

Full document details: AISC 816


Administrator
Rectangle


http://www.avadocuments.com/doc/aisc-816-2003
http://www.avadocuments.com/doc/aisc-816-2003

Ahuja to include non-linear behavior of the end-plate and
bolts. Kukreti, et al. (1990) continued finite element mod-
eling for an eight-bolt connection and, as with previous
research, conducted parametric studies to predict end-
plate displacement and inner bolt forces. These predic-
tions were compared to experimental data for correlation.
Regression analysis of the data was conducted to provide
empirical equations for design of moment end-plates un-
der monotonic loads.

Use of the finite element code ABAQUS by Bursi and
Leonelli (1994) aided in prediction of end-plate deforma-
tion and displacement for extended end-plates. The finite
element code ANSYS has successfully been utilized by
Bahaari and Sherbourne (1993) to model extended end-
plates. Both codes have successfully produced three-
dimensional modeling of the end-plates and provided
valid predictions and analysis of both thick and thin plate
behavior and deformation. Most finite element models of
moment end-plate connections have analyzed monotonic
loading, although Meng (1996) was successful in model-
ing a connection under seismic loading.

Advances in finite element research of moment end-
plates are continuing at various universities, such as using
3D non-linear modeling to simulate hysteresis loop be-
havior and response due to varied loading. These re-
sponses are then used to predict component failure within
end-plate connections.

1.2.4 Performance of Moment End-Plate Connections
for Seismic Loading

Cyclic loading of moment end-plate connections was first
studied by Popov and Tsai (1989). Since that time a num-
ber of studies have been conducted worldwide. Two stud-
ies that used design procedures similar to those in this
Guide are Meng and Murray (1997) and Sumner, et al.
(2000).

Meng and Murray (1997) conducted a series of tests
using the four-bolt extended, unstiffened connection
shown in Figure 1-4a. The connections were designed
using the yield-line and modified Kennedy procedures
that include prying force effects in the bolt design. The
test specimens were designed such that the connection
was stronger than the connected beam. Each specimen
was subjected to the Applied Technology Council (ATC-
24) protocol loading (ATC 1992). Even though bolt
forces decreased from the fully tightened level (in some
tests, even to zero) as the testing progressed, failure oc-
curred in the beam for every test. If weld access holes
were not used, robust hysteresis loops were obtained. In
all the specimens tested with weld access holes, flange
fracture at the weld access hole occurred a few cycles into
the inelastic regime of the ATC-24 protocol. Subsequent
finite element analysis showed that the presence of a weld
access hole significantly increases flange strain adjacent
to the hole. Meng and Murray recommended that weld
access holes not be used in moment end-plate connec-
tions.

As part of the SAC Joint Venture, Sumner, et al.
(2000) conducted beam-to-column tests using the SAC
Protocol (1997). Their test matrix included the four-bolt
extended, unstiffened end-plate connection. For each end-
plate geometry, two tests were performed: one with the
connection design to develop 110 percent of the nominal
plastic moment strength of the beam (strong plate connec-
tion) and the other with the connection designed to de-
velop 80 percent of the plastic moment strength of the
beam (weak plate connection). It was found that the four-
bolt extended, unstiffened end-plate connection can be
designed and detailed to be suitable for seismic loading.
A design procedure, very similar to the procedure con-
tained in this Guide, was then developed. The procedure
is found in the Federal Emergency Management Agency
(FEMA) Recommended Seismic Design Criteria for New
Steel Moment-Frame Buildings (2000).
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Chapter 2
DESIGN PROCEDURES

2.1 Introduction

The design procedures for the four flush and five ex-
tended moment end-plate connections used in this Guide
were developed at the University of Oklahoma and Vir-
ginia Polytechnic Institute and are based on a) yield-line
theory, b) a method to predict bolt forces including prying
effects, and c¢) moment-rotation considerations. More
specifically the design procedures provide:

1. Determination of end-plate thickness by yield-
line theory given end-plate geometry, beam ge-
ometry, and material yield stress; a strength cri-
terion.

2. Determination of bolt forces including prying
forces given end-plate geometry, bolt diameter,
and bolt type; a bolt force criterion.

