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DESIGN OF MOMENT END-PLATE
CONNECTIONS FOR SEISMIC LOADING

by
Ronald L. Meng
Thomas M. Murray, Chairman
Civil Engineering
(ABSTRACT)

Analytical and experimental research into the seismic response of four-bolt
extended moment end-plate connections was conducted. Full-scale connections, ranging
in size from moderate to large, were designed, fabricated and tested under cyclic loading
until connection failure was observed. The design procedures for minimum end-plate
thickness were developed from yield-line theory with prying forces included in the bolt
tension forces. Stiffened end-plates, four-bolt wide connections and shimmed end-plate
connections were variations of the four-bolt connection tested. A325 and A490 bolts with
internal strain gauges were employed to record and analyze bolt tension forces.

Test results demonstrate that the design approach is satisfactory, but several
aspects of connection response not previously observed nor reported were encountered.
When weld access holes were present in an extended end-plate connection, excessive 3-D
stresses developed in the hole region, causing a brittle fracture of the beam flange. In the
absence of weld access holes, ductile failure occurred, evidenced by local buckling of the
beam flanges and plastic hinge formation. These two responses or failures were exhibited
by all connection sizes. The use of end-plate stiffeners appeared to provide sufficient
stress reduction, as ductile failures were observed in all stiffened, extended end-plate
connection tests with weld access holes.

Grade 50 steel, four-bolt end-plate connections with built-up beam sections were

also tested and demonstrated that inadequate weld strength exists in the beam web-to-



flange welds. Prior to fracture in these welds, the connections responded in a ductile
manner with local beam flange buckling.

In conjunction with the full-scale testing, finite element models were created for
several connection sizes. When actual material properties of the steel and bolts were
modeled, an excellent correlation of test data and the model was noted. When weld
access holes were introduced in the models, an increase of flange strain in the hole region
was noted.

Although not conclusive nor comprehensive for every connection configuration,
the four-bolt design appears satisfactory to survive seismic activity. Further research
should provide answers to other configurations and eventually provide an acceptable

alternative beam-to-column connection for high seismic areas.
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CHAPTER1

INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

The moment end-plate connection is one of three fully restrained moment connections,
as defined by the American Institute of Steel Construction (AISC) Manual of Steel
Construction, Load & Resistance Factor Design (LRFD) 1994, that are used for beam-to-
column connections. The moment end-plate connection has become increasingly popular in
use, particularly by the metal building industry, because of its ease of erection in the field; yet it
has comparable properties to both the flange-plate and directly welded flange connections.

The beam-to-column moment end-plate connection is composed of a steel plate welded
to the end of a wide flange beam. The plate is attached to the column using various rows of
fully tensioned high-strength bolts. The connection is normally shop welded and field erected.
Several classifications of end-plates exist and are dependent on their detailing and arrangement
of bolt patterns. An extended end-plate is one which extends beyond the flanges of the beam
to allow placement of bolts outside the beam flanges. Stiffeners may be added to the extended
end-plate outside the beam flange in the plane of the beam web. This configuration produces a
stiffer connection and therefore allows the use of thinner end-plates in some applications.
Figure 1.1 shows several commonly used extended end-plate configurations. Other
classifications of end-plates do exist, e.g. flush end-plates; however, this research is limited to
extended end-plates because of their use in beam-to-column connections.

Currently, moment end-plate connections are limited in structural steel building design
and construction, as outlined in the Manual for Steel Construction (LRFD 1994), to “statically

loaded applications ... because adequate research has riot been conducted on their low cycle



fatigue strength.” Previous, yet limited, research has indicated that the moment end-plate
connection can safely withstand seismic loading without failure of the connection, but
insufficient data and research exist to substantiate and quantify needed changes to existing

design models.

(c) 4 Bolt Wide ) (d) Stiffened 4 Bolt Wide

FIGURE 1.1 Extended End-Plate Configurations

During the 1994 Northridge, California earthquake, directly welded flange connection
failures emphasized and accentuated the need for seismically safe, yet efficient, moment
resistant connections. AISC Technical Bulletin No. 2 (1994) outlines some of the failures that

occurred and design and material problems associated with the flange welded connection. To



avoid future reoccurrence of similar weld failures, an alternate Type FR connection must be
investigated.

For two reasons, to expand the AISC approved use of moment end-plate connections
and to avoid welded connection failures, this research and study provides additional
information to aid in the end-plate connection’s use and acceptance to include seismic areas.
Through both analytical and experimental research, design procedures for a 4-bolt unstiffened
end-plate moment connection, Figure 1.1a, for use in high seismic areas are developed,
analyzed and tested. Several tests were also conducted to project the design methodology to
4-bolt wide unstiffened end-plate moment connections, Figure 1.1c. Stiffened, extended end-
plate connection tests, both four-bolt and four-bolt wide, Figures 1.1b and 1.1¢c, were also
conducted to investigate the design philosophy’s application to these types of end-plate

moment connections and the designs’ applicability to future testing.

1.2 LITERATURE REVIEW

1.2.1 Moment End-Plates

The end-plate moment connection saw its first application in the 1960’s, stemming
from its research and design in the 50’s. The connection was not a new concept but more of
an evolution of the much used split tee connection. The early designs usually resulted in thick
end-plates and large bolt diameters due mainly to simplified designs and analysis of the
connection. The connection slowly gained acceptance and was included in the 7th Edition,
AISC Manual of Steel Construction in 1970 due in large part to the efforts of Douty and
McGuire (1965). Their methods used assumptions of bolt forces due to prying action and
simple statics resulting from earlier tee-stub analysis. As discussed by Griffiths (1980), this first
attempt to standardize the design resulted in a very conservative connection. It did spur further
interest as seen by various studies in the early 1970’s. Kato and McGuire (1973) and Nair ef

al. (1974) continued the ‘tee-stub’ concept to account for prying action and sizing of bolts and



thickness of the end-plate. As before, the procedures continued to produce a design with thick
plates and large bolt diameters. Based on this research and that of Agreshov (1976,1977),
Granstron (1980) continued with a simple design of tee-hangers. His resulting design
produced thinner plates and bolts than before, but he did not consider the effects of prying
action.

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 at its upper capacity. Their proposed design procedures
determined plate thickness and bolt diameter as well as adequacy checks of the supporting
column.

Krishnamurthy (1978) broke from the traditional analysis and derived empirical
relationships based on statistical analysis of finite element results. Formulas derived 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 tensioning 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 towards 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) continued the tee-stub analogy to predict prying forces and the
formation of plastic hinges and yield lines. They categorized the end-plate’s behavior on three
levels. First, at low loads there is the absence of any hinge formation in the plates; the plate is
said to be “thick,” with no prying action present. Second, upon the formation of a hinge
caused by yielding of the end-plate at the beam flange, 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 about the bolts. At this

time, the prying action is considered to be at its maximum. Their design methods were applied



only to two tee-stub tests and were not conclusive to validate their methods, but the results did
correlate well with their predictions.

Morrison (1985) and Abel (1993) have modified the Kennedy ef al. approach for four-
bolt stiffened and unstiffened extended end-plates, respectively. Each conducted analytical and
experimental research that verified their prediction equations and procedures and the previous
work conducted by Kennedy et al.

A historic outlook of the advancement and the development of end-plate moment

connection design is presented in greater detail by Murray (1988).

1.2.2 Cyclic Testing of Moment End-Plates

All of the above discussed research was conducted with static (monotonic) bending or
shear loading. This research has indicated that under monotonic loading, end-plate connections
can indeed provide comparable strength, stiffness and ductility to the welded flange connection,
a fact confirmed by several researchers (Murray 1988, Popov and Tsai 1989). Research on
end-plate moment connections subjected to cyclic or seismic loading has been extremely
limited, as stated by Popov and Tsai (1989) and Korol ef al. (1991). Ghobarah ez al. (1990)
also states that the understanding of the behavior of the individual components under cyclic
loading is extremely lacking; in fact, to date, literature reports only two teams have conducted
any substantial full scale cyclic loading research of end-plate moment connections: Popov and
Tsai (1990), and Ghobarah et al. (1990, 1992).

Initial experimental investigations into the cyclic performance of end-plate moment
connections is limited to small beam sections with unstiffened end-plates (Sanapaolesi e al.
1981; Ballio ef al. 1987). These tests were conducted utilizing specific loading sequence
procedures widely adopted by European researchers. In these tests, pinching and shifting of the
hysteretic loops occurred mainly due to bolt slippage between the end-plate and the column
flange and yielding of the bolts and end-plate, thereby reducing the connection stiffness and its
energy dissipation capacity. One probable cause of the end-plate slippage in these tests was the

lack of sufficient tensioning of the bolts. To achieve maximum strength and stiffness of the
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connection, the bolts must be fully tensioned. Therefore, these early seismic tests are
inconclusive as to connection behavior for steel structures.

Popov and Tsai (1989) performed their initial cyclic loading research for several
moment connections. Types of beam-to-column connections varied from fully welded
connections to bolted end-plate connections. The objective was to investigate realistic member
size and the extent of cyclic ductility with emphasis on LRFD and plastic capability in design.
Their initial results produced generalities of beam-column connections and their interactions
and confirmed bolt slippage as experienced by other research, causing data scatter. In later tests
by Tsai and Popov (1990), cyclic behavior of end-plate connections was specifically
investigated. They investigated the cause of inner bolt premature failure by variation of
stiffened and unstiffened end-plates. The results of this testing indicated the need for
modification of bolt design, end-plate thickness to correspond to connection strength, and end-
plate stiffener recommendations. At the completion of their research, they concluded that there
is still a need for further research of end-plate connections under cyclic loading.

Ghobarah e al. (1990) also noted the lack of information about distribution of stresses
and forces in end-plate connections under cyclic loading. The objective of several of their tests
was to examine the behavior of individual components within the connections. Their testing
included extended end-plate element responses with stiffened and unstiffened connections.
During testing, the columns were axially loaded for some of the tests and unloaded for others.
Column flange and end-plate stiffeners as well as end-plate thickness were varied also. In
general, they found that end-plate connections are able to dissipate energy induced in the
connection from cyclic loading without loss of strength. Stiffness of the joint was reduced due
mostly to bolt tension losses. They concluded that sufficient energy dissipation capability
without a substantial loss of strength can be obtained by the proper proportioning of the
connection. Valuable as the research of Popov and Tsai and Ghobarah ef al. is, it has not

provided design standards nor acceptable guidelines for seismic end-plate connection design.



1.2.3 Finite Element Analysis of Moment End-Plates

Research of moment end-plate connections utilizing finite element modeling has gained
recent momentum from early, limited attempts. Krishnamurthy and Graddy (1976) attempted
to calculate end-plate deformation/displacement for extended 4-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 analysis for complexity and accuracy of representation. They
concluded that, at the time, 2D analysis provided adecuate reliable modeling of moment end-
plate connections. Ahuja (1982) used finite element analysis to investigate the elastic
properties of 8-bolt stiffened connections. The programming contained both 2D and 3D
modeling elements for the connection. Ghassemieh (1983) continued the investigation of
Ahuja to include non-linear behavior of the end-plate and bolts. Kukreti et al. (1990)
continued finite element modeling for an 8-bolt connection and, as with previous research,
conducted parametric studies to predict end-plate displacement and inner bolt forces. These
predictions were compared to actual research data for correlation, and regression analysis of
the data was conducted to provide empirical equations for design of moment end-plates under
monotonic loads.

Use of the finite element code ABAQUS by Bursi and Leonelli (1994) aided in
prediction of end-plate deformation 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 plate (both thick and
thin) behavior and deformation. Most finite element models of moment end-plate connections
have analyzed monotonic loading.

Current finite element research of moment end-plates continues as evidenced by
numerous theses and reports produced by numerous universities and research firms in the

United States and Canada. Recent research reports and studies are use 3D non-linear modeling



to simulate hysteresis loop behavior and response due to varied loading. These responses are

then used to predict component failure within the end-plate connection.

1.3 OBJECTIVE AND SCOPE OF RESEARCH

The presence of only limited full scale and finite element research into cyclic loading of
moment end-plates indicates that the moment end-plate connection design has not yet fully
evolved. The relationship of the elements and their behawvior is fairly well understood, but no
design proportions or guidelines are available for the structural designer. AISC publications
provide current design methods, but for static loading only. The next logical step is to develop,
test and implement design procedures for seismic loading of the moment end-plate connection.

The objective of this research is to develop design procedures from existing knowledge
and past research techniques. These designs are tested with full scale connection members and
finite element modeling. The ultimate objective of this research is to present an acceptable
seismic end-plate connection design procedure.

The 4-bolt extended moment end-plate connection is the emphasis of this research.
The effort includes the complete design, analysis and testing of full-scale specimens. Sufficient
specimens are utilized to provide adequate data to allow valid conclusions to be drawn from
the testing. In addition, several designs and tests include other end-plate configurations. They
are not as in-depth as the 4-bolt extended moment end-plate connection and are only intended

to investigate the applicability of the end-plate connection design concepts.



CHAPTER II

THEORY AND ANALYSIS BACKGROUND

2.1 INTRODUCTION

This chapter provides background material and theoretical development needed to
understand procedures used in the design, testing and analysis of the end-plate moment
connection. All background material is collectively located in this chapter for ease of
reading and future referencing. Theory and background presented in this chapter will be

referenced in sections throughout the dissertation as may be deemed appropriate.

2.2 YIELD-LINE THEORY

Yield-line theory is a simple yet powerful method of estimating loads at which a
flexural failure mechanism will form in a flat plate. It is based on the physical concept that
flexural failure will not occur until flexural yielding of a plate has extended over a large
enough region so that the failure mechanism can form. Yield-line analysis is based on the
moment relationship within the plate and is a comparison of internal and external work
performed due to a given loading. Although developed and used mainly for reinforced
concrete slab design and analysis, it probably has a more valid application to a steel plate.
In this work, yield-line analysis is used for calculation of the end-plate thickness.

There are two solution methods available for yield-line analysis, the energy-
mechanism approach and the equilibrium method. As discussed by Ferguson (1965), “the
equilibrium method gives a lower bound for a given pattern of yield lines, but does not
serve to compare possible different patterns.” The energy-mechanism approach is a limit

design method and provides an upper bound solution. Therefore, care must be taken to
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ensure that another possible mechanism does not exist. The energy-mechanism is utilized
in this research as the method of yield-line analysis; it compares the plates resistant internal
energy to the external energy of the load. Ferguson (1965) further states:

. if a slab has been reduced to a mechanism by yield lines acting as
hinges, a known additional deflection of any specific point in the
mechanism (by geometry) establishes the additional deflections at all
points, along with the additional angle changes at the yield lines or
hinges. For such a slab deflection, the loads also deflect and thereby
contribute energy to the mechanism, whereas the hinges resist movement
and absorb energy from the system. Thus, for a given mechanism, a given
loading imparts enough energy to develop specific yield moments in the
hinges. No smaller yield moment will be adequate to resist these loads.

Some other mechanism may represent a more probable failure pattern; if

so, it demands a larger yield moment to balance the given loading. Thus

the worst mechanism, and the real mechanism which actually forms, is the

one which requires the largest resisting yield moment. Any ftrial

mechanism or yield-line pattern establishes a lower bound or lower limit

on the required yield moment.

The same procedure can be used with given yield moments to
establish the ultimate load. Any given mechanism establishes an upper
bound or upper limit on the collapse load. The real collapse load is the
smallest that can be found from all possible mechanisms.

Previous research by Srouji e al. (1983) and Abel and Murray (1992) has
investigated numerous arbitrary yield-line patterns for moment end-plate connections. The
pattern which provides the lowest failure loading for the four-bolt extended unstiffened
moment end-plate is presented as Figure 2.1. The figure shows the controlling yield-line
pattern and the yield-line mechanism used to determine the required end-plate thickness

for the 4-bolt specimens designed and tested in this research.
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The external work was taken as
W =M} = M(%) @.1)

where My, is the ultimate beam moment at the end-plate and © is the virtual rotation of the

connection, equal to 1/h, where h is the total depth of the beam section.
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Figure 2.1 Yield-Line Mechanism
(after Srouji et al., 1983)

The internal work stored in the yield-line mechanism is then:

Rt e

where the geometric parameters are shown in Figure 2.1 and
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m, = E,t; /4 2.3)

where Fpy is the yield stress of the end-plate material and tp is the end-plate thickness.

The required end-plate thickness is found by equating Equations 2.1 and 2.2 and solving
for tp:

. m, I (2.4)
e A5G

The unknown dimension, s, in Figure 2.1 is found by differentiating the internal work

expression with respect to s and equating to zero, resulting in

Y o5

2.3 BOLT FORCE PREDICTION

Kennedy et al. (1981) proposed a method for predicting bolt forces with prying
action in split-tee connections. The Kennedy split-tee analogy consists of a flange bolted
to a rigid support with two bolts, Figure 2.2. The total force at a bolt, B, is then one-half
of the applied force, 2F, plus the prying force per bolt, Q. The distance “a” between the
point of prying force application and the centerline of the bolt was suggested by several
researchers, Mann and Morris (1978) and Nair ef al. (1974), to be related to bolt diameter
or plate thickness respectively. Hendrick ef al. (1985) empirically determined “a” to be a

function of both bolt diameter and plate thickness:

3
a=3.682 (%] - 0.085 (2.6)
b
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Figure 2.3 Kennedy Method Split-Tee Behavior
(after Morrison ef al. (1985))
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Kennedy et al. determined that the thick plate behavior approximation is limited to:

| b, F;
t, = |211p,t, L2 2.7)
bP FPY

Therefore, if t, > t,, the end-plate behavior is considered to be thick. Similarly, the limit of

a thin plate was determined to be approximately:

yis
(bfthfypf - g diFybj

t, = ' (2.8)
F,,(0.425b, +0.80w')

If t, < t11, then the end-plate behavior is considered to be thin. More accurate solutions
for t; and t;; can be determined once the approximations of Equations 2.7 and 2.8 are
calculated. Iteration of the exact equations found in Kennedy ez al. (1981) converge
rapidly for final values.

Srouji ef al. (1983) and Abel and Murray (1992) modified the Kennedy procedure
for the four-bolt extended unstiffened moment end-plate connection. The connection was
idealized into two parts: the ‘outer end-plate’ and the ‘inner end-plate,” Figure 2.4. The
outer end-plate consists of the end-plate extension outside the beam tension flange and a
portion of the beam tension flange. The inner end-plate consists of the end-plate within
the beam flanges and the remaining portion of the beam tension flange. Additionally, two
factors, o and B, were introduced. These factors proportion the tension flange force to
the outer end-plate and the inner end-plate, respectively. These factors were determined
experimentally and for this configuration were found to be equal and their sum to equal
unity. Therefore, o =3 =0.5.

To determine the magnitude of the prying force and, hence, the inner and outer

end-plate bolt forces, B; and Bg, the stages of inner and outer end-plate behavior must first
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be ascertained. The end-plate behavior is established by comparing the end-plate force
with the thick plate limit force, F;, and the thin plate limit force, Fy;. The thick plate limit

force, Fy, is:

b t’F
FI — PP PY (29)

8p,.f1+ 3t‘2’ g
Pr /16p?

The thin plate limit force, F,, is:

F, = t;F,[085(b, /2)+2§OW']+[(“‘1§F’°)/ g (2.10)
f

Equations (2.9) and (2.10) are from Kennedy et al. (1981).
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Figure 2.4 Modified Kennedy Method Idealized Model
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If the inner or the outer end-plate force, B Fror a Fy, is less than the thick plate
limit force, F;, the respective portion of the end-plate behaves as a thick plate and the
prying force in that portion is zero. Hence, the bolt forces, B; and Bg, for thick plate
behavior are B Fror a Fr divided by the number of bolts in that portion of the end-plate,

two for this configuration:

B=BF/2 if PF <F
(2.11)
Be=aFy2 if aF <F

If the inner or outer end-plate force, B Fror a Fr, is greater than or equal to the thick
plate limit force, F,, and less than or equal to the thin plate limit force, F,;, the end-plate

behavior is intermediate and the prying force, Q, from Kennedy ef al. (1981) is:

yEp, mdF, bt ‘ -
Q= - 3;;) - g;fap \/;sz - 3(F:/bst,) (2.12)

where y = a or B depending on which portion of the end-plate is being analyzed. If Q
is negative, no prying action is added to the bolt force. The bolt forces B, and Bg for
intermediate end-plate behavior are B Fror a Fy divided by the number of bolts at that

portion of the end-plate, two, plus the prying force, Q:

B; BF/2 +Q when F,

IA

BFr < Fyy
_ (2.13)
Bt = oF/2+Q when F,

IA

o Fr < Fp
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Finally, if the inner or outer end-plate force, p Fror o Fr, is greater than the thin plate
limit force, Fy,, the end-plate behavior is thin and the prying force is at a maximum. The

maximum prying force, Qmay, from Kennedy et al. (1981) is:

Q... \/ - 3(Fm't,) (2.14)

where F° = F;,/2 and w’ = end-plate width per bolt hole less the bolt hole diameter.
Hence, the bolt forces By and Bg for thin end-plate behavior are B F¢or o Fy, divided by

the number of bolts at the portion of the end-plate, two, plus the maximum prying force,

Qmax .

Br = BFy2+ Quax when B Ff > Fy
(2.15)
BE = Qa Ff/2 + Qmax when o Ff > F11

The reader is cautioned that the quantities under the radicals in Equations 2.12 and
2.14 can be negative. A negative value for these terms indicates that the end-plate yielded
locally in shear before the bolt prying action force could be developed; thus, the
connection is not adequate for the applied loading. Equations 2.7 and 2.8 can be used as a

check for the end-plate behavior to compare with plate limit force values.

2.4 CONNECTIONS WITH SHIMS

Bolt prying force prediction for moment end-plate connections has been a
controversial and recurring topic of research and discussion. As reviewed in Chapter I,
numerous researchers have investigated and theorized this behavior. A technique that

theoretically eliminates bolt prying forces completely is the use of shims, first investigated
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by Bouwman (1981) and later by Piraprez (1993). Their efforts were to eliminate low-
cycle fatigue failure of bolts which underwent constantly changing tension forces.

The research of Bouwman (1981) was initially conducted with T-sections. Figure
2.5(a) shows the basic test configuration, and a free-body-diagram of the upper portion of
the connection is diagrammed in Figure 2.5(b). The bolts are tensioned during set-up and
create a contact force, F., equal to the total bolt force, Fg, the sum of all of the individual

bolt forces, Fs.

F Ft
i
— - —
. ‘ \
AN \ |
L*_J
| o]
v
Fl Fb FC Fb
(a) T-Connections (b) Free- body-Diagram

Figure 2.5 Shimmed T-Sections

If the shim is placed as shown in Figure 2.5(a), the force transfer is from the bolts to the
contact force as per the research of Bouwman (1981). Then by static analysis, when the
T-section is loaded in tension, F, the bolt forces will not change until F, exceeds F.

because the total bolt force, Fg, remains constant.

Fp =F.+F, (2.16)
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As the T-section is loaded (increase of F, ), F. will decrease in magnitude until it becomes
zero, at which time Fg = F,. At this point, if F, is increased, separation of the shim will
occur and the bolt force will increase equal to the load. A proper design would ensure
that the tension load remains below the bolt force or a desirable failure mode has occurred
elsewhere before the loading force, F,, exceeds the initial bolt tension force, Fs. Thus, the
connection is in effect load tested at the time of bolt installation. Bouwman (1981)
provides test results that verify the static analysis and force transfer phenomena of the
shimmed T-section.

As a means to eliminate the controversy and existence of prying forces, the
shimmed connection concept of Bouwman was extended to the moment end-plate
connection with the use of steel shims between the end-plate and column as shown in
Figure 2.6(b). With the shims placed as shown, prving forces, caused by the interaction
between end-plate and column flange, cannot occur as the two members are not in
physical contact. Sufficient deformation of the end-plate may eventually allow end-plate
to column contact, but adequate design would delay this to well beyond beam failure. The
basic design model is for the connection end-plate to respond similarly to the “thick” plate
as defined by Kennedy er al. (1981). The limit of the “thick” plate behavior is determined
by the formation of a plastic hinge in the extended portion of the end-plate near the outer
edge of the tension flange weld fillet. This hinge would form during tensioning of high
strength bolts, thereby load testing the connection during its erection. The end-plate
thickness is determined assuming the required plate bending moment at the hinge line is

equal to the effect of the tensioned bolt forces acting on the end of a cantilever of length
p, Equating the required moment to the plate plastic moment strength, (prbptp2)/4, the
required end-plate thickness is:

1,=\[8B,p, [(F,b,) (2.17)

where By is the specified per bolt tension force. This method of design does produce a

thicker than normal end-plate.
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Figure 2.6 End-Plate Configurations

The bolt diameter for the shimmed end-plate connection is determined by the

required bolt tension force, B;, where B is selected from the AISC Specification for

Structural Steel Buildings, Table J3.1, Manual of Steel Construction (LRFD, 1994) and n

is the number of bolts in tension; hence,

B, >F-= M%i e (2.18)

Because a prying force theoretically does not exist in the connections with shims, the bolt

force simply becomes the pretension force, B;.

2.5 EXTENDED, STIFFENED END-PLATE

As developed in the previous section, the end-plate thickness is determined
assuming the required plate bending moment at the hinge line is equal to the effect of the

tensioned bolt forces acting on the end of a cantilever of length p. In an attempt to

reduce the excessive thickness of the shimmed connection’s end-plate resulting from this
design, an extended, stiffened end-plate was investigated. With the use of an end—i)late
thinner than determined by Equation 2.17, the stiffener provides the added bending
resistance needed to prevent the formation of a plastic hinge at the outer edge of the

tension flange. The length of the stiffener, as seen in Figure 2.7, and its thickness can be
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adjusted until the resisting moment of the end-plate and stiffener is greater than the bolt

force bending moment.

/ | Web
Ls
) y Stiffener l
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Figure 2.7 End-Plate Stiffener Geometry

The extended, stiffened end-plate design is yield strength based rather than plastic

strength as with the unstiffened end-plate. Hence, at the face of the tension flange:

M, =Bt* pr for the bending moment (2.19)

and M, =EFI,/y for the resisting moment (2.20)

where Ix - moment of inertia of plate and stiffener

and y - distance to maximum stress

Therefore, a design where

Ix/y>B;Pr/Fy (2.21)

22



provides a greater resisting moment than bending moment. The relationship of Ix/y can be
calculated and tabulated for varying stiffener thickness and length until sufficient resisting
moment is obtained.

As the stiffener length decreases towards the end of the end-plate, so does the
bending moment of the bolt. However, the contribution to the resisting moment reduces
at a lesser rate than the moment caused by the bolt tension. This situation ensures that the

critical moment is located at the design point, the face of the tension flange.

2.6 CYCLIC TESTING

All cyclic loading tests were designed and conducted in compliance with the
procedures as outlined in ATC-24, Guidelines for Cyclic Seismic Testing of Components
of Steel Structures (1992). The procedures are specifically written for testing with slow
cyclic load application which is less than the real-time frequency of an earthquake. This
method of testing is cost effective and allows the tester control of force and deformation
histories, allowing visual observation of damage to the structural components as they
occur. A major limitation of this testing methodology is that it severely distorts time and
its material property effects. As stated in ATC-24 (1992):

... slow cyclic loading implies that time is distorted and strain-rate effects

may alter the load-deformation response of a specimen compared to

dynamic loading. Reported evidence points to the conclusion that slow

cyclic testing, compared to dynamic testing, results in a small decrease in

strength and increase in the rate of deterioration (Krawinkler 1988). Thus,

the results from these tests can be considered as conservative for the

purpose of performance assessment.

Although this may appear to limit the value of results obtained, slow cyclic testing does

provide valuable data for connection performance, stiffness and its overall strength.
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Additional methods of testing can be utilized if more detailed and frequency related data is
required, e.g. shaker table testing. .

The following definitions from ATC-24 are provided to assist in better

understanding cyclic testing and its terminology.

Cycle - a load or deformation history unit consisting of two sequential excursions,
one in the positive and one in the negative loading direction.
Deformation - a generic quantity, , including strains, angles of shear distortion,
rotations, axial deformations and displacements.
Ductility ratio - the ratio of peak deformation over yield deformation.
Excursion - a load or deformation history unit that starts and finishes at zero load, and
contains a loading and unloading branch.
Force - a generic quantity, Q, including internal forces and externally applied
loads.
Hysteretic area - the area enclosed by a force-deformation diagram.
Load or deformation step - a load history unit consisting of a series of cycles with
constant peak load or deformation.
Peak deformation - the deformation at a load reversal point.
Total deformation range - the total deformation between the peak of an excursion
and the peak of the preceding opposite excursion.
Yield force of deformation - the predicted or measured force or deformation

at which significant yielding occurs.

Two methods of loading control are utilized during each specimen test, force and
deformation. As their names imply, the control of loading by the tester is either by the
force applied to the specimen or by the measured deformation of the specimen. For this
specific research, the force control method obtains its input from the test actuator force,

and the deformation method references the loading point deflection. The force control
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method is utilized during cycles in the elastic region of the testing, and the deformation
control method is used beyond yielding of the beam. The changeover from force to
deformation control is at the calculated yield “deformation” point. This deflection value,

dy, is calculated as follows:

1) Load the connection with force Q:
Q=.75Q, (2.22)
where
Q - “force” quantity, measured loading applied by actuator, and
Q, - estimated load value which will cause specimen yielding. This value is

based on the results of previous component testing and/or by analytical

methods.

2) Average the deflections obtained during all cycles at loading Q (positive and

negative) to obtain 6*, where 8* = X |8n]

3) Calculate dy:

Sy =133 &* (2.23)

Elastic stiffness of the connection may also be estimated by:

K. =Q,/dy (2.24)

The recommended loading history as set forth by ATC-24 is provided as Figure

2.8. More specific information and details of recommended number of cycles for each
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load step are provided within the guidelines. For the end-plate connection testing
conducted for this research, each load step consisted of three complete cycles. The first
two load steps (6 cycles total) were with a peak deformation less than 8y. The third load
step was at the estimated yield deformation, dy. The fourth and subsequent steps,

deformation controlled, were at succeeding increments of dy, i.e.

4th Load Cycle - 2 8y
5th Load Cycle - 3 8y
6th Load Cycle - 4 oy
7th Load Cycle - 58y
Oy
S
Deformation

4

3

Tl

V/\V/\V/\V/\V/\V/\\/\V/\V/\.

5l 1 2 3 4 5 6 7 J
Load Steps

Figure 2.8 ATC-24 Load History
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2.7 REDUCED BEAM SECTION

The design goal of any moment rigid frame connection is for the connection to be
stronger than the connected beam and have local yielding occur within the beam prior to
obtaining ultimate design strength within the connection. A recent addition to the
difficulty of design of connections is the strength of steel specimens to be tested or utilized
in construction of buildings versus their assumed design strength. The steel designation of
A36 is based on the minimum tensile yield strength of the steel to be greater than 36 ksi.
If the designer of A36 steel uses this value for many steel applications, the calculations
may provide erroneous answers. Recent literature reviewed indicates that 48 to 49 ksi is
a realistic yield stress for current hot-rolled A36 steel wide flange sections. Although a
“stronger” beam may sometimes be satisfactory, a higher yield strength steel may
dramatically change failure modes and location of the failure from that calculated during
design.

To help lessen or eliminate the difference of design versus actual beam strength, a
method to reduce actual beam strength to near design strength was desired. A method,
patented by the steel producer ARBED, was found and studied for applicability. (The
commercial royalty rights have been waived for its public use, and the method was
adopted for design and testing.) The design and use of this concept does not cause any
additional loading demands on the connection, supporting column or other parts of the
overall rigid frame system above those of the original member size. The concept, which
requires actual beam yield strength for the calculations, basically removes flange material
to reduce the actual beam’s cross-section and plastic moduli to those used as design
assumptions.

Specific detailing or design code criteria for this method have not been published,;
therefore other reliable references were sought. A draft of preliminary guidelines for the
use and effects of reduced beam sections was received from Nestor Iwankiw (1995) and
used as a guideline for specimen preparation. The following discussion is extracted from

that paper and is in part reproduced due to lack of wide dissemination of this technique.
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Figure 2.9 illustrates the “Dog Bone” pattern to reduce beam section properties.
Use of this beam section reduction not only allows the designer to ensure similarity of
design and actual strength, but also forces inelastic behavior of the beam during seismic

activity away from the end-plate connection.

NN N N

Figure 2.10 Beam Bending Moment

From Figure 2.10, the bending equilibrium requirement is as follows:
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M. =m + Ve (2.25)

where

m,* = actual plastic moment capacity at min. reduced beam section = F,**'z

z = reduced plastic section modulus of the beam
B = material strain hardening factor (1< < 1.1 for Fy > 50 kst)
e = offset of plastic hinge from beam end (assume 3d/4 < e < d)
F,*" = actual yield strength of beam
V, = beam shear due to reverse curvature bending that results in m,™ limit
state
M. = moment delivered to supporting column face
Ve = moment transfer (amplification) due to shear force eccentricity from
beam support
(Note: The reduced plastic moment m,* includes a steel strain hardening factor, B,
which for Grade 50 and stronger shapes can be approximated by 1.1.)
To protect the beam-to-column connection itself, the maximum beam end

moment delivered to the column is limited to first yield:
M. =M, (2.26)

where M, = actual yield moment capacity at beam end = F,*" S

S = elastic section modulus of steel beam

The additional moment transfer (magnification) from the reduced section to
the beam end Ve can be approximated by the following simple fixed-end model
subjected to only primary lateral frame loading (see Figure 2.11). (Bending due to

gravity load effects are assumed to be secondary.)
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Figure 2.11 Fixed-Fixed Beam Geometry

L = clear beam span between columns

L’ = reduced span between interior plastic hinges

act

from statics vV =22 (2.27)

Analysis will depend on actual beam L/d (span to depth) ratio. For a
general solution, using the actual beam L/d ratio, M. can be computed from

Equation (2.25) as

L'=L-2e
(2.28)
Vem2. % 5 )
[ // //’
L-2¢) (Lg-22)

(e/d) = normalized eccentricity of interior plastic hinge ( assume 3/4 < e/d < 1)
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The minimum section necessary to maintain nominal elastic response at the

beam end is provided by:

2¢€
Mc S Myac.t or BFact /d — F;\cts

The average shape factor Z/S for strong axis bending of wide-flanges is 1.1, or

S=0091Z. Therefore, dividing by Z and re-arranging,

%s C L > 2(eld)  (2.30)

s

L ,
(Va-2(d)
Z = plastic section modulus of the beam

resulting in the following ratios independent of F,, for assumed values of e/d = 1
and Z/S = 1.1 (average shape factor for strong axis bending of wide flanges is 1.1

and B =1):

(L/d) (z/2)

. 25 (flexible) 0.84
20 (stiff) 0.82
15 0.79
10 (very stiff) 0.73
7.5 0.67
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A serviceability check for L/d = 20 is discussed in the 1989 AISC-ASD
commentary, Sect. L3.2, as one means to minimize perceptible floor vibrations.
Drift limits for regions of high seismicity require increased stiffness and tend to
reduce this L/d by about 50% to the 10 or so range. Note that the stiffer low L/d
beams result in a steeper moment gradient, hence increased section reduction sizes.
Larger e/d is also undesirable for the same reason and vice versa. Since the
modified section is accomplished only through beam flange reduction, the required
reduced plastic section modulus “z” for the remaining cross-section must be
related to this change in the flanges only. Equal (symmetrical) reductions in both

flanges of the I-shape are assumed.
For the full original shape,
Ze + Z, = Z (2.31)

where
Z; = plastic section modulus of the beam flanges = b te (d - z;)
Z,, = plastic section modulus of the beam web = Z - Z;

br, t¢ = flange width and thickness, respectively
Similarly, for the reduced section
zZ + Zy = z (2.32)

where z; = plastic section modulus of the reduced flanges or, after
nondimensionalizing by division by Z,

% 2y _

z
Z 7 Z
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z/Z is the required reduced plastic section modulus reduction defined

previously as a function of L/d , e/d , and Z/S in Equation (2.30).

Z./Z is a given I-shape geometric property, z¢ can also be conveniently

expressed as
z; =tbt,(d-t;) =1Z,

where r = reduced flange width coefficient <1.0

rbr = reduced flange width

Consequently
z zZ,
r(é) +(Z—‘”j = (9 or r= (Ejij— (2.33)

gives the purely geometrical relationship for the reduced flange width coefficient
“r” based on z/Z from Equation (2.30). The flange width reduction factor is

simply 1 - r, which equals
I-r=1- = 234
r ( Zf) (2.34)

zZ

(Equations (2.33) and (2.34) can be easily tabulated for several reasonable r, Zi/Z,

and Z./Z values for the usual wide-flange proportions.)
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Notice that, from Equation (2.33), for the resulting “r” to be meaningful
(positive), z/Z must exceed Z./Z, i.e. the residual plastic modulus “z” cannot be
less than Z, since it is assumed that only the flanges are trimmed, which provides a

lower bound limit on L/d.

. 2(%)
%mmz 7Nz +2% 2.35
s G- & o

Equation (2.35) results in a minimum L/d of about 2 - 4, thereby mathematically
confirming that this lower L/d extreme is to be avoided to maintain the usual beam
flexure conditions.

The ratios Zy / Z and Z / S were left in this common form to enable either
general tabulations or charts based on a range of expected values as well as
specific calculations for individual shapes. As cautious interim limits, the reduced
beam section should be used only for L/d > 5 and 1 - r < 0.50 with standard

wide-flange sections (Z¢/ Z > 0.5).

2.8 THREE DIMENSIONAL FLANGE STRESSES

During testing of several connection specimens, abrupt and total fracture of the
beam flange occurred in the area of the weld access holes. An investigation was
conducted to determine the cause of these sudden fractures. The following analysis and
discussion of 3-D stress in welded steel will be used later as reference to the explanation
of the fractures. It is provided here as background reference and information.

Material behavior is often discussed, visualized and analyzed as one dimensional.
As the length to width ratio becomes small, two dimensional analysis is applied for more
accurate results and understanding of the material behavior. But far too often, the analysis

is not extended to full 3-D study for several reasons: one or two dimensional
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approximation is accurate enough; three dimensional behavior is more difficult to analyze
and visualize; or there is ignorance of the interaction of the three dimensional stresses with
material behavior. Blodgett (1992) describes the problems that may be encountered if 3-D
stresses are unintentionally overlooked.

Often the ductile behavior of steel is visualized as the behavior of a typical tensile
coupon specimen, one dimensional. The tensile specimen is restrained only in the axis of
tension and displays normal ductile behavior. The ductility occurs because shear stresses
exceed their critical yield values. Figure 2.12 shows the Mohr’s Circle representation of a
tensile specimen. It can be seen that 1,; and 71,3 have exceeded their yield values. (From
Mohr’s Circle, 1, = 1/2 oy). As Blodgett (1992) explains, “if the specimen is pulled to
failure, o, will reach its critical value, or tensile strength. By this time the two shear
stresses are above the critical value and plastic strain or movement will take place.”

Therefore, the specimen displays ductile behavior.

shear stress

shear criﬁcal ®
tension 3
stress ) " :
¢ plastic critical :
| e | N : 30 : :
[ e p IR e e p|a/st1c :
|/ | N shear %
/ . . . 3 .
!/, ela.stxc \ ) critical shear - critical Elensnon
;" M N tensile | T T i
i / stress 1 elgskic/
[N
' \\ // 1 /
AN 5
\_\/// /
0+ i
0 10 20 30 40 50 80 70 80

normal stress

Figure 2.12 Mohr’s Circle for a Tensile Coupon

The flange of a beam near the end-plate is not able to respond as does a simple

tensile specimen. The flange, due to restraint near the end-plate, is subject to triaxial
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stress. Any strain transverse to the flange is resisted by the weld to the end-plate and the
through flange strain is resisted by the web. Therefore, as flange forces are increased due
to increased bending moments, the longitudinal stress in the flange will increase (positive
stress). Because the flange is restrained along the other two axes, tensile stress will be
developed in those directions as well. The situation as described by Blodgett (1992) is
now realized: all triaxial stresses are tensile and the steel behavior at failure is brittle rather
than ductile. Figure 2.13 displays why the behavior of the steel is brittle. o3 reaches its
critical value before either shear stress, 7,3 or 113, have been able to undergo plastic strain
or ductile movement. To avoid this situation, the weld access hole return must provide
sufficient flange area between it and the end-plate. The extra area would reduce the
through stress component to zero, and a more favorable situation would exist. This would
allow ductile behavior due to shear stresses at or exceeding their critical values before the

normal stress, o3, reaches its critical value.
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Figure 2.13 Mohr’s Circle for Brittle Behavior
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2.9 SUMMATION
The initial concepts discussed above are expanded and/or applied directly to

develop design procedures for the moment end-plate connections in the next chapter. The
cyclic testing concept is utilized for conduct of the testing and the use of the beam
reduction method is applied to the W 24x76 beam size connection. The final discussion of
the three dimensional stresses is a reference and basis for the probable cause of flange

fracture during several tests.
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CHAPTER 111

MOMENT END-PLATE CONNECTION DESIGN PROCEDURES

3.1 INTRODUCTION

An LRFD based design procedure for moment end-plate connections under seismic
loading is developed and tested as part of this research. This chapter presents the design
procedures used for the fabrication of several types of extended moment end-plate
connections. The background theory and equations for these designs as presented in
Chapter 2 will be referenced and expanded as appropriate. The first design presented is
for the four-bolt extended moment end-plate connection. The other sections present
design procedures for shimmed four-bolt connections, 8-bolt connections (four-bolt wide)
and the stiffener used in stiffened, extended end-plate connections, four-bolt or 8-bolt.
Because seismic loading implies reversal of loading, all connections are designed with

symmetric end-plates. Example calculations for each design are found in Appendix B.

3.2 FOUR-BOLT EXTENDED MOMENT END-PLATE CONNECTION

3.2.1 Beam Selection

These procedures and research do not address current design and selection
methods of the supported beam. Any design criterion, specification or code that is used to
determine the adequate or acceptable beam section is sufficient. The design procedure for
the connection begins with the assumption that an adequate beam section has already been

determined.
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3.2.2 Type and Preliminary Size of Bolts

The following six steps determine the design strength of the connection and a
preliminary bolt type and size adequate for the four-bolt extended moment end-plate

connection. (Figure 3.1)
Step 1: Calculate the plastic moment strength of the beam.
M, =F, * Z, 3.1)
Step 2: Calculate the required moment strength of the connection. (Because the plastic
hinge forms at approximately d/2 inboard from the connection and not at the connection,
an additional 10% connection strength above the plastic moment strength of the beam is
used for the design.)
M.=1.10 M, (3.2)
Step 3: Calculate the flange force for the required connection moment strength, M..
Fr=M./(d-t) (3.3)
Step 4: Divide the flange force by the number of tension side bolts, 4 for this design.
Ty=F;/ 4 (3.4)
Step 5. Select a bolt type (A325 or A490) and diameter from Table J3.2 of the AISC

Specification (Load 1993) which has greater design strength than the required bolt force,
Ty, determined in Step 4.
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Step 6: Calculate the moment design strength of the connection using selected type and

size bolts.
Men =4 ¢Tn (d-tr) > M, (3.5)

where ¢T, is the value obtained from Table J3.2 of the AISC Specification (Load
1993).

3.2.3 End-Plate Thickness

The following eleven steps determine the geometric configuration and thickness of
the moment end-plate as shown in Figure 3.1. The preliminary bolt type and size selected
in the previous section are checked for prying force action and determined if adequate. If
the bolts are not adequate, a larger bolt size must be selected and this design section

repeated until the bolts are satisfactory.

,
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Figure 3.1 End-Plate Geometry

Step 1. Establish values to define end-plate geometry (Figure 3.1).
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b, - end-plate width, which should not be greater than beam flange width plus 1 in.
for the end-plate to remain fully effective (Murray, 1990)

g - gage, greater than the minimum distance determined by wrench clearance with
respect to column web thickness; the maximum gage width should not be
greater than the beam flange width

pr - pitch or distance from beam flange face to bolt centerline, should be as
small as possible, determined by wrench clearance; rule of thumb is bolt

diameter plus 1/2 inch

Step 2: Calculate distance from inner bolt to the innermost yield-line (Figure 3.1).

s= ‘/b'zg 2.5)

Step 3: Calculate required end-plate thickness using Equation 2.4 with M, = M,

12

t = M, /F, (2.9)

GG TG

and select a standard thickness greater than t,.

Step 4: Calculate the nominal strength of the end-plate with the selected thickness

determined in Step 3.