3. An assessment of construction type for which
the connection is suitable; a stiffness criterion.

The procedures were verified using a series of full-
scale tests of each of the nine connections shown in Fig-
ures 1-3 and 1-4 (Srouji, et al. 1983a, 1983b; Hendrick, et
al. 1984, 1985; Morrison, et al. 1985, 1986; Abel and
Murray 1992a, 1992b; and SEI 1984). The geometric
parameters for each series were varied within limits de-
termined from current practice of the low rise building
industry.

The basis for each part of the design procedure is
briefly described in the following sections. More thor-
ough descriptions are found in the references cited.

2.2 Yield-Line Theory and Mechanics

Yield-lines are the continuous formation of plastic hinges
along a straight or curved line. It is assumed that yield-
lines divide a plate into rigid plane regions since elastic
deformations are negligible when compared with plastic
deformations. Although the failure mechanism of a plate
using yield-line theory was initially developed for rein-
forced concrete, the principles and findings are also ap-
plicable to steel plates.

The analysis of a yield-line mechanism can be per-
formed by two different methods, (1) the equilibrium
method, or (2) the virtual work energy method. The latter
method is more suitable for the end-plate application. In
this method, the external work done by the applied load,
in moving through a small arbitrary virtual deflection
field, is equated to the internal work done as the plate
rotates at the yield lines to facilitate this virtual deflection
field. For a selected yield-line pattern and loading, spe-
cific plastic moment strength is required along these
hinge lines. For the same loading, other patterns may re-

sult in larger required plastic moment strength. Hence, the
appropriate pattern is the one, which requires the largest
required plastic moment strength along the yield-lines.
Conversely, for a given plastic moment strength along the
yield-lines, the appropriate mechanism is that which pro-
duces the smallest ultimate load. This implies that the
yield-line theory is an upper bound procedure; therefore,
one must find the least upper bound.

The procedure to determine an end-plate plastic mo-
ment strength, or ultimate load, is to first arbitrarily select
possible yield-line mechanisms. Next, the external work
and internal work are equated, thereby establishing the
relationship between the applied load and the ultimate
resisting moment. This equation is then solved for either
the unknown load or the unknown resisting moment. By
comparing the values obtained from the arbitrarily se-
lected mechanisms, the appropriate yield-line mechanism
is the one with the largest required plastic moment
strength or the smallest ultimate load.

The controlling yield-line mechanisms for each of the

~Ms ~M,

Mo MG ﬁdﬂ
A a _L Pe P _L a
I +

B

Q B Q

Figure 2-1 Split-tee model.

nine end-plate connections considered in this Guide are
shown in Chapters 3 and 4.

2.3 Bolt Force Predictions

Yield-line theory does not provide bolt force predictions
that include prying action forces. Since experimental test
results indicate that prying action behavior is present in
end-plate connections, a variation of the method sug-
gested by Kennedy, et al. (1981) was adopted to predict
bolt forces as a function of applied flange force.
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(a) First Stage / Thick Plate Behavior
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(b) Second Stage / Intermediate Plate Behavior

y

R
oz
QmaxB B Qmax

(c) Third Stage / Thin Plate Behavior

Figure 2-2 Flange behavior models.

The Kennedy method is based on the split-tee analogy
and three stages of plate behavior. Consider a split-tee
model, Figure 2-1, consisting of a flange bolted to a rigid
support and attached to a web through which a tension
load is applied.

At the lower levels of applied load, the flange behav-
ior is termed “thick plate behavior”, as plastic hinges have

not formed in the split-tee flange, Figure 2-2a. As the
applied load is increased, two plastic hinges form at the
centerline of the flange and each web face intersection,
Figure 2-2b. This yielding marks the “thick plate limit”
and the transition to the second stage of plate behavior
termed “intermediate plate behavior.” At a greater applied
load level, two additional plastic hinges form at the cen-
terline of the flange and each bolt, Figure 2-2c. The for-
mation of this second set of plastic hinges marks the “thin
plate limit” and the transition to the third stage of plate
behavior termed “thin plate behavior.”

For all stages of plate behavior, the Kennedy method
predicts a bolt force as the sum of a portion of the applied
force and a prying force. The portion of the applied force
depends on the applied load, while the magnitude of the
prying force depends on the stage of plate behavior. For
the first stage of behavior, or thick plate behavior, the
prying force is zero. For the second stage of behavior, or
intermediate plate behavior, the prying force increases
from zero at the thick plate limit to a maximum at the thin
plate limit. For the third stage of behavior, or thin plate
behavior, the prying force is maximum and constant.