_r el Bef 1 20y el b
M, = prt{( 5 [pf + J +(p; + s)[gj](h p.)+ ; (EJFEH (3.6)
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Step S: Determine behavior category (thin, intermediate, or thick) of the selected end-

plate by first calculating the thick and thin approximation thicknesses.

b, F
t, = f2.1 lpfthiF—fy (2.7)
P Py

T
(bfthfypf - g diFybj

F,,(0.425b, +080w')

ty =

(2.8)

if t, > t;, end-plate exhibits thick plate behavior
if t, < t;;, end-plate exhibits thin plate behavior
if t;; < t, < t;, end-plate exhibits intermediate plate behavior
Note: The approximate values determined by Kennedy ez al. (1981), Equations 2.7 and

2.8, are often within the round-off for standard size steel plates and the exact solutions are

seldom required.

Step 6: Calculate Inner and Outer Bolt Forces.

If thick plate behavior,
Bi=BFs/2
3.7
Bg=oaF¢/2
and since, a =3 =0.5,
Bi=Bg= F¢/4 (3.8)
If thin plate behavior,
BI= BFf/2+Qmax =Ff/4+Qmax
(3.9

42



where _3 F|/Wt
t 3
a=3.682 (%j - 0.085 ; [a<(pex -pr)for Bg]
b
/2 3 8
and F.:F% t2F,, [085(b, /2) + 080w'] + [ndeyb)/ ]

4p;

If intermediate plate behavior,

B]= BFf/2+Q=Ff/4+Q

Bg= oFi/2+Q Fr/4 + Q

vEp, mdiE, bt ‘/ ; 2
where = - - F- - 3{yF. /bt
Q 2a 32a 8a V ¥ (Y oo p)
t 3
a=3.682 (%j - 0.085; [a<(pex - pr ) for Bg]
b.

and y=a=p=05

Step 7: Determine if selected bolt size and type are sufficient for loading.

Bi< YT, and B: < 4T,

If B, or Bg are greater than %T , larger sized bolts are required.
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Note: The 4/3 factor used in Equation 3.12 eliminates the ¢ factor in the calculation of
bolt tension and utilizes the unfactored nominal strength of the bolts. T, is the factored
bolt strength from Table J3.2 AISC Specification (Load 1993).

Step 8: Determine Length of the End-Plate (Figure 3.1).

L, = h + 2 pex (3.13)

Step 9: Check Bolt Shear.

dR. = ¢F,Apn > M,/ arm $=0.75 (3.14)
where F, is the nominal shear strength of the bolt,

Ay is the nominal unthreaded body area of the bolt,

n is the number of bolts in the end-plate at the flange, and

arm 1is the distance from outside edge of the end-plate to point of

beam load.

Step 10: Check material bearing design strength. (The end-plate side of the connection is

generally more critical than the column side due to thickness.)

Assuming that for the end-plate L. > 1.5d and s > 3d.

OR, = ¢2.4dpt,Fu > Moo/ arm; $=0.75 {J3-1a}

Step 11: Check End-Plate shear design strength at the flange.

OR, = $0.6AF, >Fy2; ¢ =0.90 {75-3}
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where A, is the gross cross sectional area of the end-plate.

3.2.4 Beam-to-End-Plate Weld

All beam-to-end-plate welds are shop welded and full penetration welds are

recommended to fully develop the forces in the beam flanges and web.

3.2.5 Column Design

In addition to axial loading and frame stiffness requirements, the supporting
column must be designed for adequate strength to resist the concentrated forces imparted
by the beam loading through the bolts. The required column flange and web strengths are
determined using the limit states in Chapter K, AISC (LRFD) Specification for Structural

Steel Buildings. The limit states to be checked are the following:

Step 1: Column Flange Bending

$=0.90
¢R, = $6.25t; F {K1-1}

where tg. = column flange thickness.

Step 2: Column Web Yielding

6=10
0R, = (5k + N)E,,t,., (K1-2}

where N =ty

and t.. = column web thickness.
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Step 3:

Step 4:

Column Web Crippling

¢ =0.75

0R. = ¢135tf{1 + 3@](%&1 LSJ \F_:_{f_ (K1-4})

wC
where N = tg,
ts. = column flange thickness

and t,. = column web thickness.

Column Web Buckling

= 0.90

4,100t} ./F,
R, = gV {K1-8)
h
where h = depth of the column

and t.. = column web thickness.

3.3 SHIMMED FOUR-BOLT EXTENDED MOMENT END-PLATE CONNECTIONS

3.3.1 Beam Selection

The design procedure for the connection begins with the assumption that an

adequate beam section has already been determined.

3.3.2 Type and Size of Bolts

The following six steps determine the design load strength of the connection and a

preliminary bolt type and size adequate for the connection.
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Step 1: Calculate the plastic moment strength of the beam.

M, =F, * Z, (3.1)

Step 2: Calculate the required moment strength of the connection. (Because the plastic
hinge forms at approximately d/2 inboard from the connection and not at the connection,
an additional 10% connection strength above the plastic moment strength of the beam is

used for the design.)
M. =110 M, 3.2)

Step 3: Calculate the flange force for the required connection moment strength, M..
Fe=M./(d-1t) (3.3)
Step 4: Divide the flange force by the number of tension side bolts, 4 for this design.
To=F;/ 4 (3.4)
Step S: Select a bolt type (A325 or A490) and diameter from Table J3.2 of the AISC
Specification (Load 1993) which has greater design strength than the required bolt force,

Ty , determined in Step 4.

Step 6: Calculate the moment design strength of the connection using selected type and
size bolts.

Mcon=4 d)Tn (d'tf) Ei Mc (35)

where ¢ T, 1s the value obtained from Table J3.2 of the AISC Specification (Load
1993).
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3.3.3 End-Plate Thickness

The following steps determine the geometric configuration and thickness of the

moment end-plate as shown in Figure 3.1.
Step 1: Establish values (b, g and py) to define end-plate geometry as in Section 3.2.3.

Step 2: Calculate required end-plate thickness using Equation 2.17.

t, = /8B,p,/(E,b,) (2.17)

where B,= ¢T, determined in Step 5 of Type and Size Bolt.
Step 3: Determine Length of the End-Plate (Figure 3.1).
L, = h + 2 pext (3.13)

The remaining steps for plate design, weld and column design checks are as outlined in the

previous section.

3.4 FOUR-BOLT WIDE EXTENDED MOMENT END-PLATE CONNECTION

The four-bolt wide extended moment end-plate was designed based on the AISC
procedures as outlined in Part 10, page 10-24, of AISC (LRFD) Manual of Steel
Construction (1994).

3.4.1 Beam Selection

The design procedure for the connection begins with the assumption that an

adequate beam section has already been determined.
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3.4.2 Type and Preliminary Size of Bolts

The following six steps determine the design load strength of the connection and a

preliminary bolt type and size adequate for the connection.
Step 1. Calculate the plastic moment strength of the beam.
M, =F, * Z, (3.1)
Step 2. Calculate the required moment strength of the connection. (Because the plastic
hinge forms approximately at d/2 inboard from the connection and not at the connection,
an additional 10% connection strength above the plastic moment strength of the beam is
used for the design.)
M.=1.10 M, (3.2)
Step 3: Calculate the flange force for the required connection moment strength, M..
Fe=M./(d-t) (3.3)
Step 4: Divide the flange force by the number of tension side bolts, 8 for this design.
To=F¢/8 (3.4)
Step 5. Select a bolt type (A325 or A490) and diameter from Table J3.2 of the AISC

Specification (Load 1993) which has greater design strength than the required bolt force,

Ty, determined in Step 4.
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Step 6: Calculate the moment design strength of the connection using selected type and

size bolts.
Meon =8 ¢Ta (d-tr) > M, (3.14)

where T, is the value obtained from Table J3.2 of the AISC Specification (Load
1993).

3.4.3 End-Plate Thickness

Procedures utilized to determine the end-plate thickness are based on Part 10, page
10-24, of AISC (LRFD) Manual of Steel Construction. This design procedure is for the
four-bolt unstiffened extended end-plate, but for this research it is applied to the four-bolt

wide configuration.

Step 1: Establish values (by, g and pr) to define end-plate geometry as in Section 3.2.3.

Step 2: Calculate required end-plate thickness.

t, = = 3.15
* ~VoEb. (3.15)
where M = a’“i“fpe

F, - yield strength of the end-plate material
A¢ - area of the beam tension flange
A,, - area of beam web, clear of flanges

b, - effective end-plate width
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br - beam flange width
dy - bolt diameter
pr - bolt pitch distance

w; - fillet weld throat size or size of reinforcement for groove weld

«=c6(.) (74)

P, = Fy; factored beam flange force determined in Step 4 of Bolt type and size
P — d, , o
e = Pe g )W - effective pitch

C. - constant from Table 10-1, AISC Manual of Steel Construction

1
B b \ 73
c.=(%,)

Step 3: Determine Length of the End-Plate (Figure 3.1).
L, =h + 2pex (3.13)

The remaining steps for plate design and weld design checks are as outlined in Sections
3.2.3 and 3.2.4. For column side design checks, refer to Murray (1990) Stee/ Design
Guide Series 4; Extended End-Plate Moment Connections.

3.5 EXTENDED, STIFFENED MOMENT END-PLATE CONNECTIONS

The extended, stiffened moment end-plate connection, either four-bolt or four-bolt
wide, is intended to be tested with shims. The shimmed end-plate designed in Section 3.3
is an excessively “thick” plate and unacceptable to many steel designers. The stiffeners are

added to the conventionally designed end-plate to provide additional bending strength
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while retaining a thinner and more acceptable end-plate. The five design steps presented
in this section are only for the end-plate stiffener which is added to the connection design
of Sections 3.2 or 3.4. Refer to the appropriate section for the design of bolts, end-plate,

and column side design.

Step 1: Determine the end-plate bending moment caused by bolt tension.

Mp=n * B, * pr (3.16)

Step 2: Determine moment of inertia and elastic strength of the end-plate.

(3.17)

Step 3: Estimate the thickness of stiffener, but less than beam flange thickness. (Based on

good engineering judgment.)
Step 4: Calculate the required length of the stiffener along the beam flange such that:

M, <EI;/y (3.18)

where Ix - moment of inertia of plate and stiffener

and y - distance to maximum stress.
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Step 5: Calculate required stiffener fillet weld size.

09Et,

D - 3.19
™" 2x1392 G19

where D, is the fillet weld size in sixteenths.

3.6 SUMMATION
The preceding design procedures were followed to design the connections used in

the experimental portion of this research. Both university and commercial fabrication and
welding of the moment end-plate-to-beam specimens were used. The following section

presents the results of the tests and discusses the validity of the designs.
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CHAPTER 1V

EXPERIMENTAL RESULTS

4.1 TESTING METHODOLOGY

Full scale testing was conducted using several different size A36 steel wide flange
sections and one built-up beam section of Grade 50 steel. All testing was conducted to
failure, with failure determined by attaining one of several failure modes. Possible failure
modes include: local buckling of the beam flange, fracture of the beam flange, fracture or
tearing of the beam to end-plate weld, bolt fracture, end-plate shear failure, and column
flange or web buckling. For a properly designed and fabricated connection, the desirable
failure mode is local flange buckling of the beam (formation of a plastic hinge).

The physical test setup for the evaluation of the connections is a cantilevered beam
connected to a column section by bolts as shown in Figure 4.1. The test setup was
erected in the horizontal plane for use of available reaction floor beams and safety of
testing. Popov and Tsai (1989) used a similar testing arrangement. Lateral bracing was
placed at intervals such that compact section behavior was assured. The free end of the
beam was supported by a roller device to eliminate any moment caused by gravity forces
perpendicular to the loading plane. No axial loads were applied to the column or beam
sections. Instrumentation for recording of test data included a 200 kip tension-
compression load cell, a displacement transducer to measure beam deflections at the
loading point, instrumented calipers to measure end-plate and column flange separation, a
displacement transducer to measure end-plate slip parallel to loading, strain gauges to
measure beam flange strain and instrumented bolts to measure bolt strain. The

displacement transducer at the loading point was secured to a steel angle which was
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Figure 4.1 Test Setup
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welded to the column. This method of attachment maintains rigid body motion with the
column and allows direct measurement of beam deflection.

All bolts used for the full-scale connection tests were “instrumented” with an
internal strain gauge to indicate real time strain within each bolt. During testing, if the bolt
strain increased too rapidly or to an unacceptable level, the test could be halted without
failure of the bolts and/or damage to test equipment. In addition to monitoring and
recording bolt tension (strain) during the tests, the “instrumented” bolts allowed an
accurate tightening force to be applied during assembly of the connection.

To prepare these “instrumented” bolts, a 2 mm hole was drilled in the head of the
bolt to a depth such that a "bolt" strain gauge could be installed below the head of the bolt
but above the threaded portion of the shank. (The 2 mm hole does not reduce the strength
of the bolt as its reduction of the bolt shank area is much less than the reduction of area in
the threaded portion of the bolt.) After insertion of the strain gauge, an epoxy was
injected into the hole which, upon curing, formed a tight bond between the gauge and bolt
material. Each bolt was then calibrated for tension load versus strain using a tensile test
machine.

Quasi-static or “slow cyclic” loading was applied to the end of the cantilever beam
using a hydraulic actuator. The loading history prescribed by ATC-24 and previously
discussed in Chapter II was used for all testing. Actual load histories are included in
appropriate appendices with each beam section. Data from each test was recorded from
test setup to eventual failure, through the use of a MEGADAC, Optim Electronics
Corporation, data acquisition system. The data was transferred via disk media to
commercial software for analysis in spread sheet and graphical software. All presented
data and graphical representations are generated from actual test data. Appendices C
through G contain end-plate and connection detailing, strain gauge and bolt location,
tensile coupon test results, load history, connection performance curves, and bolt tension

curves. Similar beam sections are located in the same appendix.
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4.2 TESTS USING THE W18x3S BEAM SECTION

Four different four-bolt extended moment end-plate connections with a W18x35
nominally A36 beam section were designed, fabricated and tested. For each test,
university personnel welded the end-plate using full penetration welds to a W18x35, A36
steel, beam section and bolted it to the flange of a W14x145, A36 steel, column section.
The connections did not have weld access holes. The initial four-bolt extended moment
end-plate connection tests were intended to validate the developed design procedures and
to develop and refine the testing technique of cyclic loading to be used in subsequent
testing. Two of the connections were of a conventional extended configuration. The third
connection was designed with end-plate stiffeners and the fourth, which had a thick end-
plate, was designed to be tested with shims. Table 4.1 shows the end-plate and bolt
dimensions, measured beam material strengths, number of cycles tested, and failure mode
for each of the four tests. The actual yield strength of the beam sections, 55 ksi, was
much greater than the design strength, 45 ksi, used in calculations. Connection

configuration and individual test results are presented in detail in Appendix C.

Table 4.1
Test Specimen Dimensions and Material Properties (W18x35)
(A-325) | Beam™* | Beam** | Maximum

Test tp dy F, F, Loading | Failure Mode | Remarks
No. in. in, ksi ksi Cycles

1.0 1.0 55 71.7 19 Local Flange
1/95 Buckling

1.5 1.0 55 71.7 20 Local Flange Shims
2/95 Buckling

1.0 1.0 55 71.7 20 Local Flange Shims
3/95 Buckling Stiffened

1.0 1.0 55 71.7 20 Local Flange
4/95 Buckling

* End-Plate Dimensions: b, =7.0in; g=4.5in,; ps=1.5in.
** Based on Tensile Coupon Tests of Beam Flanges and Web
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Test 1/95 was conducted with a conventional four-bolt connection configuration.
The instrumented A325 (1 in. diameter) bolts were tightened to 51 kips, which is the
minimum bolt tension force prescribed in the AISC Specification (Load 1993). The
applied load versus deflection and beam moment rotation histories from the test are shown
in Figure 4.2. Figure 4.3 shows the corresponding interior and exterior bolt force versus
beam flange force. Local buckling of the beam flanges occurred during the 16th cycle
when the beam deflection was 4 times d,. The buckling was located 9 in. - 11 in. from the
face of the end-plate. The test was terminated after 19 cycles of testing due to noticeable
deterioration of beam strength. As the load history deflection was increased beyond 2 in.,
the connection displayed a loss of stiffness as evidenced by increase in deflection and
»decrease in the applied load (see Figure 4.2). The loss of connection stiffness is primarily
due to the formation of a plastic hinge in the beam and the beam’s ability to resist the
applied bending moment.
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Figure 4.2 Loading and Connection Rotation Histories, Test 1/95

Neither the end-plate, welds, bolts nor column flange showed any distress during
the test. The hysteresis loops shown in Figure 4.2 are robust and significantly wider than
those reported for fully welded connections. The connection rotation is greater than 0.02

radians. As seen in Figure 4.3, there was a complete loss of bolt tension for the inner bolt
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and a substantial loss of bolt force for the outer bolt. However, these losses did not affect

the strength of the connection.
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Figure 4.3 Inner and Outer Bolt Forces, Test 1/95

Test 2/95 was conducted with 0.50 in. thick shims placed as shown in Figure 4.4.
The bolts were tightened to the minimum bolt tension as measured by the instrumented
bolts. Local buckling of the beam flange occurred during cycle 13 without end-plate,
weld, bolt or column flange distress. Testing was terminated after 20 cycles. The load-
deflection, moment rotation and bolt force-flange force histories were similar to those
from Test 1/95 (see Appendix C for Test 2/95 data). Again, the hysteresis loops were
wide, but bolt forces decreased unexpectedly, possibly because of compression yielding of
the shim plates and yielding of the end-plate. The shim plate original thickness was
reduced by 0.025 in. due to compression.

For Test 3/95, an extended, stiffened end-plate was tested with shims. The bolts
were tightened to the minimum bolt tension force. Failure was again by local flange
buckling of the beam flanges. The load-deflection, moment rotation and bolt force-flange
force histories were similar to those from Test 1/95 (see Appendix C for Test 3/95 data).
The bolt forces decreased similar to Test 2/95 again due to yielding of the shim in

compression (0.025 in.) and deformation of the end-plate at high tensile loading.
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Figure 4.4 Shimmed End-Plate Connection

Test 4/95 was identical to Test 1/95 except that the bolts were tightened using the
turn-of-nut method (Load 1993). This tightening method resulted in larger strains in the
bolts at completion of tightening. Again, failure was local buckling of the beam flanges
without end-plate, weld, bolt or column flange distress. Resulting load-displacement and
moment rotation histories were similar to those from Test 1/95. The bolt forces decreased

as in Test 1/95 but not as significantly (see Appendix C for Test 4/95 data).

4.3 TESTS USING THE W24X62 BEAM SECTION

Six different four-bolt extended moment end-plate connections with a W24x62
nominally A36 beam section were designed and tested. For each test, the end-plate was
welded using full penetration welds to a W24x62, A36 steel, beam section and bolted to
the flange of a W14x257, A36 steel, column section. The first two connections were part
of the initial research plan to test the design validity for moderate-to-small size beam
connections. Due to beam flange fractures encountered during the first two tests, four
additional connections were fabricated to investigate and identify the cause of the
fractures. One configuration was the conventional unstiffened four-bolt style, a second
configuration employed a conventional unstiffened end-plate with shims and the third was

a stiffened end-plate also with shims.
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The first two of the end-plate-to-beam welds were welded by a commercial steel
fabricator using weld access holes. The remaining four end-plates were welded by
university personnel without weld access holes. Weld access holes are cut in the web
adjacent to the beam flange where the end-plate and beam are welded together (see Figure
4.5). The holes provide access for the welder’s torch during end-plate to beam welding to
ensure a continuous full-penetration weld is obtained behind the web-flange fillet area of
the beam. The size of the hole must be at least 1 1/2 times the web thickness in
accordance with AISC Specification (Load 1993), but it is often slightly larger due to the
difficulty of cutting a proper hole in sections with a thin web.

Table 4.2 shows the end-plate and bolt dimensions, measured beam material
Vstrengths, number of cycles tested, and failure mode for each of the six tests. The actual
yield strength of the first three beam sections, 53 ksi, was much greater than the design
strength, 45 ksi, used in calculations. The actual yield strength of the remaining beam
sections, 47 ksi, was very close to the design strength, 45 ksi, used in calculations.

Connection configuration and individual test results are presented in detail in Appendix D.
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Figure 4.5 Weld Access Hole
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Test 5/95 utilized a commercially welded end-plate to beam with weld access
holes, 1 1/8 in. x 1 1/8 in. The 1 1/4 in. A325 bolts were tightened using the turn-of-the-
nut method, but not less than 85 kips. The test was terminated during cycle 15 when a
beam flange fracture occurred between 1 and 2 in. from the face of the end-plate. The
fracture occurred within the length of the weld access hole, (see Figure 4.6). Neither the
welds, bolts nor column flange showed any distress during the test. Maximum end-plate

separation from the column flange was 0.040 in. during the inelastic cycles 12 - 15.

Table 4.2
Test Specimen Dimensions and Material Properties (W24x62)
(A-325) | Beam** | Beam** | Maximum
Test No. | t, dy Fy Fu Loading Failure Remarks
in. in. ksi ksi Cycles Mode
1.0 125 53 69 15 Flange weld access
5/95 Fracture
2.0 1.25 53 69 13 Flange weld access
6/95 Fracture Shims
10] 125 53 69 20 Local Flange | stiffened
7195 Buckling Shims
RH-2 | 10| 125 47 63 20 Local Flange
Buckling
RH-2A | 10| 1.25 47 63 19 Flange weld access
Fracture
RH-3 [1.0] 125 47 63 15 Flange weld access
Fracture

* End-Plate Dimensions: b,=8.0in.; g=4.751n; pr=1.75 in.
** Based on Tensile Coupon Tests of Beam Flanges and Web

Test 6/95 was conducted with another commercially welded specimen with weld
access holes. Half inch high-strength steel shims were placed in the connection as shown
in Figure 4.4. The bolts were tightened to a minimum of 85 kips as prescribed in the
AISC Specification (Load 1993). During cycle 13 of loading, the beam flange within the
length of the weld access hole fractured. The end-plate, thicker than usual because of the

design method, did not display signs of yielding or permanent distress. The bolt forces
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Figure 4.6 Flange Fracture, TEST 5/95
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displayed a loss in tension as previously noted in shim tests due to shim compression
(measured to be 0.012 in.) and yielding and elastic flexure of the heavy end-plate. Neither
the bolts nor the welds displayed any distress or indications of failure. End-plate slip
parallel to loading was measured at 0.012 inches.

Test 7/95 used a stiffened end-plate welded by university personnel without weld
access holes. High-strength steel shims were used as previously discussed. All interior
bolts were tightened to 85 kips. and the external bolts were tightened to 60 kips due to
flexure of the end-plate during bolt tensioning. Testing was terminated after 20 cycles as
beam strength deteriorated. Failure due to local flange buckling occurred 10 to 12 in.
from the end-plate during cycle 16. Severe yielding of the end-plate occurred in the later
cycles. Bolt forces dropped to zero when the flange force was in compression, and the
shims moved freely when the flange force was in tension. No distress was noted in the
welds or column flange.

Test RH-2 utilized a university personnel (certified welder) welded end-plate
without weld access holes. Shims were not used in this test. The 1 1/4 in. A325 bolts
were tightened to 85 kips prior to the test. Local flange buckling was noted during cycle
13 with severe buckling occurring during cycle 16. Testing was terminated after 20
complete cycles as beam strength deteriorated. Figure 4.7 shows the applied load versus
deflection and beam moment rotation histories from the test. Figure 4.8 shows the
corresponding interior and exterior bolt force versus beam flange force. As with other
successful tests, the hysteresis loops are robust and full, displaying the desired energy
dissipation of the connection. Connection rotation exceeded 0.03 radians prior to test
completion. Figure 4.8 illustrates a substantial loss of bolt forces.

Test RH-2A was conducted with a university personnel welded end-plate with
weld access holes. The end-plate was bolted to the column flange without shims. The 1
1/4 in. A325 bolts were tightened to 85 kips. as measured by the instrumented bolts.
Local flange buckling of the beam occurred during cycle 16, but during cycle 19 the beam

flange fractured. The location of the fracture was again within the weld access hole
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length. Prior to beam flange fracture, the connection displayed good characteristics with
connection rotation exceeding 0.02 radians. The forces for inner and outer bolts

decreased similarly to their respective counterparts in Test RH - 2.
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Figure 4.7 Loading and Connection Rotation Histories, Test RH-2
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Figure 4.8 Inner and Outer Bolt Forces, Test RH-2

Test RH - 3 utilized a university personnel (certifed welder) welded end-plate yvith
two different sized weld access holes. The access holes were elongated at different
lengths to investigate the effects of varied hole size on connection behavior and to
measure beam flange strain in the access hole area. The access holes were 2 and 3 times
the length of the “normal” hole size; the width remained at 1 1/8 in. Figure 4.9 depicts the
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connection with the elongated access holes. The 1 1/4 in. A325 bolts were tightened to
85 kips prior to testing. During cycle 10, a small crack began to develop in the bottom
beam flange as shown in Figure 4.10. Minor flange buckling was noted during cycles 13
and 14. During cycle 15, the flange crack propagated rapidly through the flange and the
test was terminated, (see Figure 4.10). The cause of the initial crack was that a stress
riser located at a rough spot in the flame cut of the web had developed. Grinding of the
access hole area was performed but was not sufficient to prevent a stress riser from

developing.

Figure 4.9 Elongated Weld Access Holes

4.4 TESTS USING THE W24X76 BEAM SECTION

Five separate tests were conducted with three different four-bolt extended moment
end-plate connection specimens using the W24x76 beam section. For each test, a
commercial fabricator welded the end-plate using full penetration welds to a W24x76,

A36 steel, beam section and university personnel bolted it to the flange of a W14x257,
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Figure 4.10 Crack Due to Stress Riser
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A36 steel, column section. The purpose of the first three tests was to continue design
validation while attempting to determine the cause of previous beam flange fracture. The
first connection specimen was tested with three different size weld access holes. Each
hole size configuration is defined as an independent test; RH-1, RH-1A and RH-1B. The
remaining tests, 8/95 and 9/95, incorporated the “dog bone” beam reduction and were
intended to again validate design procedures as well as test the beam reduction method as
discussed in Section 2.7,

During the first test with this size connection, a much greater load was applied to
the specimen than was anticipated. It was conjectured, and later confirmed by tensile
coupon testing of beam flange and web material, that the actual material strength of the
beam was appreciably higher than designed strength. This greater strength caused the
connection moment and flange force to exceed expected values, causing unexpected
forces in the A490 bolts and eventual bolt fracture. To utilize the welded end-plate
specimens, a method to reduce beam bending strength to near design strength was
employed. The “dog bone” method reduced the plastic bending strength of the beam from
11,000 in-kips to 8,040 in-kips. The original design strength was 9,000 in-kips. Table 4.3
shows the end-plate and bolt dimensions, measured beam material strengths, number of
cycles tested, and failure mode for each of the five tests. Connection configuration and
individual test results are presented in detail in Appendix E.

Test RH-1 was designed to investigate the effects of different length weld access
holes on beam flange strain. The beam was prepared with additional strain gauges on the
beam flanges for data acquisition. The initial size of the weld access holes was 1 1/8 in.
from end-plate to edge by 1 1/8 in. from beam flange to edge. The 1 1/4 in. A490 bolts
were tightened by the turn-of-the-nut method prior to the test. The beam underwent 10
cycles of loading with the original size access holes. During the 10th cycle, beam flange
yielding was noted by white-wash flaking and strain gauge readings. Testing was stopped
at this point because measured and observed yielding of the flange had occurred but strain

hardening had not begun. The weld access holes were elongated along the flange,
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doubling the length to 2 1/4 in. The width from flange to edge was not changed. Figure
4.11 illustrates the original size access hole and the later elongation sizes. The first
loading cycle after hole elongation was evaluated to determine if the data was repeated or
if adjustments were needed to the test data. No adjustment was needed. After two
additional cycles, yielding of the column flange was noted from white-wash flaking.
During the next cycle, an interior bolt fractured at a calculated flange force of 528 kips;
the design flange force was 416 kips. From strain gauge data, there appeared to be a

slight reduction in beam flange strain with the increase in access hole size.

Table 4.3
Test Specimen Dimensions and Material Properties (W24x76)

(A-490) | Beam** | Beam** | Maximum
Test No. | t, dp Fy F, Loading Failure Remarks
n. in. ksi ksi Cycles Mode
RH-1 | 125 1.25 58 74 13 N/A weld access
RH-1A | 1.25 1.25 58 74 2 N/A weld access
RH-1B | 1.25 1.25 58 74 16 Flange | weld access
Fracture | “dog bone”
8/95 1.25 1.25 58 74 14 Flange | weld access
Fracture | “dog bone”
9/95 225 1.25 58 74 21 Local weld access
Flange “dog bone”
Buckling

* End-Plate Dimensions: b,=9.0in; g=5.0in.; p=2.01in.
** Based on Tensile Coupon Tests of Beam Flanges and Web

Test RH-1A was performed with the same specimen used in Test RH-1. During
the 10th cycle of Test RH-1, it was noted that several bolts were loose when the flange
force was in compression. Prior to the start of Test RH-1A, the loose bolts were snug
tightened and the previously fractured bolt was replaced and also snug tightened. During

the first cycle of loading another bolt fractured. (Section 6.2 discusses the cause of bolt
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fracture and methods of preventing its occurrence.) The bolt was replaced and snug
tightened. An additional 2 loading cycles were conducted to obtain flange strain data with
a reduced maximum deflection of the loading to prevent further bolt fracture. The testing
was stopped and the weld access holes were elongated to three times the original size
along the beam flange. (Figure 4.11) Two loading cycles identical in deflection to the
previous ones were then performed with the three times elongated holes to determine a
flange strain comparison. The beam flange strain showed a slight increase in all gauges

ranging from 100 to 1,000 pe.
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Figure 4.11 Weld Access Hole Elongation Cuts

Test RH-1B utilized the same specimen as did RH-1 and RH-1A. The specimen
was removed from the test bed and the beam flanges were “dog boned” to reduce their
size and the beam’s overall strength. Figure 4.12 depicts the cuts performed in both beam
flanges. This procedure prevented bolt fracture by reducing the beam plastic moment
strength. New instrumented bolts were installed and tightened to values near the minimum
tension force of 104 kips from the AISC Specification (Load 1993). After 14 cycles, a
small crack was noted in the beam flange near the end of the weld access hole. During
cycle 16, the crack had propagated through the entire beam flange and testing was
terminated. The reduced strength of the beam due to the “dog bone” allowed the beam to
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perform in a more ductile manner and decrease flange forces so that bolt fracture did not
occur. Strain gauges indicated a reduction of strain, for similar deflection after the flange
reduction was applied, of 1,000 pe to 2,000 pe depending on the gauge.

Test 8/95 was conducted with “dog boned” beam flanges as shown in Figure 4.12.
Weld access holes were the original size, 1 1/8 in. x 1 1/8 in. The 1 1/4 in. A490 bolts
were tightened to only 60-70 kips to investigate the effect of less than fully tightened
bolts. After 13 cycles, local beam flange and web buckling was noted. During cycle 14,
beam flange fracture occurred. The cause of the fracture was a crack propagation from a
rough cut spot in the “dog bone” region of the flange. During the test, bolt tension was
lost during flange compression and was greater during flange tension than in other
W24x76 beam section connections. A greater variation of bolt strain resulted from the

less than fully tightened bolts.

31/2" 31/2"

9"

13/4"

End-Plate

Figure 4.12 Beam Flange Reduction Geometry

Test 9/95 was conducted using a “thick” end-plate and the “dog boned” beam
flanges. The bolts were tightened to + 100 kips. Weld access holes were the original size,

11/8in. x 1 1/8 in. Beam flange and web buckling occurred during cycle 13 and became
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severe during cycle 16. The test was terminated after 21 cycles; the mode of failure was
local flange buckling. Figure 4.13 records the applied load versus deflection and beam
moment rotation histories from the test. Figure 4.14 shows the corresponding interior and
exterior bolt force versus beam flange force. The connection rotation is greater than 0.03
radians. As Figure 4.14 indicates, there was a substantial loss of bolt forces, but the
maximum forces were well below that to cause bolt fracture. There was no distress noted

in the welds or the column flanges.
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Figure 4.13 Loading and Connection Rotation Histories, Test 9/95
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Figure 4.14 Inner and Outer Bolt Forces, Test 9/95
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4.5 TESTS USING THE W36X135 BEAM SECTION

Two four-bolt wide extended moment end-plate connections were designed and
tested with a W36x135 beam section requiring sixteen A-325 1 1/4 in. diameter bolts
each. For each test, a commercial fabricator welded the end-plate using full penetration
welds to a W36x135, A36 steel, beam section and university personnel bolted it to the
flange of a W14x311, A36 steel, column section. The four-bolt wide end-plate connection
has four rows of four bolts each, with the rows parallel to the beam flange, Figure 1.1.
Both connections tested had weld access holes. The beam size was selected to investigate
large beam connection behavior and determine if the four-bolt extended connection design
methods were applicable to the four-bolt wide connection. Table 4.4 shows the end-plate
and bolt dimensions, measured beam material strengths, number of cycles tested, and
failure mode for both tests. The actual yield strength of the beam section was 45 ksi,
which was the same strength used in the design calculations. Connection configuration

and individual test results are presented in detail in Appendix F.

Table 4.4
Test Specimen Dimensions and Material Properties (W36x135)

(A-325) | Beam** | Beam** | Maximum
Test t, dp F, F, Loading Failure Remarks
No. in. in. ksi ksi Cycles Mode
10/95] 1.50 1.25 45 60 13 Flange weld access
Fracture
12/95 | 1.50 1.25 45 60 19 Local weld access
Flange Stiffened
Buckling

* End-Plate Dimensions: b,=15.0in.; g=5.0in; ps=1.75in.
** Based on Tensile Coupon Tests of Beam Flanges and Web

Test 10/95 was conducted using a four-bolt wide, extended end-plate connection
with weld access holes. The 16 1 1/4 in. A325 bolts were tightened to 85 kips. The bolt

tightening process required additional time due to the interaction of bolt tension within the
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same flange group. The increase or decrease of tension in any bolt directly affects the
tension of the other seven bolts within that flange group. After 10 cycles of testing,

yielding was observed in the column flange due to white-wash flaking. Figure 4.15 is a

Figure 4.15 Flange Fracture, W36x135

picture of the beam flange fracture within the weld access hole length which occurred

during cycle 13 of the test.
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Test 12/95 involved a stiffened four-bolt wide extended end-plate connection with
weld access holes. The 1 1/4 in. A325 bolts were tightened to a minimum tension force of
85 kips. Similar tightening difficulties occurred as in Test 10/95. Local beam flange
buckling occurred during cycle 13. Because of the actuator ram extension and load
capacity, full increments in the cyclic loading could not be performed. During cycle 13
and subsequent cycles, the load displacement was limited to four inches because of
actuator limits. In accordance with ATC-24, the cyclic loading was continued at the
maximum loading/displacement possible due to actuator limitations. Testing was
terminated after 19 cycles due to local flange buckling and a noted deterioration of beam
strength. The applied load versus deflection and beam moment rotation histories from the
test are shown in Figure 4.16. The connection rotation is just under 0.02 radians, but this
is due to the limits of the test actuator and not the connection. Figure 4.17 shows the
corresponding interior and exterior bolt force versus beam flange force. The bolts
displayed a loss of tension, with the bolts closer to the beam web displaying much less
deterioration and variation in tension than did the bolts farther from the beam web. In
Figure 4.17, Interior/Exterior refers to the beam flange and Near/Far refers to the bolt’s
relationship to the beam web.
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Figure 4.16 Loading and Connection Rotation Histories, Test 12/95
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Figure 4.17 Bolt Forces, Test 12/95

4.6 TESTS USING THE BUILT-UP BEAM SECTION

Four four-bolt extended moment end-plate connections were tested using a Grade-
50 steel end-plate welded to a Grade-50 steel built-up beam section. The specimen size
approximated the W24x62, A-36 steel beam and end-plate connections previously tested.
The specimens were fabricated by a metal building manufacturer using current industry
welding methods and specifications. Each end-plate was welded to the built-up beam
section using full penetration welds.  All welds underwent successful non-destructive

testing. The actual yield strength of the beam sections, 63-65 ksi, was greater than the
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design strength, 55 ksi, used in calculations. Connection configuration and individual test
results are presented in detail in Appendix G.

The primary purpose of the built-up specimen tests was to investigate the use of
weld access holes and their effects on previous flange fractures failures. The end-plate and
beam sections were manufactured identically except for weld access holes (1 1/8 in.
diameter) in two of the specimens. Table 4.5 shows the end-plate and bolt dimensions,
measured beam material strengths, number of cycles tested, and failure mode for each of

the four tests.

Table 4.5
Test Specimen Dimensions and Material Properties (Built-up Section)
(A-490) | Beam** | Beam** | Maximum
Test tp dp Fy F, Loading Failure Remarks
No. in. in. ksi ksi Cycles Mode
BuS'1 1.0 1.25 65 90 18 W-F Weld | access hole
Fracture
BuS 2 1.0 1.25 65 90 16 W-F Weld
Fracture
BuS1A | 1.0 1.25 63 90 19 Flange access hole
Fracture | added weld
BuS2A | 1.0 1.25 63 90 20 W-F Weld
Fracture | added weld

* End-Plate Dimensions: b,=8.01in; g=4.75in; ps=1.75in.

** Based on Tensile Coupon Tests of Beam Flanges and Web

Due to web-to-ﬂange.weld failures in the first two tests (BuS 1 and BuS 2), the
two remaining specimens had both sides of the webs welded from the end-plate along the
flange for a length of two feet. Normal metal building industry practice is to weld only
one side of the web to flange joint:

Test BuS 1 used a single sided web-to-flange welded beam which did have weld
access holes. The 1 1/4 in. A490 bolts were tightened to 95 kips. After 13 cycles, local

flange buckling was observed in the beam flanges. Beam strength deteriorated in
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subsequent cycles. At the beginning of cycle 19, a large “tear” in the web-to-flange weld
was noted about 12 in. from the end-plate and the test was terminated. Prior to test
termination, the connection rotation exceeded 0.02 radians. The bolts did lose tension
during the test. No distress was noted in the column flange or end-plate weld.

Test BuS 2 involved a single sided web-to-flange welded beam which did not have
weld access holes. The 1 1/4 in. A490 bolts were tightened in excess of 90 kips. After 13
cycles, local flange buckling was observed in the beam flanges. Beam strength
deteriorated in subsequent cycles. During cycle 16, a web-to-flange weld failure was
again noted about 1 ft. from the end-plate. Prior to test termination, the connection
rotation exceeded 0.02 radians. The bolts did lose tension during the test. No distress
was noted in the column flange or end-plate weld.

Test BuS 1A was conducted after web-to-flange weld was added on the unwelded
side of the web. The weld extended from the end-plate along the flange for a length of 2
ft. The beam section had weld access holes. The 1 1/4 in. A490 bolts were tightened to
103 kips. After 14 cycles, local flange buckling was observed in the beam flanges and
severe buckling occurred during cycle 18. Beam strength also deteriorated in these
subsequent cycles. During cycle 19, a beam flange fracture occurred and the test
terminated.

Test BuS 2A was also conducted after a web-to-flange weld was added on the
unwelded side of the web. The weld extended from the end-plate along the flange for a
length of 2 ft. The beam section did not have weld access holes. The 1 1/4 in. A490 bolts
were tightened to 103 kips. After 10 cycles, beam flange yielding was noted and local
flange buckling occurred during cycle 13. Severe buckling developed during cycle 15 as
the beam strength deteriorated. During cycle 20, a web-to-flange weld failure was noted
about 12 in. from the end-plate. Prior to test termination, the connection rotation
exceeded 0.02 radians as seen in Figure 4.18. Figure 4.19 shows that the bolts did lose

tension during the test. No distress was noted in the column flange or end-plate weld.
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Figure 4.18 Loading and Connection Rotation Histories, Test BuS 2A
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Figure 4.19 Inner and Outer Bolt Forces, Test BuS 2A

4.7 SUMMATION

This chapter presents a discussion of individual tests and their resulting responses
to cyclic loading. In Chapter VI, the results obtained during testing are further analyzed

and discussed by connection response and configuration specifics.
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CHAPTER V

FINITE ELEMENT ANALYSIS

S.1 INTRODUCTION

The objective of the finite element analyses conducted in conjunction with this
research was to model full-scale test connections for comparison of beam flange strain for
different connection configurations. Beam flange fracture was an unexpected failure mode
of several full-scale test specimens during the early stages of the experimental research.
The fracture failures occurred in connections which had weld access holes. Finite element
analyses of the four-bolt connections were intended to determine the qualitative effects
that weld access holes have on the strain developed in the beam flanges. Various
techniques or approaches to modeling were investigated, including absence of bolt holes in
the end-plate and use of spring elements for bolts. End-plate deformation during loading
and the difficulty to accurately model its behavior was noted during review of previous
finite element analysis. As this research was to determine the cumulative effects during
seismic activity, minor deformation and variations of the end-plate shape were not a
primary consideration for the finite element analyses. Modeling to include fracture of the

flange was considered beyond.the scope of this research and was not attempted.

5.2 CONNECTION MODELING

5.2.1 Initial Two-Dimensional Analysis

A two-dimensional (2-D) analysis of each specimen configuration was performed

before actual testing of any specimen was conducted. These analyses were performed to
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determine the elastic load-deflection relationship (connection stiffness) which became a
baseline for the actual test. The software program utilized to perform the 2-D analysis
was RISA-2D (Users Manual). Properly sized column and beam members, their lengths
and boundary conditions are represented in the 2-D model. Although only an estimated
elastic response is obtained from this analysis, it did provide confirmation of actual test

response for the elastic range of cyclic testing, which included the first 9 cycles of loading.

5.2.2 Finite Element Three-Dimensional Analysis

Specimen modeling using ABAQUS (Users Manual) consisted of a two step
process. The first was to construct a geometric, three-dimensional (3-D), non-contact
model of the entire end-plate and beam. Second, the beam loading versus deflection results
of the 3-D model and the actual test data were compared to determine model validity.

Modeling of symmetrical effects of the end-plate and beam was not attempted.
The use of symmetric affects perpendicular to the web were ignored because of the full-
scale flange fracture failures and the desire to investigate full flange response. Symmetric
effects parallel to the web were not utilized due to the load reversal technique used. Full
beam length was modeled to develop accurate connection forces, moments and curvature

to match full-scale test situations.

5.2.3 W18x35 Beam Model

The first connection to be modeled was the W18x35 beam connection with a 1 in.
by 7 in. by 2 ft. 0 in. A36 steel end-plate. This connection was selected as full-scale
testing had been completed and test data was available for comparison and calibration of
the model.

A three-dimensional 8-node shell element (S8R) was initially selected for beam and
end-plate elements. A favorable correlation of modeling and test results prompted the

continued use of this shell element for both beam and end-plate. Beam and end-plate
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material properties were modeled to represent elastic and plastic behavior using the results
from respective coupon tests. An idealized stress-strain curve was modeled using 50 ksi
and 72 ksi for yield and tensile beam material strengths, respectively, and 40 ksi and 62 ksi
for yield and tensile end-plate material strengths, respectively. A pictorial representation
of each respective material strength model can be seen in Appendix H, Figures H.1 and
H.2.

The bolts were modeled with non-linear, one dimensional spring elements
(SPRING 1). Four identical spring elements were used to represent each bolt to more
evenly distribute the tension effects around the bolt hole perimeter. The non-linear spring
properties were modeled using existing load-strain data for A325 bolts (Figure H.3). Bolt
forces caused by tightening of the bolts are represented in the bolt model. The three-
dimensional ABAQUS model of the connection is located in Appendix H.

Incremental loading was modeled to simulate actual testing of the beam. The
loading point was the same as in the full-scale tests, 79 in. from the outer edge of the end-
plate. Load versus beam deflection results of the models were tabulated and plotted with
the actual test data. The projected elastic solution from RISA-2D for comparison of initial
connection stiffness is also included. The results of modeling the W18x35 beam
connection compared to the actual test data is shown in Figure 5.1. Excellent correlation
to shape and magnitude of the load versus deflection curves can be seen. Initial
connection stiffness, for both 2-D and 3-D methods, is identical to that of the actual

specimen.

5.2.4 W 24x62 Beam Model

A model of the W24x62 beam connection with a 1 in. by 8 in. by 2 ft 6 1/2 in. end-
plate was created similar to that described in Section 5.2.3. A finer mesh for both the end-
plate and the beam was generated. The three-dimensional ABAQUS model is presented in
Appendix H. The W24x62 beam material strengths are 53 ksi (yield) and 69 ksi (tensile).