2.4 Moment-Rotation Relationships

Connection stiffness is the rotational resistance of a con-
nection to applied moment. This connection characteristic
is often described with a moment versus rotation or M-6
diagram. The initial slope of the M-8 curve, typically ob-
tained from experimental test data, is an indication of the
rotational stiffness of the connection, i.e. the greater the
slope of the curve, the greater the stiffness of the connec-
tion.

This stiffness is reflected in the three types of con-
struction defined in the AISC Specification for Structural
Steel Buildings -- Allowable Stress Design and Plastic
Design (1989): Type 1, Type 2, and Type 3. Type 1 con-
struction, or rigid framing, assumes that the connections
have sufficient rigidity to fully resist rotation at joints.
Type 2 construction, or simple framing, assumes that the
connections are free to rotate under gravity load and that
beams are connected for shear only. Type 3 construction,
or semi-rigid framing, assumes that connections have a
dependable and known moment capacity as a function of
rotation between that of Type 1 and Type 2 construction.
The AISC Load and Resistance Factor Design Specifica-
tion for Structural Steel Buildings (1999) defines two
types of construction: FR and PR. Fully restrained or FR
construction is the same as ASD Type 1 construction.
Partially restrained or PR construction encompasses ASD
Types 2 and 3 construction. Idealized M-8 curves for
three typical connections representing the three AISC
types of construction are shown in Figure 2-3. Note that
the M-6 curve for an ideally fixed connection is one
which traces the ordinate of the M-8 diagram, whereas the
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M-8 curve for an ideally simple connection is one which
traces the abscissa of the M-8 diagram.

For beams, guidelines have been suggested by Salmon
and Johnson (1980), and Bjorhovde, et al. (1987,1990), to
correlate M-6 connection behavior and AISC construction
type. Traditionally, Type 1 or FR connections are re-
quired to carry an end moment greater than or equal to
90% of the full fixity end moment of the beam and not
rotate more than 10% of the simple span rotation (Salmon
and Johnson 1980). A Type 2 connection is allowed to
resist an end moment not greater than 20% of the full
fixity end moment and rotate at least 80% of the simple
span beam end rotation. A Type 3 connection lies be-
tween the limits of the Type 1 and Type 2 connections. A
PR connection is any connection that does not satisfy the
FR requirements.

The simple span beam end rotation for any symmetri-
cal loading is given by:

ML
5 2EI

-1

where My = fixed end moment for the loading. Setting My
equal to the yield moment of the beam, SF,, and with 1/§
=h/2:

g - F,L

= (2-2)

Taking as a limit L/A equal to 24, and E equal to 29,000
ksi:

0.1(6,)=8.3x10F, radians (2-3)

M Type I, FR Moment Connection
F

Moment, M
I

Connection
N\

~ TypeII, Simple Shear

This value was used to determine the suitability of the
moment end-plate connections considered in this Guide.
It was found that 80% of the full moment capacity of the
four flush connections and 100% of the full moment ca-
pacity of the five extended connections could be used in
Type 1 or FR construction. It is noted that these classifi-
cations do not apply to seismic loading.

More recently, Bjorhovde, et al. (1987,1990) has sug-
gested rotation criteria as a function of the connected
beam span. Also, Hasan, et al. (1997) compared an ex-
perimental database of M-8 curves for 80 extended end-
plate connection tests to the results of analyses of three
frame configurations and concluded that almost all of the
extended end-plate connections possessing initial stiffness
> 10° kip-in/rad behave as rigid connections.

2.5 Design Procedures

Borgsmiller and Murray (1995) proposed a simplified
method for the design of moment end-plate connections.
The method uses yield-line analysis for determining end-
plate thickness as discussed in Section 2.2. A simplified
version of the modified Kennedy method was used to
determine tension bolt forces including prying action ef-
fects. The bolt force calculations are reduced because
only the maximum prying force is needed, eliminating the
need to evaluate intermediate plate behavior prying
forces. The primary assumption in this approach is that
the end-plate must substantially yield to produce prying
forces in the bolts. Conversely, if the plate is strong
enough, no prying action occurs and the bolts are loaded
in direct tension. This simplified approach also allows the
designer to directly optimize either the bolt diameter or
end-plate thickness as desired.