The actual end-plate material strengths are not known. The full-scale connections were
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welded by a commercial fabricator and although coupon specimens for the end-plate
material were requested, none could be provided. Because the actual material strength
values were not known, the end-plate model strength values were iterated until a
reasonable relationship was obtained. The material strength values that seemed to provide
a reasonable correlation were 50 ksi and 72 ksi (yield and tensile, respectively). Pictorial
representations of the beam material strength, the end-plate material strength and the 1 1/4
in. A32S bolt strength are provided in Appendix H, Figures H.4, H.5 and H.6 respectively.

Figure 5.2 depicts the comparison of the final model to actual test data. The
model does provide an excellent correlation for most of the load-deflection curve. One
possibility for the lack of complete agreement is the effect of material strain hardening.
Strain hardening effects are seen in the test data curve where it departs from the finite
element model at 1.5 in. This effect can only be accurately modeled with actual tensile
coupon data. Without such data, attempts to accurately model the curve are strictly trial

and error.
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Figure 5.1 Load-Deflection for the W18x35 Beam Model
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Figure 5.2 Load-Deflection for the W24x62 Beam Model

5.3 WELD ACCESS HOLE MODELING

Investigation of a relationship between weld access holes and beam flange fracture
was initiated because several full-scale tests were terminated due to beam flange fracture
in the area of the weld access holes. Previously, successful tests conducted did not have
these access holes. Therefore, several full-scale tests were designed to determine if the
weld access holes or variation in their size would affect eventual failure.

Prior to the actual full-scale testing to investigate beam response to weld access
holes, finite element analysis was used to determine if there is an optimal weld access hole
size which creates the minimal flange strain. Initial full-scale testing indicated a variation
of beam flange strain with varying weld access hole size. The criterion for investigation

was to determine a size weld access hole that resulted in the lowest (minimal) beam flange
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strain. Weld access hole sizes were modified during the finite element analyses in order to
determine the optimal hole size.

The models of the two beam connections described above were modified to model
the weld access holes in the beam web. AISC Specification (Load 1993) requires that
the holes be a minimum of 1 1/2 times the thickness of the beam web. This requires a
minimum weld access hole of slightly larger than 5/8 in. (0.645 in.) for the W24x62 beam.
To accommodate the AISC requirement, yet being realistic in size, 1 in. weld access holes
were initially generated in the beam web. This size is also consistent with actual access
hole size in the full scale test specimens and of a size needed for efficient welding.
Additional models were developed which increased the length of the access hole along the
flange while the distance from the flange was maintained, e.g. length was increased

without increasing the depth.

5.3.1 W18x35 Beam Model

Although weld access holes were not tested in the full-scale W18x35 beam
connection, finite element analysis was conducted to determine beam response to varying
size access holes. A modification to web elements near the flange-web fillet was made to
create a hole 1 in. by 1 in. adjacent to the end-plate. Incremental loading was applied to
the weld access hole model. The web elements were changed two additional times to
allow for a 1 in. by 1 1/2 in. and a 1 in. by 2 in. access hole. Figure 5.3 shows the
relationship of the four different models and the increase in flange strain at the weld access
hole area. Each increase of access hole subsequently caused a larger flange strain. The
strain values obtained from the model without access holes correspond well with test
strain data (Figure 5.4). The test data was derived from an average of the strain gauges
located in the approximate location of the model values. No test data is available for

comparison of the weld access hole model data.
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Figure 5.3 Model Flange Strain with Weld Access Holes (W 18x35)
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5.3.2 W24x62 Beam Model

The modeling procedures described in Section 5.3.1 were repeated for the
W24x62 beam connection. Two weld access hole sizes were used: 1 in. by 1 in. and 1 in.
by 2 in. Figure 5.5 graphically portrays the numerical results of each model in response to
the incremental loading. As with the other beam model, as the hole size increased, beam
flange strain increased. The flange strain in connections with weld access holes was
greater than the connection without access holes for the entire range of loading.

The strain values obtained from the model compared to actual test strain values
indicate a good correlation (Figure 5.6). Both strain curves indicate a non-linear response
and a plateau with the strain values of the model higher than the test data. The erratic

curve of the test data is caused by the slight variations with individual strain gauges.
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Figure 5.5 Model Flange Strain with Weld Access Holes (W24x62)
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Figure 5.6 Model versus Test Flange Strain (W24x62)

5.4 LOAD-DEFLECTION HYSTERESIS MODEL

Loading reversal or hysteresis loop generation was attempted to determine if the
same finite element model could accurately model a full cycle of loading. Using the model
for the W18x35 beam connection, a load reversal technique was applied to simulate
reverse bending of the beam. After several direction reversals in the loading, a hysteresis
loop of the load-deflection parameters is generated. The model data along with full-scale
test data is shown in Figure 5.7. The initial loading shows excellent correlation of the test
data and model. The second loading, or reversal of original loading direction, does not
display the reduction of connection stiffness as indicated by the slope of the line. The third
loading also displays original connection stiffness.

The reversal points of both curves correlate well. The model generates a fuller
loop due to the constant connection stiffness, which indicates more energy dissipation in
the model than in the actual test connection. From the results of this modeling technique,

it is possible to obtain an accurate full hysteresis loop of the beam load versus deflection.
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Figure 5.7 Load-Deflection Hysteresis Curves for W18x35 Beam

5.5 SUMMATION

The main objective of the finite element analysis was accomplished. The beam
flange strain 1s affected in the region of the weld access hole by the size of the access hole.
The beam flange longitudinal strain in the access hole area increases as the size of the weld
access holes is increased. It was determined that end-plate connections without weld
access holes result in the lowest beam flange strain and are, therefore, least likely to cause
flange fracture.

The model developed for the W18x35 beam section shows excellent correlation to
actual test data for load versus deflection. This was displayed both in a single load
excursion as well as the load reversal and hysteresis loop generation. The model
developed for the W24x62 beam section also displayed excellent qualitative correlation

and good quantitative relationship as compared to the actual test data.
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CHAPTER VI

DISCUSSION OF RESULTS

6.1 INTRODUCTION

After 22 full-scale, moment end-plate connection tests, four tee-stub tests and 13
different finite element models, there is an enormous multitude of data and information
available for analysis and understanding. To examine all the information, specific topics
and/or aspects of the research have been selected and arranged in a logical and orderly
fashion and described in sufficient detail to support reasonable and accurate conclusions.
The following sections will discuss and analyze research data and findings organized into
nine sections. Some data may affect and be discussed in more than one section when
applicable. The sections were selected as key for reporting and understanding the research
and as a basis for the conclusions and recommendations. The results are generalized as to

connection configuration and phenomena and are not connection size specific.

6.2 BOLT BEHAVIOR

Review of previous research indicated that bolt fracture was a major cause of
failure in most moment end-plate tests. Therefore, reduction of bolt tension and
elimination of bolt fracture was a primary concern during the early stages of this research.
To monitor bolt tension and preclude premature bolt fracture, all bolts used for the full-
scale connection tests were instrumented with an internal strain gauge as described in
Section 4.1. During testing, the bolt strain was continuously monitored to preclude any

bolt failure and/or damage to test equipment. In addition to monitoring and recording bolt
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tension (strain) during the tests, the instrumented bolts were exceedingly helpful when
“tightening the bolts during assembly of the connection.

Although all bolts were instrumented and calibrated, the calibration factor applied
to the recorded strain value by the acquisition system was only for the linear elastic range
of each bolt. The acquisition software did not correct for the nonlinearity of the bolt
force-strain curve. Therefore, when tension (strain) in the bolts exceeded the elastic
range, higher than actual forces were indicated and recorded. The high bolt forces as seen
in the bolt force diagrams have not been corrected for this nonlinearity. (Actual ultimate
strength values for 1 1/4 in. A325 and A490 bolts are approximately 120 kips and 150
kips, respectively.) The bolt force diagrams must be corrected if values of actual bolt
forces above the linear range are needed. Actual or corrected bolt force is obtained by
comparing actual bolt strain obtained during testing to the force-strain curve for the
appropriate bolt type. As is seen in Figure 6.1 (a typical bolt force diagram and its
corrected bolt force), the only portion of the plot that changes is the high bolt force data,
above 90 kips for A325 bolts and 113 kips for A490 bolts.

Overall, bolt behavior during full-scale testing is considered extremely satisfactory.
Of the nearly 200 bolts utilized during the tests, there were only two failures due to
fracture. The first fracture was due to an applied end-plate moment that was much higher
than designed. The moment, and eventual flange force which developed, far exceeded that
which was anticipated due to higher material strength of the beam than designed or
realized. (Properties of beam strength are further explained in Sections 2.6 and 6.4.) The
second bolt fracture was caused by improper tightening of a strained bolt. When the first
fractured bolt was replaced, all bolts in the connection were mistakenly retightened. Most
of these bolts had already undergone permanent strain, and during the next loading
sequence the second bolt fractured. This second failure emphasized the importance of not
tightening a loose bolt found during routine building inspections, but replacing it with a

new bolt before applying proper torque.
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FIGURE 6.1 Calibrated versus Corrected Bolt Force

The bolts do absorb an appreciable amount of the energy imparted to the
connection by the seismic loading, as evidenced by most of the bolts undergoing
permanent strain deformation without fracture. This permanent deformation does
contribute to the overall loss of connection stiffness and when modeling a bolt for finite
element analysis, the strain of the bolt must be properly included to obtain valid
representation of the connection. Interior bolts carry a greater bolt tension force than the
outer bolts, as was predicted.

No notable difference in behavior of the A325 versus A490 bolt was perceived
during any of the tests. With the exception of the magnitude of the bolt strength, all bolt
responses, calibration, tightening and variation of bolt strain during tests were comparable
for both types of bolts. The tension of the tightened bolts did affect end-plate behavior,

slip and separation, but not the bolt force diagram generalized shape nor behavior.

6.3 END-PLATE THICKNESS

End-plate thickness of the four-bolt extended moment end-plate connection is
determined by the plastic moment capacity of the beam and the type and size of bolts
selected. Section 3.2 discuses the relationship of beam size and bolts to the ultimate
design moment used for calculation of t,, end-plate thickness. Many steel fabricators and
designers have stated that a major disadvantage of the use of moment end-plate
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connections in high-rise structures is the excessive thickness of the end-plates. Table 6.1
compares end-plate thickness as determined by current AISC design methods to the
proposed design procedures. An average 20% reduction in required end-plate thickness is
achieved by the proposed design over current AISC design. With the proposed design,
the end-plate thickness to beam flange thickness ratio is 1.67 to 1.88 as compared to 2.05
to 2.38 in accordance with AISC current design. The test results verify acceptable
connection performance with these thinner proposed end-plates. How much thinner the

end-plate can be before they are involved in the failure mode is not known and was not an

intended aspect of this research.

TABLE 6.1
Four-Bolt Unstiffened, Extended Moment End-Plate Thickness Summary
Thick Plate | Thin Plate AISC Proposed Plate Sizes
Beam Size Limit Limit Design Design Tested

(in.) ~ (in) ~(in.) (in.) (in.)
W 18x35 1.10 0.76 0.976 0.80 1.0 & 1.5
W 24x62 1.43 1.00 1.209 1.02 1.0 & 2.0
W 24x76 1.97 1.43 1.495 1.138 1.25 & 2.25

Built-Up 1.36 0.94 1.19 (1) 0.94 1.0

(1) AISC design procedure is restricted to A-36 steel

Table 6.1 also indicates the calculated thick and thin plate limits as outlined by
Kennedy ef al. (1981). Comparison of these values to those of test connection end-plates
reveals that all three plate behavior stages were tested. Thin plate behavior was present in
the W24x62 and W24x76 beam connections with end-plate thicknesses of 1 in. and 1 1/4
in., respectively. Intermediate plate behavior was present in the W18x35 and built-up
GRADE-50 Steel beam connections with 1 in. plate thickness. Thick plates were
investigated in the W18x35, W24x62 and W24x76 beam connections with 1 1/2 in, 2 in.
and 2 1/4 in. thickness respectively. The behavior stage of the W36x135 beam connection

cannot be specifically determined because the Kennedy behavior approach was not used in

that design, but from test results of its behavior, it can be listed as a thin plate.
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The behavior stage of the end-plate was not a common factor in the connection
mode of failure. Two thick end-plate connections failed due to local flange buckling,
while the other thick plate connection failed due to flange fracture. Of the intermediate
thickness end-plates, failure modes of flange fracture, local flange buckling and web-to-
flange web fracture were observed. Similarly, the thin end-plate connection experienced
both flange fracture and local flange buckling failures.

A direct consequence of the end-plate thickness was the amount of deformation
that the plate underwent during a test. As seen in Table 6.2, plate deformation was
greatest in the connections with a thin plate behavior, and conversely the least deformation

was in the thick plate behavior.

TABLE 6.2
End-Plate Test Deformation
End-Plate End-Plate
Beam Size End-Plate Type Slip Separation
(in.) (in.)

W 18x35 All - 4-bolt extended

Two - with shims Not Measured .033-.053

One - stiffened
W 24x62 All - 4-bolt extended

Two - with shims .001-.022 .010-.177

One - stiffened
W 24x76 All - 4-bolt extended .011-.033 .033-.137
W 36x135 All - 4-bolt wide extended .012-.013 .067-.077

One - stiffened
Built-Up All - 4-bolt extended .001-.080 .057-.093

The largest end-plate separation measured was 0.137 in. and the largest end-plate
slip in the direction of loading was 0.080 in. Slip values in Table 6.2 are an absolute
maximum value regardless of direction. No special preparation of the end-plate or column
flange was performed prior to any tests. Separation values in Table 6.2 are the sum of
maximum compression and maximum tension of the connection. The compression

measurements were discernible only for the shimmed connections.
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6.4 MATERIAL STRENGTH

Tensile coupon tests from the beam flanges and web were conducted on all beam
specimens tested. Detailed information of beam strengths is located in the appendix for
each beam size. Beam vyield stress varied from 45 ksi to 58 ksi and ultimate strength
varied from 60 ksi to 74 ksi for the A-36 steel beams. The Grade-50 steel beams had a
yield stress of 63 ksi to 65 ksi and an ultimate strength of 90 ksi. End-plate material
tensile coupons were tested for the W 18x35 connection only. These end-plate values
ranged from 35 ksi to 40 ksi. The majority of the other connections were commercially
fabricated and plate samples could not be obtained, and deformation of test specimens
precluded their use for test samples.

There was a significant increase in actual beam strength over design strength for
the W24x76 beam. A design yield stress of 45 ksi was used, but actual yield stress was
determined to be 58 ksi, a 28.9% increase. As discussed in Theory and Experimental
Results, this increase resulted in almost a 1/3 greater flange force and corresponding bolt
force. It was this increased beam yield stress that caused the first bolt fracture and
originated the need for reducing the beam’s cross section. The eventual reduction of beam
flange area allowed successful testing of these high yield stress specimens.

The first test using the “dog bone” method, Test 8/95, did terminate due to flange
fracture as a direct result of the reduction. The flanges were torch cut and then ground to
remove flame cuts and to smooth the flange. The lack of success of smoothing was
evident with Test 8/95, as a crack developed from a small imperfection and eventually
caused flange fracture. In preparation for Test 9/95, much greater time and attention was
given to the flange reduction grinding. Additional grinding was conducted to eliminate
any visible flaw in the flange as a result of the flame cut. Because of the greater attention,
no cracks developed during the second test of the “dog bone” method and a successful
test resulted.

The “dog bone” method is a potential method to reduce the beam section to

maintain beam strength at or near design strength. The main disadvantage of the method
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is the added time, effort and eventual expense of proper section reduction. Although not
substantiated, it may be less harmful to have an over-strength beam than one with an area
awaiting stress risers and perpetrators of cracks and fractures.

The over-strength steel beam problem was confined to only a few tests. An early
hypothesis as to the cause of flange fracture was the higher strength steel with less
ductility, as the failure appeared to be brittle. This conjecture was proven wrong as use
of the same over-strength beam resulted in successful tests with local flange buckling
failures. Therefore, the beam material strength was not the cause of the earlier flange

fractures and another phenomenon caused the flange fractures.

6.5 CONNECTION PERFORMANCE

Three different failure modes resulted from cyclic load testing of the full-scale
specimens, as discussed in Section 2.6. Beam flange fracture and local beam flange
buckling (beam strength deterioration) were observed in the hot rolled beam section tests,
and an additional failure mode of web-to-flange weld fracture was noted in testing of the
built-up Grade-50 steel beam sections. Nine of the 20 connections tested failed due to a
ductile failure, local beam flange buckling. This was the desired mode of failure and
considered a successful connection design. All connection sizes with hot rolled steel beam
sections did result in at least one ductile failure. The built-up beam connection did not
reach a complete ductile failure due to inadequate web-to-flange weld strength. From
observation of all testing, it is believed that with adequate weld size/strength, the built-up
section could also attain a ductile failure. Eight of the 20 connections tested failed due to
a sudden and catastrophic beam flange fracture. Of the hot rolled beam sections, only the
W18x35 section did not have this mode of failure. However, due to other variables in
these specimens, it was determined that it was not the size that affected eventual failure,
but rather it was the absence of weld access holes in the W18x35 specimens. The
remaining three failures were web-to-flange weld fractures, which occurred in the Grade-

50 steel built-up beam specimens. From all the results, it is with a high probability that the

96



failure mode is not related to beam size, as fracture and buckling occurred in every size
beam.

The performance of the connection was analyzed by two separate measurements,
strength and ductility. Both parameters are extremely important for the proper analysis,
design and selection of connection component size for seismic loading of structures.
Strength of the connection is determined by the maximum load and deflection the
connection obtained before failure, while ductility is measured by the amount of

connection plastic rotation obtained before failure.

'6.5.1 Connection Strength

The strength of a connection is determined by its load capacity before failure. In
each case tested, the actual strength of the connection was slightly greater than the
calculated value. This increase of strength is probably due to the strain-hardening effects
of steel in the connection beam, which is of great advantage by using plastic strength
capacity in connection design.

Figure 6.2 is the load-deflection history of the W24x62 beam size connection (Test
RH-2). This curve is typical of connections which failed due to local beam flange
buckling, and its qualitative shape is similar to test results from previous connection
research. The hysteresis loops are full and display exceptional repeatability. The
hysteresis loops for the W24x62 beam in Tests 5/95 through 7/95 appear to have a
distinctive pinched shape, or narrowing at zero load. This effect is due to the method of
data acquisition used during these three tests when the hydraulic actuator was unloaded.
This shape is not the case for the general W24x62 size beam as seen in Figure 6.2 and
other curves of this beam size. The cyclic loops for repeated loading of the same
magnitude essentially overlay one another. This repetition represents properly designed

steel members.
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FIGURE 6.2 Typical Load-Deflection History

The area enclosed by the loops represents or defines the energy dissipated by the
beam per cycle. A comparison of energy dissipation at maximum applied load showed
that the W36x135 beam had 6.7 times greater energy dissipation than the W18x35 beam.
Similarly, the W24x62 and W24x76 beams had 2.9 and 4.3 times more energy dissipated,
respectively. The Grade-50 steel built-up section displayed 3.0 times greater energy
dissipation than the W18x35 beam.

Regardless of the failure mode, the shape and size of the loops were identical for a
given beam size up to the fracture failure, which demonstrates the reproducibility of the
connection’s performance. For beams that experienced a ductile failure, the degradation
of beam strength is indicated by the reduced applied load and/or increase in deflection for
the same load. For all tests, the initial elastic slope of the connection was slightly less than
the calculated slope. This slope difference indicates a greater theoretical stiffness than is

demonstrated by the actual connection.
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6.5.2 Connection Ductility

A main consideration in the design of moment connections is the maximum
available ductility in the beam’s inelastic region that is developed during cyclic loading. A
consistent technique to express ductility is the maximum connection rotation that occurs in
the inelastic region during the inelastic loading cycles. Connection rotation is calculated
by transforming the measured linear beam displacement to angular rotation. To obtain
plastic rotation values, the respective beam elastic rotation is subtracted from the total
connection rotation. These values are then plotted versus the moment loading on the
connection. Figure 6.3 is the moment rotation representation of the W 24x62 (RH-2)

connection.
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Figure 6.3 Typical Moment Rotation Curve

A research standard of sufficient ductility is that the connection exceed + 2%
(+0.02 radians) for acceptable level of performance. In all tests with a ductile failure, a
value of + 0.02 radians was obtained. Test 12/95 is slightly less than that during the
negative loading, but this was due to test apparatus limitation, and if greater loading had

been applied, the ductility would have exceeded + 0.02 radians. Satisfactory ductile
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performance was displayed in several tests even when flange fracture was the mode of
failure. Table 6.3 lists the tests conducted and the corresponding connection performance

for each test in addition to the ultimate mode of failure.

TABLE 6.3
Test Connection Performance
Test Beam Maximum | Maximum | Calculated Mode of Failure
No. Section Applied Deflection | Maximum
Load Ductility
(kips) (in.) (radians)
1/95 18 x 35 48 3.22 0.034 Local Flange Buckling
2/95 18 x 35 45 3.04 0.028 Local Flange Buckling
3/95 18 x 35 46 282 0028 Local Flange Buckling
4/95 18 x 35 46 273 0031 Local Flange Buckling
5/95 24 x 62 81 3.05 0.016 Flange Fracture
6/95 24 x 62 83 2.78 0014 Flange Fracture
7195 24 x 62 88 4.66 0.034 Local Flange Buckling
8/95 24 x76 112 3.96 0.022 Flange Fracture
19795 24 x76 110 4 80 0.036 Local Flange Buckling
10/95 36 x 135 219 3.35 0.013 Flange Fracture
12/95 36 x 135 224 402 0.020 Local Flange Buckling
RH- 1B 24 x76 112 3.43 0.019 Flange Fracture
RH -2 24 x 62 80 4.62 0.035 Local Flange Buckling
RH - 2A 24 x 62 80 422 0.023 Flange Fracture
RH-3 24 x 62 80 270 0014 Flange Fracture
BuS 1 Built-up 86 3.94 0.027 Weld Tear, Web to Fig
BuS 2 Built-up 94 4. 84 0.026 Weld Tear, Web to Fig
BuS 1A Built-up 90 3.92 0.016 Flange Fracture
BuS 2A Built-up 93 4 86 0.036 Weld Tear, Web to Flg
1/96 24 x 62 82 417 0.031 Local Flange Buckling
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6.6 FOUR-BOLT EXTENDED MOMENT END-PLATE CONNECTIONS

The main emphasis of investigation during this research was the four-bolt extended
moment end-plate connection. This section discusses the observed differences related to
the presence or the absence of the weld access holes in four-bolt extended moment end-
plate connections. Table 6.4 lists the fourteen different full-scale connection tests with
this configuration. Of these tests, six connections did not have weld access holes and the
other eight connections did have weld access holes. Initially all test specimens were
designed and welded without weld access holes, and it wasn’t until specimens from a
commercial fabricator were tested that the presence of the access holes became a topic of
connection difference. Of the test variables discussed, it appears’ that for the four-bolt
extended connection, the presence of weld access holes determined the failure mode of the
connection. When weld access holes were present, flange fracture was most often the
mode of failure. Connections without the weld access holes had a ductile failure of local
beam flange buckling.