Beam Line Equation, M = Mp— 2EIG/L
where:

M = beam line end-moment
My = fixed end-moment, (wL*/12)
6 = beam line end-rotation
6, = simple span beam end-rotation

Rotation, 0 0¢= M/(2EI/L)

Figure 2-3 Moment-rotation curves.
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Specifically, Borgsmiller and Murray (1995) exam-
ined 52 tests and concluded that the threshold when pry-
ing action begins to take place in the bolts is at 90% of
the full strength of the plate, or 0.90M,,. If the applied
load is less than this value, the end-plate behaves as a
thick plate and prying action can be neglected in the bolts.
Once the applied moment crosses the threshold of
0.90M,,;, the plate can be approximated as a thin plate and
maximum prying action is incorporated in the bolt analy-
sis.

The design procedures used in Chapter 3 for flush
end-plates and in Chapter 4 for extended end-plates are
based on the Borgsmiller and Murray (1995) approach.
For a specific design, if it is desired to minimize bolt di-
ameter, Design Procedure 1 is used. If it is desired to
minimize the thickness of the end-plate, Design Proce-
dure 2 is used. A flow chart is provided in Figure 2-4 that
provides a summary of the design procedures outlined in
Sections 2.5.1 and 2.5.2.

For LRFD designs, M, is the required flexural strength
(factored moment). For ASD designs the working mo-
ment or service load moment, M,,, is multiplied by 1.5 to
obtain M,. After determining M,, the design procedures
are exactly the same for ASD and LRFD.

2.5.1 Design Procedure 1:

Thick End-Plate and Smaller Diameter Bolts:

The following procedure results in a design with a rela-
tively thick end-plate and smaller diameter bolts. The
design is governed by bolt rupture with no prying action
included, requiring “thick” plate behavior. The “summary
tables” refer to Tables 3-2 through 3-5 for the flush end-
plate connections and Tables 4-2 through 4-6 for the ex-
tended end-plate connections. The design steps are:

1.) Determine the required bolt diameter assuming no
prying action,

2M
db,re d = —2— (2'4)
“ N g (Xd,)
where,
¢=0.75

F, = bolt material tensile strength, specified in Ta-
ble J3.2, AISC (1999), i.e. F, = 90 ksi for
A325 and F; = 113 ksi for A490 bolts.

M, = required flexural strength

d, = distance from the centerline of the n™ tension
bolt row to the center of the compression
flange.

Note: This equation is derived from equating M, to
¢M,,, as shown in the "summary tables" in Chapter 3
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for flush end-plates and Chapter 4 for extended end-
plates as follows:

M, =M, =42R (34, )] (2-5)
Solving Equation 2-5 for P, yields:
M
P=—_t— (2-6)
" 2(Xa,)

Setting Equation 2-6 equal to the bolt proof load
2
equation, P, :”Tth and solving for d, yields

Equation 2-4.

Solve for the required end-plate thickness, ¢, cqq,

R (R o)
preqd
¢pryY
where,
# = 0.90

% = a factor, greater than or equal to 1.0, used
to modify the required factored moment to
limit the connection rotation at ultimate
moment to 10% of the simple span rota-
tion. (See Section 3.1.1 for further explana-
tion)

= 1.25 for flush end-plates and 1.0 for ex-
tended end-plates

F,,= end-plate material yield strength

Y =yield-line mechanism parameter defined
for each connection in the "summary ta-
bles" in Chapter 3 for flush end-plates and
Chapter 4 for extended end-plates.

@¢M,,, = connection strength with bolt rupture limit
state and no prying action (Equation 2-5
based on selected bolt size).

Note: This equation is derived from equating ¢M,,, to
90% of the design strength for end-plate yielding,
@#M,,;, given in the "summary tables" as follows:

OM,, =0.908,M ,, =0.90¢,F, t>Y

w'p (2-8)

=
Solving for #, along with the inclusion of the load
factor . yields Equation 2-7. Note that the reciprocal
of the 0.90 factor (1.11) is placed in the numerator to
avoid confusion with the bending resistance factor ¢,
of the same value.
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2.5.2 Design Procedure 2;

Thin End-Plate and Larger Diameter Bolts:

The following procedure results in a design with a rela-
tively thin end-plate and larger diameter bolts. The design
is governed by either the yielding of the end-plate or bolt
rupture when prying action is included, requiring "thin"
plate behavior. The "summary tables" refer to Tables 3-2
through 3-5 for the flush end-plate connections and Ta-
bles 4-2 through 4-6 for the extended end-plate connec-
tions. The design steps are:

1) Determine the required plate thickness,

et (2-9)

Note: This equation is derived from equating M, to
M, given in the "summary tables” as follows:

eru = ¢bMp1 = ¢pry'127Y (2-10)

2.) Select a trial bolt diameter, d,, and calculate the
maximum prying force.