The Grade-50 steel built-up beam connections were initially intended to provide
data from identical connections and their response to cyclic loading with and without weld
access holes. Although their initial similar behavior was noted, the weld fractures make it
impossible to derive any proper or reasonable conclusion as to the effect of the access

holes. Therefore, the results of these four tests are not used for final conclusions.

6.6.1 Connections without Weld Access Holes

Two tests without access holes were conducted with a W18x35 beam section, two
with a W24x62 beam section and two with a Grade-50 steel built-up beam section. All
four hot rolled beam sections failed in the ductile mode of local beam flange buckling,
while both built-up beam sections failed due to web-to-flange weld fracture. It is
hypothesized that had the web-to-flange weld been sufficient, these two tests also would
have resulted in beam flange buckling. During the test of the built-up section beam

connections, the beam flanges had begun to severely buckle before the weld fracture was
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noted. From testing of the four-bolt connection without weld access holes, the design

appears to be sufficient to withstand seismic loading.

TABLE 6.4
Four-Bolt Extended End-Plate Tests
Test Beam Section | Weld Access Cycles Before Failure Mode
No. Holes Failure
1/95 W 18x35 No 19 Local Flange Buckling
4/95 W 18x35 No 20 Local Flange Buckling
5/95 W 24x62 Yes 15 Flange Fracture
8/95 W 24x76 Yes 14 Local Flange Buckling
9/95 W 24x76 Yes 21 Local Flange Buckling
RH-1B W 24x76 Yes 16 Local Flange Buckling
RH-2 W 24x62 No 20 Local Flange Buckling
RH-2A W 24x62 Yes 19 Local Flange Buckling
RH-3 W 24x62 Yes 15 Local Flange Buckling
BuS 1 Built-up Yes 18 Web-to-Flange Weld
BuS 2 Built-up No 16 Web-to-Flange Weld
BuS 1A Built-up Yes 19 Flange Fracture
BuS 2A Built-up No 20 Web-to-Flange Weld
1/96 W 24x62 No | 21 Local Flange Buckling

6.6.2 Connections with Weld Access Holes

Of the eight tests performed with weld access holes, three were commercially
fabricated for planned testing. The remaining five connections were tests developed to
investigate the phenomenon of the weld access hole, its introduction into the connection
and its possible cause of earlier beam flange fractures.

Three of the eight tests were conducted with a W24x62 beam section and all three
connections failed due to beam flange fracture. Another three of the eight tests were
conducted with a W24x76 beam section. Two of these connections failed due to beam
flange fracture and the third by local beam flange buckling. Test 9/95 did successfully

complete its cyclic testing with a resulting ductile failure of the beam. This connection had
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a “thick” end-plate, 2 1/4 in., and the beam flange was also reduced by the “dog bone”
method. It is difficult to discern what effect these two modifications and distinctive
differences had on the connection’s response.

The two remaining connections tested had a Grade-50 steel built-up beam section.
Test BuS 1 was terminated due to the web-to-beam weld fracture, and Test BuS 1A failed
due to beam flange fracture. The fracture in Test BuS 1A was initiated by the web-to-
flange weld failure and is not similar to the other observed flange fractures. The other
flange fractures all occurred in the area of the weld access holes, whereas the Test BuS 1A

failure was at the weld failure some 4 inches away from the access holes.

6.7 END-PLATE CONNECTIONS WITH SHIMS

As discussed in Chapter II, the use of steel shims was intended to eliminate end-
plate prying forces, thus reducing the bolt force and precluding eventual bolt fracture.
Before full-scale end-plate connection testing with shims was attempted, four tee-stub
tests were conducted to verify the shim concept. The tee-stubs were tested in a universal
tensile test machine for savings of time and degree of simplicity for these preliminary
tests. The major objective of the tee-stub testing was to investigate the actual concept of
shims and validate the concept before extensive and expensive full-scale testing was
conducted. Of equal importance in the tee-stub tests was the determination of exact
location and dimensions of the shim. An early look at the effects of yielding/bending of
the end-plate portion of the tee-stub as the bolts undergo tightening was also desired. Tee-
stub testing was conducted with tensioned high-strength instrumented bolts. A cyclic
loading of the tee-stubs was performed with varied tension load histories to closely
approximate a loading sequence recommended by ATC-24. Table 6.5 provides sizes and
specifications of the tee-stubs tested. )

From the results of the four tee-stub tests, the theory of shimmed end-plates
appeared valid. When the applied tension load on the tee-stub was below the pre-tension

bolt force, the bolt forces remained almost constant (7-10% maximum variation in bolt
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forces). When the loading exceeded the pre-tension bolt force, bolt and plate yielding
occurred and the stiffness of the connection was lost. Intended failure of the connections
occurred due to bolt fracture when tension forces, due to applied loading, exceeded the
bolt strength.

During the tests, it was observed that the bolts with higher initial tension seemed
to carry a greater portion of the load and generally retained higher tension throughout the
test. The proper width of the shim was determined to be the thickness of the beam flange
for proper transfer of forces between the beam and column, which agreed with the results
of Bouwman (1981). A shim thickness of one-half inch was selected through good
engineering judgment and was used for all testing.

TABLE 6.5
Tee-Stub Test Specimen Specifications

Test End-Plate End-Plate End-Plate Bolt
No. thickness dimensions type Diameter

(in.) (in.) (in.)

1 1/2 6x8 Unstiffened 1/2

2 1/2 6x8 Stiffened 5/8

3 1/2 6x8 Stiffened 5/8

4 3/4 6x8 Stiffened 5/8

From the tee-stub tests, it was concluded that the use of shimmed end-plates
appeared to be a valid design alternative. The tests provided insight and techniques that
were used in later testing as well as answering the major concerns addressed above. It was
predicted that the shimmed connections would remain rigid and not fail if designed for a
greater moment than the beam plastic strength, as discussed in Chapter II. The design
would force the beam to be the weak link in the structure and cause a plastic hinge to form
before failure of the end-plate connection.

The shimmed connection design, stiffened and unstiffened, was suspended after
four full-scale tests of the concept. Although the concept was extremely promising in

theory and during the tee-stub tests, the full scale connection displayed several
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disadvantages, making the concept of this design not desirable nor feasible as a practical
or economical connection for general use. The main disadvantage of the shimmed
connection was its loss of stiffness due to end-plate deformation and shim compression.
Maximum separation of the end-plate and column flange varied from 0.133 to 0.15 in.
during full-scale testing. This is the total separation and comprises both end-plate
deformation and shim compression. With a known shim compression of 0.012 to 0.025
in., the end-plate separation due to deformation was approximately 1/8 in. Although
connection strength is not affected by these yielding mechanisms, the degree to which the
connection stiffness deteriorates is not acceptable.

A major fabrication and erection difficulty was noted during testing. The initial
difficulty was the exact placement and retention of the shim at the proper location during
erection. This problem was overcome by spot welding the shim at its proper location on
the end-plate prior to erection. The spot welding of the shim also prevented the shim’s
movement and loss during high seismic activity.

Another drawback of the shims as observed during full-scale testing is the stress
level imparted to the column flange and end-plate when in compression. In addition to
physical compression of the shim during testing, local yielding of the column flange and
end-plate was noted. After disassembly of each shim connection, a visible shim
“impression” was observed in the column flange and end-plate caused by the high
compressive stresses during the test. Although this “impression” will not cause failure of
the connection, it does reduce the stiffness of the connection.

Review of the test results and connection variables indicate that the use of shims
did not affect the eventual failure mode of the connection. Of the four tests with shims,
three failed due to local flange buckling and the other due to flange fracture. The flange
fracture failure was caused by the presence of weld access holes (see discussion of weld
access holes, Section 6.6.2).

An advantage of the shimmed connection, other than simplicity of design, is that of

all connections tested, the bolts in the shimmed connection displayed the smallest increase
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in tension from their tightened tension force. The bolt forces did vary greatly during
testing and were often unloaded during bolt group compression, but the overall increase

from the initial tightening force never exceeded 25%.

6.8 STIFFENED, EXTENDED END-PLATE CONNECTION

Three different size connections with stiffened extended end-plates were tested.
Two of the connections, one with a W18x3S beam section and the other with a W 24x62
beam section, were tested with shims. The third test, with a W36x135 beam section, did
not incorporate shims. The W18x35 beam size connection did not have weld access holes
while the W24x62 and W36x135 beam size connections did have access holes.

All three connections displayed identical ductile failures, local flange buckling of
the beam accompanied by degradation of beam strength. Severe yielding was noted in the
stiffeners as evidenced by the flaking of the white-wash. Each connection experienced 20-
21 complete loading cycles before test termination.

Testing of the same design connection without stiffeners was conducted on the
W24x62 and W36x135 beam section. In both cases the flange fractured in the area of the
weld access holes. The W18x35 beam section connection was not tested with weld access
holes.

The results of these tests and comparison of the results to tests without stiffeners
lends more credibility to the fact that the weld access holes are the cause of flange fracture
in the test specimens. The added information gained in the stiffened, extended connections
is that the stiffener appears to carry a critical portion of the flange loading so that flange
fracture is avoided. Due to the small test sample, more tests should be conducted to verify

these preliminary ﬁndings.
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6.9 FOUR-BOLT WIDE END-PLATE CONNECTION

Two tests with four-bolt wide extended end-plate connections were conducted.
The main purpose of the limited tests performed with a W36x135 beam section was to
investigate the application of cyclic loading with larger sized connections and attempt to
see if design procedures for the four-bolt connection could be expanded to four-bolt wide
connections.

As with the other end-plate connection configurations, the presence of weld access
holes seems to be the design variable that ultimatelv determines the mode of failure. The
tests without stiffeners indicate that even in large beam size connections, the weld access
holes can cause flange fracture and the tests with stiffeners indicate that their use negates
the effects of the access holes and allows the connection to develop its full capacity and
fail in a ductile manner.

The two tests are by no means conclusive but do provide positive reinforcement to
the use of end-plate connections of larger size beams, and their response is similar to small
and moderate size beam connections.

An additional item noted was that the bolt tension in the four-bolt wide connection
appears to be affected more by location relative to the web line than inner or outer bolt

based on the flange.

6.10 SUMMATION

This section will provide a short, cumulative summary of all the results discussed.
If detailed information is desired, the specific section referenced should be consulted.

Bolt design was adequate, as no bolt failures were experienced under normal
connection behavior. Although test values were not directly compared to the design
tension values, the bolt performance is considered satisfactory. No difference in bolt
behavior between the A325 or A490 bolts was noted during tests.

An industry wide problem of actual steel strength well above nominal strength has

directly affected the design and response of connections under cyclic loading. When the
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beam strength exceeds the design value, the mode of failure changes from the designed
ductile failure to bolt fracture for these connections.

The design and selection of end-plate thickness utilized in this research is sufficient
to prevent failure of the end-plate. The design method does result in a thinner end-plate
than current AISC methods, which should be acceptable to steel designers and fabricators.
Although the thinner plate does deform more under loading, its design is adequate to
withstand cyclic loading. A thick end-plate experiences less deformation and provides a
more even distribution of flange force to the bolts.

The true measure of a connection design is its performance during cyclic loading.
All connections displayed excellent strength and ductility when flange fracture failures
Were eliminated. The connections were slightly stronger than predicted and their ductility
was well above the 2% rotation desired.

Of the connection configurations tested, only the connection with shims was
disappointing and its overall performance less than desired. The four-bolt extended end-
plate connection demonstrated great promise and was very successful. Its design and
testing indicates that an acceptable alternative to flange welded connection is available.
The four-bolt wide connection also provided positive indications of promise with more
research and fine tuning.

The single event of apparent importance and of a critical nature was the presence
of weld access holes in the connection’s beam section. Either not noted or documented
prior to this research, the weld access hole has questionable need and, more importantly,
surprising results when present in moment end-plate connections. There has been much
discussion amongst designers and fabricators as to whether weld access holes are required
under current AWS design codes to meet inspection criteria of beam-to-endplate welds. It
should be noted, with the exception of one test connection, that all four-bolt extended
moment end-plate connections tested with weld access holes failed due to flange fracture.

The need for weld access holes for welding purposes is not sound, because shop

welding permits rotation of the connection to conduct down welding on both flanges.
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Even with a less than perfect weld, as was demonstrated by TEST 1/96, the connection
without access holes has sufficient strength. In this specially prepared specimen, a 1/8 in.
x 1/8 in. x 1/4 in. carbon block was placed at the flange-web juncture before welding.
This caused a large inclusion at the critical point of the weld. The test results indicate that
even with this size inclusion, the connection weld was adequate to prevent weld failure.
No weld access holes were present. Additionally, the metal building industry presently
does not use weld access holes and has perfected inspection techniques that satisfactorily
determine the quality of end-plate welds. To provide further information for weld access
holes, the simple finite element analysis conducted of identical beam models with and
without access holes indicated lower flange strain when no weld access holes were

present.
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CHAPTER VII

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 SUMMARY

This final chapter provides conclusions of the research and recommendations for
further research required for the extended end-plate moment connections. The
conclusions are based upon theory, test design and results discussed in the preceding
chapters. The additional research outlined is needed to answer or clarify the questions
developed as a result of this research. This further research is needed to confirm several
initial indications uncovered and to develop and validate procedures that will expand the

acceptance and use of larger moment end-plate connections.

7.2 CONCLUSIONS
The final conclusions relate to the three primary areas of this research: design, test
and analysis of results. The conclusions address the key objectives of the research for

moment end-plate connections.

7.2.1 Four-Bolt Extended End-Plate Connections

The four-bolt extended end-plate connection design procedures that were
developed and tested are satisfgctory to develop the strength and ductility of the
connection due to cyclic loading. The tests performed with 1 in. and 1 1/4 in. diameter
bolts demonstrated successfully the sufficiency of the design and its use as an alternative
for flange welded connections of equal size. Although only two bolt diameters were used

during tests, no performance difference is expected for intermediate or smaller diameter
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bolts. The beam size limitation based on testing is the W24x76 beam with 1 1/4 in.
diameter A490 bolts. The selection of larger beams and/or bolts should be investigated

and documented before actual use of larger beams and bolts is implemented or attempted.

7.2.2 Weld Access Holes

The results of these tests demonstrate that weld access holes are not needed for the
four-bolt extended end-plate connection. In fact, it was demonstrated that the presence of
weld access holes causes unacceptable behavior of the connection. The performance of
the connections tested convincingly demonstrates that a sufficient quality weld can be
obtained without the use of access holes and beam fracture failure can be avoided. The
quality can also be proven if appropriate non-destructive testing of beam-to-end-plate
welds is conducted to detect welding flaws. Weld access holes affect the beam response

and failure mode to cyclic loading regardless of beam size.

7.2.3 Other Extended End-Plate Configurations

The use of shims in moment end-plate connections does not provide an economical
or practical solution for the elimination of bolt prying forces as initially conceived. As
determined during tests, the connections will survive cyclic loading, but the deformation
and loss of bolt tension forces may not be acceptable in most applications. Additionally,
as tests demonstrated, a thinner and more efficient moment end-plate can be used
successfully to avoid bolt fracture and withstand the effects of cyclic loading.

End-plate stiffeners do provide additional strength to a connection and cause the
end-plate to respond as if it were thicker than it is. The stiffener also negates the negative
effects of weld access holes and allows the connection to develop its full capability under
cyclic loading.

The initial indications are very promising that a satisfactory 8-bolt end-plate

connection is conceivable for use with beam sections larger than W24 to withstand the
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effects of cyclic loading. Although only limited tests were conducted for the four-bolt
wide connection, the results provide positive indications to its satisfactory performance.
With additional research and analysis of results, the 8-bolt connection should prove to be a

successful alternative to flange weld beam-to-column connections.

7.2.4 BUILT-UP MEMBERS

Four-bolt extended moment end-plate connections with Grade-50 steel built-up
beam sections can withstand the effects of cyclic loading, but a redesign of the web-to-
flange welds is needed. The ductile behavior of the beam flanges prior to the weld failures
provides proof that the connection is capable of sustaining the effects of seismic activity.
Additional weld size for the web-to-flange welding should allow the connection to develop

its full ductile strength.

7.3 RECOMMENDATIONS

The four-bolt extended moment end-plate connection should be considered
adequate for use in construction of steel buildings in areas of any seismic activity. This
design should not incorporate the use of weld access holes.

The use of weld access holes should not be included in the design and fabrication
of extended moment end-plate connections that are used in a high seismic geographic area.

Built-up beam sections used in extended moment end-plate connections should be
welded on both sides of the web-to-flange juncture. The weld strength of this joint should
be redesigned to provide greater strength to withstand the forces caused by seismic
activity.

Additional research is required for the verification of design procedures for the
four-bolt wide extended moment end-plate connections. Further testing of the connection

design under cyclic loading is then required for use in seismic areas.
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NOMENCLATURE

ABAQUS - a finite element code

AISC - American Institute of Steel Construction
ANSYS - a finite element code

ASD - Allowable Stress Design

ATC - Applied Technology Council

Ap - bolt cross-sectional area

A, - end-plate gross cross-sectional area

B - bolt force

B; - inner bolt force

Be - outer bolt force

Bmax - maximum bolt force of the inner and outer bolts
BFppastic - bolt force in plastic region

B - specified bolt tension force, (AISC specification)
Dmin - minimum weld thickness, in sixteenths

- Young’s modulus (modulus of elasticity)

- force
F, - bolt material allowable stress
Fg - total bolt tension force
Fy - bolt tension force
F. - T-section contact force
F¢ - flange force
Fg - beam flange yield stress
Fiimy¢ - possible flange force per bolt at the thin plate limit
F, - bolt nominal shear rupture strength
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Mon
\Y

end-plate material yield stress

fully restrained

bolt material tensile strength

tension force

material (beam) yield stress

actual yield stress of beam

bolt material yield stress

flange yield stress

web yield stress

flange force per bolt at the thin plate limit
flange force at the thick plate limit

flange force at the thin plate limit

beam moment of inertia

end-plate moment of inertia

composite end-plate and stiffener moment of inertia
connection elastic stiffness

clear beam span between columns

reduced span between interior plastic hinges
edge distance

length of end-plate

Load and Resistance Factor Design
moment

bolt moment capacity

bolt failure moment

moment delivered to supporting column face
moment capacity of a bolted connection
critical moment

fixed end moment; yield moment

120



Mplate

predicted failure moment

plastic moment capacity of the beam

plate failure moment

end-plate ultimate moment capacity

actual yield moment capacity at beam end
bolt moment capacity

working moment

plastic moment at first hinge line to form
plastic moment at second hinge line to form
length of bearing

load applied to test specimen by hydraulic ram
partially restrained

bolt material ultimate tensile load capacity
bolt material yield load

prying force on bolt

testing load force

maximum prying force on bolt

estimated load value to cause beam yielding
bolt relationship

nominal strength

ultimate reaction force

beam elastic section modulus

tension force in a bolt

beam shear due to reverse curvature bending that results in m,* limit state
external virtual work

internal virtual work

beam plastic section modulus

plastic section modulus of the beam flanges
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Z - plastic section modulus of the beam web

Z - plastic section modulus about the x-axis

a - distance from bolt centerline to prying force for an end-plate
b - distance from concentrated load to support for test specimen
bs - beam flange width

b, - end-plate width

d - beam depth

dp - bolt diameter

e - offset of plastic hinge from beam end

| g - _ end-plate bolt gage distance

h - beam depth

k - distance from outer face of flange to web toe of fillet

Melastic - slope of load versus strain in elastic region for bolt material
m, - plastic moment capacity of plate per unit length

m,* - actual plastic moment capacity at minimum reduced beam section
n - number of bolts

Pext - end-plate extension outside beam flange

pr - distance from bolt centerline to near face of beam flange

pr - distance from bolt centerline to far face of beam flange

r - reduced flange width coefficient

rbs - reduced flange width

s - distance from bolt centerline to outermost yield-line

ts - beam flange thickness

t - beam flange thickness

te - column flange thickness

tp - end-plate thickness

1, - stiffener thickness
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tw
tWC
4

tn

Zf

Eplastic
By
6
0,

beam web thickness

column web thickness

plate thickness at thick plate limit

plate thickness at thin plate limit

end-plate width per bolt less the bolt hole diameter (at bolt line)
distance from zero

reduced plastic section modulus of the beam

plastic section modulus of the reduced beam flanges

outer end-plate factor

inner end-plate factor

material strain hardening factor

aor fB

beam deformation / deflection

average deflection of loading point at Q
deflection of beam load point at yield
bolt material strain in plastic region
bolt material yield strain

virtual rotation of end-plate

simple span end rotation for any loading
mathematical pi

normal stress

normal yield stress

shear stress

critical shear stress

resistance factor
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APPENDIX B

DESIGN EXAMPLES
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DESIGN EXAMPLE B-1

Four-Bolt Extended Moment End-Plate Connection

Design Parameters: Beam Section W 24 x 62, A-36
Beam Material Yield Stress 45 ksi
Column Section W 14 x 257, A-36
Column Material Yield Stress 45 ksi
End-Plate Material Yield Stress 42 ksi

Beam Properties

W 24 x 62, A-36 beam section properties.

d= 23.74in. te= 043 in tr=  0.59in.
Z,= 153in’ b= 7.04in. Fy=  45ksi*

* Beam material yield stress of 45 ksi is used in calculations due to recommendations of
numerous structural articles on new strengths of hot-rolled wide flange sections.