For flush end-plate connections and for the interior
bolts of extended end-plate connections, calculate
Omax i as follows:

Sk L e 2-11
3/1/03 max,i = 4a, o w’tp (2-11)
where,
w=b,/2-(d, +1/16) (2-12)
f 3
Sn/03 a[=3682 —dL] ~0.085 (2-13)
b

b 3
t;FPy[O.SSTP+ O.SOW'J i
F/=

1

(2-14)
4p i

Note that for flush connections pg; = p.. Also, the last
term in the numerator of Equation 2-14 represents the
contribution of bolt shank bending (A4, in Figure 2-
1).

For extended connections, also calculate Q.. o, based
on the outer bolts as follows:

Full document details: AISC 816
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Wq=

(2-15)

(1,Y
-|[Be82] —=| —0.085 (2-16)

min pext—Pf,o

b 3
zf,pr(o.ss " o.sow] + hE
2

F =

o

(2-17)
4P f.0

Ifthe radical in either expression for Qp.. (Equations
2-11 and 2-15) is negative, combined flexural and
shear yielding of the end-plate is the controlling limit
state and the end-plate is not adequate for the speci-
fied moment.

Calculate the connection design strength for the limit
state of bolt rupture with prying action as follows:

For a flush connection:

oM = P2(F, = Qe ;)(d; + d))]

q—max ¢[2(Tb)(d1 + d2)] (2-18)

For an extended connection:

AUE, ~ Oz, 0 + 2, = O Ny + )+ 213 ]
AR, = O I + 21(d) +d; +d3)]
A2UE, = Qo (d; +d3) + 21, (d) +d))]
o A2T,(dy+d, +d, +d})]
(2-19)

where,

¢ =075

P, = mi;F,/4

d; = distance from the Centerline of each tension
bolt row to the center of the compression
flange (Note: For rows that do not exist in a
connection, that distance d is taken as zero),

T, = specified pretension in Table J3.7 of AISC
ASD or Table J3.1 of AISC LRFD (also re-
produced in Table 2-1 of this Guide).

Rev.
3/1/03
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Note: For A325 snug-tightened bolts, the following
values of T}, should be used:

sion control bolts, larger pitch distances are re-
quired.

5. End-plate connections can be designed to resist
dy, <5/8 in., T = 75% of minimum bolt pretension shear force at the interface of the end-plate and
dy=3/41n., T, = 50% of minimum bolt pretension column flange using either “bearing” or “slip
d, =7/8 in., Ty, = 37.5% of minimum bolt pretension critical” assumptions. Slip critical connections
dy > 1in., T = 25% of minimum bolt pretension are only required for other than static loading

conditions (see item 1 above). When fully tight-

4.) Check that ¢M, > M,. If necessary, adjust the bolt ened or snug-tight bearing type connections are

diameter until ¢M, is greater than M, used, it is common practice to assume that the

compression bolts resist all of the shear force.

Table 2-1 Minimum Bolt Pretension, T, (kips) When slip critical (type “SC”) are necessary, all

- - bolts at the interface can be assumed to resist the

Bolt Size (in.) A325 A490 shear force and shear/tension interaction can be

172 12 15 ignored as explained in the Commentary on

S/8 19 24 Specification for Structural Joints Using ASTM

3/4 28 35 A325 or A490 Bolts (RCSC 1985). This Com-

7/8 39 49 mentary states: “Connections of the type...in

1 51 64 which some of the bolts lose a part of their

11/8 56 80 clamping force due to applied tension suffer no

11/4 71 102 overall loss of frictional resistance. The bolt ten-

13/8 85 121 sion produced by the moment is coupled with a

1172 103 148 compensating compressive force on the other

side of the axis of bending.” Thus, the frictional

resistance of the connection remains unchanged.