Type and Size of Bolts

Step 1: Calculate the plastic mement capacity of the beam using Equation 3.1.
M, =F, * Z,
M, = 45ksi * 153 in® = 6,885 in-kips

Step 2: Calculate the required moment capacity of the connection using Equation 3.2.
M.=1.10 M,
M. =1.10 * 6,885 in-kips = 7,574 in-kips

Step 3: Calculate the flange force for the required connection moment capacity, M..
Fe=M./(d-t¢)

F; = 7,574 in-kips / (23.74in.- .59in) = 327.1 kips
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Step 4: Divide the flange force by the number of tension side bolts, 4 for this design.
Tb = Ff/ 4
T, = 327.1 kips/ 4 = 81.8 kips

Step 5: Select a bolt type (A-325 or A-490) and diameter to be sufficient for each bolt
force from Table J3.2, AISC Specification (Load 993).

A-325 minimum diameter boltis 1 1/4 in. at 82.8 kips
A-490 minimum diameter boltis 1 1/8 in. at 84.2 kips

Select A-325 1 1/4 in. diameter bolt due to lower unused strength and availability

Step 6: Calculate the actual moment capacity of the connection using selected type and
size bolts.

Mcon=4 d)Tn (d'tf) 2 Mc

Meon =4 * 82.8 kips (23.74 in. - 0.59 in.) = 7667.3 in-kips > M. = 7,574 in-kips

(Check)
End-Plate Thickness
Step 1: Establish values to define end-plate geometry.
b= 8in. (column section has a k; value of 15/16 in.; from

Table 8-4 (AISC, Manual of Steel Construction), wrench clearance is 1 1/4 in. from fillet;
from Table J3.4 (AISC, Specification), minimum edge distance for 1 1/4 in. diameter bolt
is 1 5/8 in. Therefore, sum of spacing is 7 5/8 in.; round up to 8 in..)

g= 475in (based on 8 in. end-plate width, subtract minimum
edge distance from each side; 8 in. -2 (1.625in) = 4.75in.)

pe= 175in. (bolt diameter plus 1/2 inch)
Fyp= 42ksi (assumed actual yield stress for hot-rolled steel plate
material)

Step 2: Calculate distance from inner bolt to the outer yield-line, Equation 2.5.
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§ = v8inx4‘75in 2 — 3.082 inA

Step 3: Calculate required end-plate thickness using Equation 2.4 with My = Mcon.

1/2

M, /F,,

"B Tl )

. 7,574in - kips / 42ksi
"~ |8 1 1 23.74 1)

81, j (175+3082)( 2 ]](2374 234)+ ( ]
\2\1.75 3.082 1.75 2

tp = 1.02in., round offto 1 in. plate

Step 4: Calculate actual moment capacity of end-plate with selected thickness.

M,,. —prtp{[b (p%%] (pf+5)( D(h— )+_G+§f—ﬂ

2 1 2374
M = 42x1° (E( : + 1 )+(1 75+3082)( D(B 74 - 234) + ( + j
P 2\175 3.082 47 2 175

Mpaie = 7,412.6 in-kips

Step 5: Determine behavior category of selected end-plate.

b, F
= \/Z.IIpftfgf-ny—
P " PY

7 45 . . .
:\P.llxl.75x0.59ga = 143 in. (thick plate limit)
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( e
Lbfthf_vpf - gdiFvbJ

E,,(0.425b, +0.80w)

(7x0.59x45x1_75 _ §x1.253x90)
t, = 5 = 1.05 in. (thin plate limit)
42(0.425x 3t 0.80x7.6875)

Since t, < t;;; end-plate behavior is thin. NOTE: The exact values for thick and
thin plate behavior are 1.43 in. and 1.00 in., respectively, using Kennedy e al. (1981)
exact value equations.

Step 6: Calculate Inner and Outer Bolt Forces.

Calculate values for Thin plate behavior,

3
a=3682 (%j - 0.085 [a<(pex - pr ) for Be]
b
10/ Y :
a=3.682x ( 1‘25) - 0.085 = 3.082in.
Sincea> (pex -pr ) = 1.625; “a”forBgis; a=(pex -pr )= 1.625
b ] .
w=-2_d -~ =8 1251 _ 26875 in
2 6 2 16

o F}/ 2F, [085(b, /2) + 080w'] + [ndF /J
=/ |

4p,

1°x42[08(7/2) + 080x26875] +|(nx125°x90) /
4x1.75

F'= = 43.16 kiQS

142
w tp
max 4a

I
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268751

= 2 EY 497 3(4316/26875x1)° = 1174 kips. for the inner bolt
4x3.082

Q... = 208X [t 34316/26875x1)° = 13.01 kips. for the outer bolt
4x1.625
Therefore;
Bi=BFi/2 + Qua = Fr/4 + Qusx = 327.1kips/4 + 11.74 kips = 94.6 kips
Bp=0oFs/2 + Qmax = Fe/4 + Quax = 327.1kips/4 + 13.01 kips = 95.9 kips

Step 7: Determine if selected bolt size and type are sufficient for loading.

Bi= 94.6 kips < 44T,=110.4kips; and By =95.9 kips < 44T, = 110.4 kips

Since, B; and Bg are less than % T, , larger sized bolts are not required. (Check)

Step 8: Determine Length of the End-Plate, Equation 3.13.

Ly = h + 2 Ppex

L, = 23.74in. + 2(3.375in.) = 30.49 in. round off to 30.50 in.

Therefore; Plate 1 x 8x 2-61/2. A-36

Step 9: Check Bolt Shear.
¢R, = ¢FrAsn > Meoy/arm ¢=0.75
®R, =0.75 x (60 ksi) x 1.2272in>x 8 = 441.8 kips
R, =441.8 kips > 7667.3 in-kips/ 79 in. = 97.1 kips ~ (Check)

Step 10: Check material bearing strength (The end-plate side of the connection is
generally more critical than the column side due to thickness.)

Check that for the end-plate L. > 1.5d and s > 3d.

Le=1625in./>15(1.25in)) No Good; s=4.09in.> 3 (1.25in.) check
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Therefore; R, = ¢Lct,Fu < ¢2.4dut Fu for the exterior bolt and,
dLct,F, =0.75x 1.625 in x 1 in. x 58 ksi = 70.7 kips

$2.4dpt,Fy =.75x2.4x1.25inx 1 in. x 58 ksi = 130.5 kips (Check)
ORa = ¢(s - dy/2)t,Fy < ¢$2.4dpt,F,  for the interior bolt.

(s - dp/2)tF, = 0.75 (4.09 - 1.25 in/2) 1 in x 58 ksi = 150.7 kips

$2.4dst,F, =0.75x2.4x 1.25inx 1 in. x 58 ksi = 130.5 kips (Check)

Step 11: Check End-Plate shear strength.
ORa = 00.6AF, >Fi2; ¢ =0.90

dR, = 0.90x 0.6 x (8in. x 1in.) x 42 ksi = 181.4 kips > 163.5 kips
(Check)

Beam-to-End-Plate Weld

Full penetration welds are recommended for all beam-to-end-plate welds.

Column Design

The column section is assumed to have been designed for axial loading and frame
stiffness requirements. It must also be checked for adequate strength to resist the

concentrated forces imparted by the beam loading through the bolts.
Step 1: Column Flange Bending
OR, = $6.25t;F,.> F; $=0.90

¢Rn = 0.90 x 6.25 x (1.89in.)* x 45 ksi = 904.2 kips > 327.1 kips (Check)
Step 2: Column Web Yielding
R, = ¢(Sk + N)E, t,, $=10
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dRn =1.0(5x215/16in + .591in.) 45 ksi x 1.41 in. = 969.4 kips > 327.1 kips
(Check)

Step 3: Column Web Crippling

1.5
) t F 1
¢Rn=¢13sz{1+3gj[—tij } yt” , $=0.75

15
OR. =75x135x1175%| 1+ 3(ij(ﬂ§j X189 _ 1 2523 kips > 327.1 kips
16.38/\ 189 1175

(Check)

Step 4. Column Web Buckling

410073 [F
#R = ¢T' ¢ =0.90

n

4,100x1175° .
OR. = 0902 ’1‘161385 Va5 _ 2,451.5 kips > 327.1 kips (Check)




Design Example B-2

Shimmed Four-Bolt Extended Moment End-Plate Connection

Design Parameters: Beam Section W 18x35, A-36
Beam Material Yield Stress 48 ksi
Column Section W 14 x 145, A-36
Column Material Yield Stress 45 ksi
End-Plate Material Yield Stress 42 ksi

Beam Properties

W 18x35, A-36 beam section properties.

d= 17.7 in. tw= 0.301n. tr=  0.425in.
Z,= 66.5in’ b= 6.00in. Fy= 48 ksi*

* Beam material yield stress of 48 ksi is used in calculations due to recommendations of
numerous structural articles on new strengths of hot-rolled wide flange sections.

Type and Size of Bolts

Step 1: Calculate the plastic moment capacity of the beam using Equation 3.1.

MP=F_V*ZX

It

M, = 48ksi * 66.5 in’ = 3,192 in-kips

Step 2: Calculate the required moment capacity of the connection using Equation 3.2.
M:=1.10 M,
M, =1.10 * 3,192 in-kips = 3,511 in-kips

Step 3: Calculate the flange force for the required connection moment capacity, M..
Fr=M./(d-te)
Fr = 3,511 in-kips / (17.7in. - 0.425in) = 203.3 kips

Step 4. Divide the flange force by the number of tension side bolts, 4 for this design.
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Tb = Ff/4
Ty = 203.3 kips/ 4 = 50.8 kips

Step 5: Select a bolt type (A-325 or A-490) and diameter to be sufficient for each bolt
force from Table J3.2, AISC Specification (Load 1993).

A-325 minimum diameter bolt is 1in. at 53 kips
A-490 minimum diameter bolt is 1in. at 66.3 kips

Select A-325 1 in. diameter bolt

Step 6: Calculate the actual moment capacity of the connection using selected type and
size bolts.

Mcon=4 d)Tn(d'tf) Z Mc

Meon =4 * 53 kips (17.7in. - 0.425in. ) = 3,662 in-kips > M. = 3,511 in-kips

(Check)
End-Plate Thickness
Step 1: Establish values to define end-plate geometry.
b,= 7Zin. (assumed column section selection have a k; value

of about 1 1/8 in; from Table 8-4 (AISC, Manual of Steel Construction), wrench
clearance i1s 1 in. from fillet; from Table J3.4 (AISC, Specification), minimum edge
distance for 1 in. diameter bolt is 1 1/4 in. Therefore, sum of spacing is 6 3/4 in.; round
upto 7in..)

g= 45in (based on 7 in. end-plate width, subtract minimum
edge distance from each side; 7in. -2 (1.25in)= 4.51in.)

pe= 15in (bolt diameter plus 1/2 inch.)
Fp=42ksi (assumed actual yield stress for hot-rolled steel plate
material)

Step 2: Calculate required end-plate thickness using Equation 2.17.

t, = y8B,p,/(E,b,)
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_ [8(53kips)(1.5in.) _ . .
' _\[ (42ksi)(7in.) 1.44in.; Select 1.5in. A-36 plate

Step 3: Determine Length of the End-Plate, Equation 3.13.
Lp =h+ 2 Pext
L, =177in. + 2(2.75in.) = 23.7 in. round off to 24.0 in.

Therefore; Plate 11/2x7x2-0, A-36

Step 4. Check Bolt Shear.
oR, = ¢F,Apn > M o/arm ¢=0.75
dR, =0.75 (60 ksi) (.7854 in®) 8 = 282.7 kips

¢dR, = 282.7 kips > 7667.3 in-kips/ 79 in. = 97.1 kips  (Check)

Step 5: Check material bearing strength (The end-plate side of the connection is more
critical because its thickness is less than the column side.)

Check that for the end-plate L. > 1.5d and s > 3d.

Le=1.625in.>15(1in.) check; s=3.425in.> 3 (1in.) check

oR, = ¢2.4dpt,Fu > Mcon/arm; $=0.75

oR, =0.75(2.4)(1in.) (1.51in.) 58 ksi = 156.6 kips > 97.1 kips (Check)

Step 6: Check End-Plate shear strength.
OR, = $0.6AF, >Fy2; ¢ =0.90

¢dR, =090 (0.6) 1.5in. x 7in. x 42 ksi = 238.0 kips > 101.6 kips
(Check)
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Beam-to-End-Plate Weld

Full penetration welds are recommended for all beam-to-end-plate welds.

Column Design

Design procedures are similar to the four-bolt extended moment end-plate connection.

See Design Example B-1.
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Design Example B-3

Four-Bolt Wide Extended Moment End-Plate Connection

Design Parameters: Beam Section W 36x135, A-36
Beam Material Yield Stress 48 ksi
Column Section W 14x 311, A-36
Column Material Yield Stress 45 ksi
End-Plate Material Yield Stress 42 ksi

Beam Properties

W 36 x 135, A-36 beam section properties.

d= 3555in t,= 0.60in. te= 0.79in.
Z.= 509 in’ b= 11.95in. Fy= 48 ksi*

* Beam material yield stress of 48 ksi is used in calculations due to recommendations of
numerous structural articles on new strengths of hot-rolled wide flange sections.

Type and Size of Bolts

Step 1: Calculate the plastic moment capacity of the beam using Equation 3.1.
M,=F, *Z,
M, = 48ksi * 509 in’ = 24,432 in-kips

Step 2: Calculate the required moment capacity of the connection using Equation 3.2.
M.=110 M,
M, =1.10 * 24,432 in-kips = 26,875 in-kips

Step 3: Calculate the flange force for the required connection moment capacity, M..
Fe=M./(d-tr)
Fr = 26,875 in-kips / (35.55in. - 0.791in) = 773.2 kips

Step 4: Divide the flange force by the number of tension side bolts, 8 for this design.
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Tb = Ff/ 8

Ty= 773.2 kips/ 8 = 96.6 kips
Step 5: Select a bolt type (A-325 or A-490) and diameter to be sufficient for each bolt
force from Table J3.2, AISC Specification (Load 1993).

A-325 minimum diameter boltis 1 3/8 in. at 100.2 kips
A-490 minimum diameter boltis 1 1/4in. at 104.0 kips

Select A-490 1 1/4 in. diameter bolt.

Step 6: Calculate the actual moment capacity of the connection using selected type and
size bolts.

Mcon:8 d)Tn (d'tf) Z Mc

I

Meon 8 x 104.0 kips ( 35.55in. - 0.79 in.)

I

28,920 in-kips > M, = 26,875 in-kips (Check)

End-Plate Thickness

Step 1: Establish values to define end-plate geometry.

b= 15in. (assumed column section selection have a k; value
of about 1 5/16 in.; from Table 8-4 (AISC, Manual of Steel Construction), wrench
clearance is 1 1/4 in. from fillet; from Table J3.4 (AISC, Specification), minimum edge
distance for 1 1/4 in. diameter bolt is 1 5/8 in. Minimum bolt spacing (Section J3.4, AISC
Specification) is 2 2/3 bolt diameter, 3.33 in. Therefore, sum of all spacing is 15.04 in;
round off to 15in..)

pr= 1.75in. (bolt diameter plus 1/2 inch.)
Fyp= 45ksi A (assumed actual yield stress for hot-rolled steel plate
material)

Step 2: Calculate required end-plate thickness. (Procedures from AISC, Manual of Steel
Construction, LRFD)

Assume Pus = Fp; Therefore, Py = 773.2 kips,



C. = 1.36 (Table 10-1)
c, =% A i in) * = 0.960
N A = (1195in./1295in) ~ = 0.
P

(used only effective end-plate width, beam flange width plus 1 inch.)

(A4 ) =046 (Table 10-2, Load 1993)
P=p (% )-w, =175 -(125in/4) = 14375 in

(assume penetration weld with no weld fillet, w, = 0.0 , conservative estimate.)

o= e(4) (54)

_ %(14375/ V4 =
= 136x.9606x(463) *(1437% | 1.0466
4
t = / Mo andwith M, = Sofule
¢F,b, 4
1.0466x773.2x14375 . .
t, = \/ x X = 1489in. roundoffto 1.50in.
9x45x12.95

Step 3: Determine Length of the End-Plate.
Lp =h+2 Pext
L, = 3555in. + 2(3.375in.) = 423 in. round offto 42.5 in.

Therefore; Plate 1 12x15x3-61/2. A-36

Step 4: Check Bolt Shear.
¢R. = ¢FaApn > Meon/arm, $=0.75
®R, =0.75 (75 ksi) (1.2272in°) 16 = 1,104.5 kips > 215.8 kips  (Check)

Step 5: Check material bearing strength (The end-plate side of the connection is more
critical because its thickness is less than the column side.)

Check that for the end-plate L. > 1.5d and s > 3d.
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L.=1625in.>1.5(1in) check; s=429in.> 3(1.25in.) check

dR, = $2.4dpt,Fu > Mcon/arm ¢=0.75

dR, =0.75(2.4) (1.25in.) (1.51n.) 58 ksi = 200 kips < 215.8 kips (Check)
Step 6: Check End-Plate shear strength.

OR, = $0.6AF, > F;/2; ¢ =0.90

$R, =0.90 (0.6) 1.5in. x 15 in. x 45 ksi. = 546.8 kips > 386.6 kips (Check)

Beam-to-End-Plate Weld

Full penetration welds are recommended for all beam-to-end-plate welds.

Column Design

For column side design checks, refer to Murray (1990) Stee/ Design Guide Series

4; Extended End-Plate Moment Connections.
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Design Example B-4

Extended, Stiffened Moment End-plate Connection

Design Parameters: Beam Section W 24x76, A-36
Column Section W 14x257, A-36
End-Plate A-36, Fy =42 ksi.
Dimension 11/4 x 9 x 2-8, A-36
Bolts 1 1/4 in. diameter, A-490
B 102 kips

Beam Properties

W 24 x 76, A-36 beam section properties.

d= 23.92in ty= 0.44in ;= 0.68in.
Z,= 200in’ b= 8.99in. Fy= 48 ksi*

* Beam material yield stress of 48 ksi is used in calculations due to recommendations of
numerous structural articles on new strengths of hot-rolled wide flange sections.

(Only the stiffener design is presented here. The end-plate and bolt specifications are
determined by procedures for a four-bolt extended or four-bolt wide moment end-plate
connection.)
Step 1: Determine the bending moment caused by bolt tension.

Mp=n * B, * pf

Mp= 2 (102 kips) 2 in. = 408 in-kips

Step 2: Determine Moment of Inertia and elastic capacity of the end-plate.

b t’
I, :% 9in. (1.25in)’ / 12 = 1.465 in*

2F, 1
M, e = t“’ = 2 (42ksi) 1465in* / 1.25in. = 98.4 in-kips

Step 3: Estimate the thickness of stiffener
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Step 4: Calculate the required length of the stiffener along the beam flange

(Best method to calculate stiffener size is to set up a spread sheet with basic static
quantities of material and iterate until acceptable solution is determined.)
Results of Spread Sheet Calculations

length thickness Area y A%y I A*d2
Plate 9 1.25 11.25 0625 7.03125 1.46484  13.4583
Stiffener 7.5 0.5 3.75 5 18.75 17.578 40.3748
Total 15 257813 19.043 53.833
Ycg= 1.719 Ix = 72.876

y max stress=  7.031 My 435.31 > M(load) = 416

Alternative Stiffener

Selection
length thickness Area y Ay s A*d2
Plate 9 1.25 11.25 0.625 7.03125 1.46484  14.3405

Stiffener 8.75 0.375 3.28125 5625 18.457 20.935 49.1675

Total 14.5313 254883 22.3999  63.5081
Yeg= 1.754 Ix = 85.908
y max stress=  8.246 My = 437.56 > = 416
M(load)

Select the 1/2 in. thick stiffener due to shorter length and similar thickness to other
beam stiffener requirements.

Therefore: Stiffener, 1/2 x 4 x 0-71/2, A-36

Step 5: Calculate required stiffener filler weld size.

09F t,

g = 0.9 (42ksi) 0.5in. / 2x 1.392 ksi/in. = 6.79
2x1392

round up to 7/16 in. weld required. Minimum weld required is 3/16 in. (Table
J2.4, AISC, Specification (Load 1993))

Therefore: Apply 1/4 in. weld both sides of the stiffener.
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APPENDIX C

W 18 X 35 BEAM TEST RESULTS AND DATA
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TESTS 1/95 - 4/95

Beam Section W 18 x 35, A-36 Steel

d=17.71n. tw = 0.30 in. te=0.425in br=6.00 in.

S, =57.6in". Z,=66.5 in’.

Specimen Preparation and Welding Technique

End-Plates were saw cut to length and ground if required to smooth rough edges. No

preheating of end-plate or beam was conducted. Connection was stick welded with 1/8 in.

7018 Low Hydrogen Rods.

Beam Coupon tests of 3/15/95

Web #1 (#976)

.324 x 1.507 = area of 0.4883
Lower Yield Stress - 60,560 psi.
Tensile Strength - 65,726 psi.
Elongation (2 in. base) - 38%
Flange # 1 (#978)

.400 x 1.508 = area of 0.6032
Lower Yield Stress - 50,180 psi.

Tensile Strength - 71,550 psi.
Elongation (2 in. base) - 39%

Web Strengths:
Flange Strengths:

59,922 psi (yield)
50,322 psi (yield)
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Web #2 (#977)

324 x 1.507= area of 0.4883

Lower Yield Stress - 59,285 psi.
Tensile Strength - 78,278 psi.
Elongation (2 in. base) - 39%

Flange # 2 (#980)
398 x 1.505 = area of 0.5990
Lower Yield Stress - 50,465 psi.