2.5.3 Additional Assumptions and Conditions If a bearing type connection is used, it is com-

The following assumptions or conditions are inherent in mon practice to assume that the compression
the design procedures: bolts resist all of the shear force.

1. Snug-tight bolts should not be used for other 6. The width of the end-plate, which is effective in
than static loading conditions. Temperature, resisting the applied beam moment, shall not be
wind, and snow loads are considered static load- taken greater than the beam flange width plus 1
ings. End-plate connections with snug-tight bolts inch in the calculations.
are not recommended for members subjected to 7. The gage of the tension bolts (horizontal dis-
large fatigue loading conditions such as heavy tance between vertical bolt lines) should not ex-
crane runways, and supporting structures for ceed the beam tension flange width.
machinery and equipment. AISC and RCSC only 8. Normally, the beam flange to end-plate weld is
permit A325 bolts to be snug-tightened (A490 designed to develop the yield strength of the
bolts must be fully tightened). connected beam flange. This is usually done

2. The required factored moment for plate design, with full penetration welds but alternatively, fil-
M,, should be increased by 7 = 1.25 for flush let welds may be used for thin flanges. When the
end-plate connections if they are assumed to be applied moment is less than the design flexural
rigid frame construction as explained in Chapter strength of the beam, the beam flange to end-
3. 7= 1.00 for extended connections. plate weld can be designed for the required mo-

3. Requirements beyond the scope of this Guide ment strength but not less than 60 percent of the
must be considered when designing end-plate specified minimum yield strength of the con-
connections for geographic areas of high seis- nected beam flange.
micity. Pending further research, snug-tight bolts 9. Beam web to end-plate welds in the vicinity of
are not recommended for these applications. the tc?nsion bolts are to be designed to develop

4. The smallest possible pitch distance, p;; (distance the yield strength of the beam web unless the full
from face of beam flange to centerline of nearer design strength of the beam is not required.
bolt) generally results in the most economical When the full design strength is not required, the
connection. The absolute minimum pitch dimen- beam web to end-plate welds should be designed
sion for standard bolts is bolt diameter plus 1/2 to develop 60 percent of the minimum specified
in. for bolts up to 1 in. diameter and bolt diame- yield strength of the beam web.
ter plus 3/4 in. for larger diameter bolts. For ten- 10. For beam shear resistance in the web at the end-

plate, only the distance between the mid-depth of
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11.

12.

13.

14.

the beam and the inside face of the beam com-
pression flange, or between the inner row of ten-
sion bolts plus two bolt diameters and the inside
face of the beam compression flange, whichever
is smaller, shall be used. This assumption is
based on engineering judgment; literature was
not found to substantiate or contradict this as-
sumption.

To the writers’ knowledge, tests of end-plate
moment connections with axial forces have not
been conducted. Inclusion of axial forces in an
end-plate yield-line analysis results in an effec-
tive end-plate moment equal to the applied mo-
ment plus (tension) or minus (compression) the
axial force times one-half the beam depth. See
Example 4.2.3 for the design procedure modified
to include an axial load.

Stitch bolts are sometimes used between the ten-
sion and compression flange end-plate bolts, es-
pecially in deep connections. The purpose of
these bolts is to reduce plate separation caused
by welding distortions. Because stitch bolts are
located near the center of gravity of the member,
the contribution to connection strength is small
and is neglected.

Web and web stiffener design is not included in
the design procedures in this Guide. Most end-
plate strength tests have been conducted with
relatively thick webs to avoid premature web
failure. In a number of tests, beam webs near the
tension bolts have been instrumented with strain
gages with yielding of the beam web plate re-
ported. Pending further testing, engineering
judgment is required to determine required web
and web stiffener size.

Column web stiffening (transverse stiffeners or
continuity plates and panel zone doubler plates)
design is not included in this Design Guide.
AISC Design Guide No. 4 - Extended End-Plate
Moment Connections (Murray 1990) contains
column stiffening design recommendations.
Also, see AISC Design Guide No. 13 — Stiffen-
ing of Wide-Flange Columns at Moment Con-
nections: Wind and Seismic Applications (Carter
1999) for additional guidance.
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2.6 Limit States Check List

Limit states (or failure modes) that should be considered
in the design of moment end-plate beam-to-column
connections are:

1.

10.

11.

12.

13.

14.

15.

Flexural yielding of the end-plate material near
the tension flange bolts. This state in itself is not
limiting, but yielding results in rapid increases in
tension bolt forces and excessive rotation.

Shear yielding of the end-plate material. This
limit state is not usually observed, but shear in
combination with bending can result in reduced
flexural capacity and stiffness.

Shear rupture of end-plate through outside bolt
holes.

Bolt rupture because of direct load and prying
force effects. This limit state is obviously a brit-
tle failure mode and is the most critical limit
state in an end-plate connection.

Bolt rupture or bolt slip in a slip-critical connec-
tion due to shear at the interface between the
end-plate and column flange.

Bearing failure of end-plate or column flange at
bolts.

Rupture of beam tension flange to end-plate
welds or beam web tension region to end-plate
welds.

Shear yielding of beam web to end-plate weld or
of beam web base metal.

Column web yielding opposite either the tension
or compression flanges of the connected beam.
Column web crippling opposite the compression
flange of the connected beam.

Column web buckling opposite the compression
flange of the connected beam.

Column flange yielding in the vicinity of the ten-
sion bolts. As with flexural yielding of the end-
plate, this state in itself is not limiting but results
in rapid increases in tension bolt forces and ex-
cessive rotation.

Column transverse stiffener failure due to yield-
ing, local buckling, or weld failure.

Column panel zone failure due to shear yielding
or web plate buckling.

Excessive rotation (flexibility) at the connection
due to end-plate and/or column flange bending.
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Yes

Given: Beam & end plate geometry, connection moment.
Find: Connection plate thickness and bolt diameter.

(See Appendix A for Nomenclature)

Start
M, =15M, for ASD,
Mu = Mﬁtc'tored for LRFD
For flush connection: v, =1.25

Calculate Y from Tables 3-2 thru 3-5
For extended connection: y, =1.00

Calculate minimum Y from Tables 4-2 thru 4-6

.

Thick Plate

Procedure
2

Procedure 1

Thick plate & smaller diameter bolts

dbred = m—u ) ¢ :075
e 7T¢Ft(2dn)

d, is bolt distance for n™ bolt row

Select a standard bolt dia., d, 2d} .,y

P =m}F, /4

oM, =¢[2P (X d,)]

¢ (111)7r¢an
Jreqd
p.req ¢b pr Y

Select standard plate, 7, 27, .ouq

= | #, = 0.90

v

End of procedure

Procedure 2
Thin plate & larger diameter bolts

7Moo @, =0.90

pregd =
¢h F »y Y

t

Select a standard plate, ¢, 27, 004

Assume
a trial bolt
diameter,
dy

GoTo A

Figure 2-4 Flow-Chart: Bolted end-plate connection design.
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<

Extended

a

;=3.682(t, /d, ) ~0.085, w=b,/2-(d,+1/16)

F=[ 22F, (085b, /2+080w)+ =i F, /8 )fap,,

P, = 7d;F,/4

End Plate? ) o
T, = specified pretension in Table J3.7 of AISC ASD or Table J3.1 of

AISC LRFD (also reproduced in Table 2-1 of this Guide).

Yes No Note: For snug-tightened A325 bolts, the following values of 7},
should be used:
dy, <5/8 in., T = 75% of minimum bolt pretension
dy=3/41n., T, = 50% of minimum bolt pretension
d,=7/8 in., T, = 37.5% of minimum bolt pretension
d, > 1in., Ty = 25% of minimum bolt pretension

\4
3.682(1, /d, | - 0.085
min Pext — pf:(’ ¢M -

Fy=[ 2F, (0850, /2)+ 0.80w )+ i F, /8 Jfap,,

or, Fo’ = E’(pf',i / pf,o)

v

¢[ 2(Pt _Qmax,i Xdl + d2) ]
! max ¢[ 2Tb(d1 +d,) ]

where ¢ =0.75

¢[ 2(Pz _Qmax,o)d() +2(Pt _Qmax,i)(dl +d;)+2T,d, ]
M = gl Z(P, _Qmax,a)dO +2(Tb)(d1 +d, +d3) ]

! ¢[ 2(Pz _Qmax,iXdI +d;)+2T,(d) +d;) ]

¢[ 2T, (dy +d, +d, +d3) ]

where ¢=0.75

Figure 2-4 (Continued) Flow-Chart: Bolted end-plate connection design
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