Tensile Strength - 71,538 psi.
Elongation (2 in. base) - 49%

72,000 psi (ultimate)
71,544 psi (ultimate)



Connection End-Plate:

TEST 1/95

Extended Four-Bolt, 1 in. Thick

Cycles Completed: 19
Failure Mode: Local Flange Buckling
k s —
wl
15/8
e @]
3 716" vV v, oz
1 '_’/‘—\ J
I‘ | wi4x1es ” Plate . .
A-36 |

g A-36 Steel 5

|

} ‘ L EncPRte 1x7x2-0 1x7x2-0 ‘
I 1 l;‘_?/,/ Symmetric
| Pl Holes. % 24"
; , \\ 1116
_ - i W 18 X35 Beam
i E Co W 18X 35 d
| T ‘ A6 Ste ® . 0

! —
! ‘ } o 1 o A325Boks 312" A
- e e
|

[ b Full Penatration e
P (Flanges and Web) g a1 _'{(_1 1

End-Plate Connection

End-Plate Detailing

1 in. End-Plate Coupon tests of 3/15/95

End-Plate 1in. #1 (#983)
1.020 x 1.503 = area of 1.5331
Lower Yield Stress - 41,577 psi.
Tensile Strength - 62,437 psi.
Elongation (2 in. base) -61%

1 in. End-Plate Strengths:

End-Plate 1in. #2 (#984)
1.021 x1.504 = areaof 1.5356
Lower Yield Stress - 39,031 psi.
Tensile Strength -62,015 psi.
Elongation (2 in. base) - 62%

40,304 psi (yield) 62,226 psi (ultimate)
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TEST 1/95
W 18 x 35
1 in. End-Plate

Moment (in-kips)

Applied Load (Kips)
4,000 !
60 i i | =
| 3,000 |
40

. A 7| 77
w7/ /i

N
1

= |
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o 17 W an L
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S/ | 20— |
-40 “/"E ; { -31]')0‘ L—/‘ =
0 l * i | I 4,000 '
4 3 2 4 0 1 2 3 4 004 003 002 001 O 001 002 003 004
Deflection (in.) Plastic Rotation (radians)
Bolt Force (kips) Boit #1 B;;“ Force (kips) Bolt #2
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NI I N I 4 N | L
-250 -200 -150 -100 -50 O 50 100 150 200 250 -250 -200 -150 -100 50 O 50 100 150 200 250
Flange Force {kips) Flange Force (kips)

Boit Force (kips) Bolt #3 Bolt Force (kips) Bolt #4
70 — - 70
[ ! . [ [ T
‘ o l \r |
60; : T J , — 60 T ~
sol— | ‘ ] 50, =
! _ = 7 i
40 4
— — 7, % 7 —]
30; : : T : / 30‘ 7V T 4!
20\ i ‘ / 20 /? J
r ; F 1 ' ! — = ] %f” '
10 == —Z / ‘ o L // va ‘ \
| i i ! ; ! !
| ‘ | = 4/ | .
0 - | 0 = S
2 100 -50 0 50 100 150 200 250  -250 20 © 50 0 50 100 150 200 250

Flange Force (kips) Flange Force (kips)
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TEST 1/95

W 18 x 35

1 in. End-Plate

Bolt Forces (kips) Bolt #5 Bolt Forces (kips) Bolt #6
70 ‘ — l T — 70 T T T
60 ! 60 ] A
| B /
50 T 1 50 74
Lo i L — L—
40 —t——— 2 / 40 ——
i = /i | = —
30; T T / 30;— = y
20; ‘ : : A 4 m‘r } /_/l/ Jl
| . —
! ——— |
10} ! : - 1°‘r : | J\ %
ol 1 : : | 0. | | I | _
-250 -200 -150 -100 -50 O 50 100 150 200 250 -250 -200 -150 -100 -50 50 100 150 200 250
Flange Force (kips) Flange Force (kips)
Bolt Forces (kips) Bolt #7 Bolt Forces (kips) Bolt #8
l
=
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‘ ' ‘ —!
4 —
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. ; i 0 ‘
250 -200 -150 -100 -50 50 100 150 200 250 -250 -200 -150 -100 -50 O 50 100 150 200 250
Flange Force {kips) Flange Force {kips)
!
|
@, ® G0
| #e @1 #) E
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! I 3 s
| 15: R . S R ¥
: 207 Oy £¥) — g
; i 278 L-r; 26 —” '
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: ‘ }11/2'\) I‘
! N

Strain Gauge and Bolt Location
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TEST 2/95

Connection End-Plate: Extended Four-Bolt, 1 1/2 in. Thick, with Shims
Cycles Completed: 20
Failure Mode: Local Flange Buckling
. T |
15T T
T 1 1/?')1 ® ®
3 7ne" [\oaw VRV n
1 5
] Pate ® ®
b 14 x 145 |
) A% | { A-36 Steel 3
} ; ! End-Plate 1172 x 7 x 2-0 11Rx7x2-0 | !
i J ! f Symmetric | E
| | i ) Holes ’ 2
' ’ _ﬁ_}_— 1116°
i‘ i “ 1 W18 X35
| ‘ P Beam <
X IR W 18 X 35 N
E -—:+—~f\ A-36 Steel . 4 .
b N 1° & A-325 Boks T
’ LT sm L aase0s . Vel | . .
[ i Full Penatration ‘ S .
- (Flanges and Web) 5 1/?*“ 412 = @
End-Plate Connection End-Plate Detailing
1 1/2 in. End-Plate Coupon tests of 3/15/95
End-Plate 11/21in. #1 (#993) End-Plate 11/2in. #1 (#1025)
1.523 x 1.505 = area of 2.2921 1.525x 1.504 = area of 2.2951
Lower Yield Stress - 35,127 psi. Lower Yield Stress - 35,187 psi.
Tensile Strength - 39,112 psi. Tensile Strength - 67,245 psi.
Elongation (2 in. base) - 62% Elongation (2 in. base) - 59%
End-Plate Strengths: 35,162 psi (yield) 53,178 psi (ultimate)
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TEST 2/95
W 18 x 35
1 1/2 in. End-Plate, with Shims

Appiied Load {kips) Moment (in-kips)
= — T Y T ]
! ’ 3-",l o
0 T z,ooo[ f T\
7 / - | |
RV aa | |
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|
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| ol S —
i 1 | | | !
3 * 004 003 002 001 000 001 002 003 004
Rotation (radians)
Bolt Force (kips) Bolt #1 Bolt Force (kips) Bolt #2
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50 , 50
g
4 | //2 40 2
| )/% ' " = —
30 ‘; . /, /. =
| ! !
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I S 1 = |
0 i L | | (o] !
250 -200 -150 -100 -50 O 50 100 150 200 250 -250 -200 -150 -100 -50 O _ 50 100 150 200 250
Flange Force (kips) Flange Force (kips)
ng Force (kips) Bolt #3 Bolt Force (kips) Bolt #4
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30 7 L 0 | /
| ==
/ | | —— )
/
. e L =
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10 ] 10} /é % ; A j‘\/
— i 14 — f/?? ‘
0 ) — i | ! 0 ‘ ; [
-250 -200 -150 -100 -50 0 50 . 100 150 200 250 250 220 -150 -100 -50 o] 50 100 150 200 250
Flange Force (kips) Flange Force (kips)
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TEST 2/95
W 18 x 35
1 1/2 in. End-Plate, with Shims

Bolt Forces (kips) Bolt #5 Bolt Forces (kips) Bolt #6
80— | o B
| | | _ ||
sol | | | r 0 |
<
40 & / / / 40 l‘ _J
30 | % I /</
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<250 -200 -150 -100 -0 O 50 100 150 200 250 =250~ - - 100 150 200 250
Flange Force (kips) Flange Force (kips)
Bolt Forces {kips) Bolt #7 Bolt Forces (kips) Bolt #8
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I R R R | ) y
50 L : ; ” & 501r ‘ =
! ! by
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0 W ]
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Fiange Force (kips) Flange Force (kips)
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. 282

i

Strain Gauge and Bolt Location
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TEST 3/95

Connection End-Plate:

Cycles Completed: 20
Failure Mode: Local Flange Buckling
K e
1587
@ E [
3 716" Bl v nwne vl
H
I 3
P ® o
A-36 Steel
1x7x2-0
— T 2
" | , ' i Symmetric
J N VAT 145 ‘
. ‘ a3 | b ; Holes
End-Plate 1 x 7 x 2-0 11/16°
‘ ~ ' /
| r—A{— Stiffener 8x31/8x0-5 Beam 5
o
! —t W18 X35
| o
I i H wiex A-36 Steel . 5 .
i H | NSy > z v}
:‘ ol [ Weld
| — ! Full Penatration | ‘I g ’ .
[ "
—H—+ (Flanges and Web) k’l’ 1/!‘*_ 4z —*‘1 114>|
| o .
1 i } N 1~ & A325 Bots Stiffeners
Lo DL sms ¥Bx318X0-5
Lo ! 12%0.425%0-8
Pl P A-36 Steel
— 8" Fillet Weld

End-Plate Connection

1 in. End-Plate Coupon tests of 3/15/95

End-Plate 1in. #1 (#983)
1.020 x 1.503 = area of 1.5331
Lower Yield Stress - 41,577 psi.

Tensile Strength - 62,437 psi.
Elongation (2 in. base) -61%

Extended, Stiffened Four-Bolt, 1 in. Thick, with Shims

24"

End-Plate Detailing

End-Plate 1in. #2 (#984)

1.021x 1.504 =

area of 1.5356

Lower Yield Stress - 39,031 psi.

Tensile Strength

-62,015 psi.

Elongation (2 in. base) - 62%

1in. End-Plate Strengths: 40,304 psi (yield)
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TEST 3/95
W 18x 35
1 in. Stiffened End-Plate, with Shims

004

Bolt Force (kips) Bolt #1 Bolt Force (kips) Bolt #2
70 70
| | ’ [ l ’
60‘ - 60 T
V/'
7 50
7
, 40 =
|
ol =
£
20; l ~
| !
o £ =
-250 -200 -150 -100 -50 O 50 100 150 200 250 <250 -200 -150 -100 -50 O 50 100 150 200 250
Flange Force (kips) Flange Force (kips)
Bolt F ki N
o, orce (kips) Bolt #3 B;(I)t Force (kips) Bolt #4
so‘r 60 !
%0 L‘g—/?’— %0 /’ - ‘
40 e 40 e /3
= pn— 7,
30 %F // Z 30 / S A
S R== / I =77
| 7/ YRR
f 7 i
104 e . / | 10! == 74 il
r — 7 i %7‘;7#/6///\ ] ]
0 I ! ! 0 S Aé 4[ 4: !
-250 -200 -150 -100 50 O 50 100 150 200 2 =250 -200 -150 -100 -50 © 50 100 150 200 250
Flange Force (kips) Flange Force (kips)
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TEST 3/95
W 18x 35
1 in. Stiffened End-Plate, with Shims

Bolt Force (kips) Bolt #5 Bolt Force (kips) Bolt #6
70 : ‘ 70 r r
60 | 60
Lt = |
50 J 50 —
v m—— 3 y
oot ’—-/ @ é?"” /
40 ’ 7
30 0 /‘ — /)
— / 2
10: | 10l ’:—:’;”""///&/ il
- | | = |
i ! i i ! i !
q250 -200 -150 -100 -50 © 50 100 150 200 250 9250 -200 -150 -100 -50 O 50 100 150 200 250

Flange Force (kips) Flange Force (kips)

B:(I)t Force (kips) Bolt #7 B:: Force (kips) Bolt #8
o | ]
60 ; 60} 1
| b >
50 L ?’/ 50 d |
— -~ 2 A ‘
“0 ; /"é/l/ J @ /?%/ ‘[
| ; g = '
o //Z 4 % ;Qf/y |
i i ys // ! |
| // 2, 0| — ; = —
s | |
10 J/ / 7 ' 1oi | ////% ‘
= ] == I
9250 -200 -150 -100 -50 6 5 100 150 500 250 9250 200 150 -100 -50 O 450 100 150 200 250
Flange Force (kips) Flange Force {kips)
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75,
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Strain Gauge and Bolt Location

155



Connection End-Plate:
Cycles Completed:

Failure Mode:

—_—T—

| wi14x145 i
| A36

TEST 4/95

Extended Four-Bolt, 1 in. Thick

20

Local Flange Buckling

End-Plate 1 x 7 x 2-0

W 18 X 35

1

End-Plate Connection

1 in. End-Plate Coupon tests of 3/15/95

End-Plate 1in. #1 (#983)

1.020 x 1.503 = area of 1.5331

Lower Yield Stress - 41,577 psi.

Tensile Strength

- 62,437 psi.

Elongation (2 in. base) - 61%

1 in. End-Plate Strengths:

1" o A325Boks  3112°

1 s/arf
— > e @
3 716" =l ~
e N
Plate ]
A-36 Steel
1x7x2-0
Symmetric
«
Holes
1116"
Beam
W18 X35 N
A-36 Steel . .
=D @Zm
el o O
Full Penatration | J

(Flanges and Web)

End-Plate 1in. #2

1.021 x 1.504 =

—

b e

jr

1

3

14"

24"

|

End-Plate Detailing

(#984)

area of 1.5356

Lower Yield Stress - 39,031 psi.

Tensile Strength

- 62,015 psi.

Elongation (2 in. base) -62%

40,304 psi (vield)
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62,226 psi (ultimate)
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TEST 4 /95
W 18 x 35
1 in. End-Plate

Applied Load (kips) Moment (inkips)
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TEST 4 /95
W 18x 35
1 in. End-Plate

Bolt Force (kifps) Bolt #5 Bolt Force (kips) Bolt #6
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Strain Gauge and Bolt Location
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APPENDIX D

W 24 X 62 BEAM TEST RESULTS AND DATA
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TESTS 5/95-7/95

Beam Section W 24 x 62, A-36 Steel
d=23.741n. tw =0.43 in. tr=0.591in b= 7.04 in.
Sy =131in". Z,=153 in’.

Specimen Preparation and Welding Technique

End-Plates were flame cut to length and ground if required to smooth rough edges.
Preheating of end-plate and/or beam was conducted as required by AWS. Connection

was welded via flux core technique utilizing 5/64 in. E70 electrode Lincoln wire.

Beam Coupon Tests of 07/14/95

Web #1
420 x 1.503 =area of 0.6313
Lower Yield Stress - 53,385 psi.

Tensile Strength - 69,068 psi.
Elongation (8 in. base) -28.1%

Flange # 1 Top Flange
.552 x 1.500 = area of 0.8280
Lower Yield Stress - 51,449 psi.
Tensile Strength - 68,116 psi.
Elongation (8 in. base) - 28.0%
Flange # 3 Bottom Flange
.565 x1.503 =areaof 0.8492

Lower Yield Stress -~ 53,816 psi.
Tensile Strength - 69,242 psi.
Elongation (8 in. base) - 18.84%

Web Strengths:
Flange Strengths:

53,227 psi (yield)
53,086 psi (yield)

Web #2
420 x 1.503 = area of 0.6313

Lower Yield Stress - 53,068 psi.
Tensile Strength - 68,593 psi.
Elongation (8 in. base) - 28.9%

Flange #2 Top Flange

.552x1.500 = area of 0.8280

Lower Yield Stress - 50,966 psi.
Tensile Strength - 67,512 psi.
Elongation (8 in. base) - 25.0%

Flange # 4 Bottom Flange
553 x1.502 = area of 0.8312
Lower Yield Stress - 53,068 psi.

Tensile Strength - 68,593 psi.
Elongation (8 in. base) - 28.9%

68,830 psi (ultimate)
68,692 psi (ultimate)
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TEST S5/95

Connection End-Plate: Extended Four-Bolt, 1 in. Thick
Cycles Completed: 15
Failure Mode: Beam Flange Fracture
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Strain Gauge and Bolt Location
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TEST 5/95
W 24 x62
1 in. End-Plate

Apphied Load (Kips) Moment (m-kips)
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TEST 5/95
W 24 x 62
1 in. End-Plate

Bolt Force (kips) Bolt #5 Bolt Force (kips) Bolt #6
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TEST 6/95

Connection End-Plate: Extended Four-Bolt, 2 in. Thick with Shims
Cycles Completed: 13
Failure Mode: Beam Flange Fracture
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Strain Gauge and Bolt Location
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TEST 6/95
W 24 x62
1 in. End-Plate
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TEST 6/95
W 24 x 62
1 in. End-Plate
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Connection End-Plate:

TEST 7/95

Stiffened, Extended Four-Bolt, 1 in. Thick

Cycles Completed: 20
Failure Mode: Local Flange Buckling
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Strain Gauge and Bolt Location
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TEST 7/95
W 24 x 62
1 in. End-Plate

Applied Load (Kips) Moment (iInkips)
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TEST 7/95
W 24 x 62
1 in. End-Plate

Bolt Force (kips) Bolt #5 Bolt Force (kips) Bolt #6
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TESTS RH-2,RH-2A & RH-3

Beam Section

d=23.741in. tw = 0.43 in.

S,=131in* Z,= 153 in’.

W 24 x 62, A-36 Steel

tr=0.59 In be=7.04 in.

Specimen Preparation and Welding Technique

End-Plates were saw cut to length and ground if required to smooth rough edges. No
preheating of end-plate and/or beam was conducted. Connection was welded via GMAW

technique utilizing .035 in. E70T electrode Lincoln wire.

Beam Coupon Tests of 09/18/95 & 10/30/95

Web #1 (#1197 & #1198)

424 x 1.503 =areaof 0.6373
Lower Yield Stress - 46,000 psi.
Tensile Strength - 62,100 psi.
Elongation (8 in. base) -31.3%

Web #3 (#21)

419 x 1.500 = area of 0.6285
Lower Yield Stress - 45,400 psi.
Tensile Strength - 62,700 psi.
Elongation (8 in. base) - 33.59%

Flange # 1 (#1201)

558 x 1.501 = areaof 0.8376
Lower Yield Stress - 46,620 psi.
Tensile Strength - 63,270 psi.
Elongation (8 in. base) -21.9%

Flange # 3 (#23)

.582 x 1.50 =areaof 0.8730
Lower Yield Stress - 49,500 psi.
Tensile Strength - 65,000 psi.
Elongation (8 in. base) -27.34%

Web Strengths:
Flange Strengths:

46,487 psi (yield)
47,940 psi (yield)

Web #2 (#1199)

423 x1.502 = area of 0.6353
Lower Yield Stress - 47,240 psi.
Tensile Strength - 62,250 psi.
Elongation (8 in. base) - 32.8%

Web #4 (#22)

418 x1.500 = area of 0.6270
Lower Yield Stress - 47,300 psi.
Tensile Strength - 64,385 psi.
Elongation (8 in. base) - 28.91%

Flange #2 (#1202)

.581x1.503 = areaof 0.8732
Lower Yield Stress - 48,000 psi.
Tensile Strength - 63,700 psi.
Elongation (8 in. base) - 28.1%

Flange # 4 (#24)

.587 x 1.503 = area of 0.8823
Lower Yield Stress - 48,000 psi.
Tensile Strength - 64,250 psi.
Elongation (8 in. base) - 23.44%
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64,055 psi (ultimate)



Connection End-Plate:

Cycles Completed:

Failure Mode:

W“m
.

—_—

TEST RH-2

Extended Four-Bolt, 1 in. Thick
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TEST RH-2
W 24x62
1 in. End-Plate
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TEST RH-2
W 24 x 62
1 in. End-Plate

Bolt Force {kips) Bolt 5§ Bott Force (kips) Bolt 6
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Connection End-Plate:
Cycles Completed:

Failure Mode:

f S,
| W14 X257
| A-36

TEST RH-2A

Extended Four-Bolt, 1 in. Thick
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Beam Flange Fracture
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Strain Gauge and Bolt Location
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TEST RH - 2A
W24 x62
1 in. End-plate

Appiied Load (Kips) Moment (in-kips)
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TEST RH - 2A
W24 x 62

1 in. End-plate

Bolt Force (kips)

Bolt Force (kips) Bolt 5 Bolt 6
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TEST RH-3

Connection End-Plate: Extended Four-Bolt, 1 in. Thick

Cycles Completed: 15

Failure Mode: Beam Flange Fracture
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Strain Gauge and Bolt Location
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Applied Load (Kips)

TEST RH-3
W24 x62
1 in. End-Plate

Moment (in-kips)
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TEST RH -3
W 24 x 62
1 in. End-Plate

Bolt Force (kips) Bolt §

Bolt Force (kips) Bolt #6
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APPENDIX E

W 24 X 76 BEAM TEST RESULTS AND DATA
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TESTS RH-1,RH-1A,RH-1B & 8/95-9/95

Beam Section W 24 x 76, A-36 Steel

d=2392in. tw = 0.44 in. tr=0.68 in br =8.99 in.

S, =176 in". Z. =200 in’.

Specimen Preparation and Welding Technique

End-Plates were flame cut to length and ground if required to smooth rough edges.

Preheating of end-plate and/or beam was conducted as required by AWS. Connection

was welded via flux core technique utilizing 5/64 in. E70 electrode Lincoln wire.

Web #1 (#1176)
461 x 1.504 = areaof 0.6933

Lower Yield Stress - 66,000 psi.
Tensile Strength - 77,560 psi.
psi.

Elongation (8 in. base) -25%

Flange #1 (#1187) (top)

618 x 1.502 = areaof 0.9282

Lower Yield Stress - 58.500 psi.
Tensile Strength - 73,990 psi.
Elongation (8 in. base) -28.1%

Flange #3 (#1189) (bottom)
.600 x 1.503 = areaof 0.9018
Lower Yield Stress - 60,100 psi.

Tensile Strength - 74,890 psi.
Elongation (8 in. base) - 27.3%

Web Strengths:
Flange Strengths:

Beam Coupon tests of 08/22/95

Web #2 (#1177) Web #3 (#1179)

459 x1.504 = area of 0.6903 .456 x 1.500 = area of 0.6840
Lower Yield Stress - 64,530 psi.

Tensile Strength - 77,290 psi.

Lower Yield Stress - 64,000 psi.
Tensile Strength - 79,190

Elongation (8 in. base) - 25% Elongation (8 in. base) -25.8%
Flange #2 (#1188) (top)

.685x1.503 = areaof 1.0296
Lower Yield Stress - 57,500 psi.
Tensile Strength - 73,990 psi.
Elongation (8 in. base) - 28.1%
Flange #4 (#1190) (bottom)
.685x1.503 = areaof 1.0296
Lower Yield Stress - 58,000 psi.

Tensile Strength - 74,000 psi.
Elongation (8 in. base) - 25 %

64,840 psi (yield)
58,520 psi (yield)

78,000 psi (ultimate)
74,220 psi (ultimate)
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TESTS RH-1,RH-1A & RH-1B

The same connection was used for all three tests.
RH - 1 and RH -1A were not tested to failure. (See Chapter IV for further details.)

Connection End-Plate: Extended Four-Bolt, 1 1/4 in. Thick
Cycles Completed: 16 (Test RH - 1B)
Failure Mode: Beam Flange Fracture (Test RH - 1B)
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A% L g
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T . o o
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| . Weild i
| - o ©

i !
| i | Ful Penatration l_jt._—‘)r—l | l_ v
e W —— (Flanges ang Web) o s A
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g ® @ 45w
| T

! ; B

o s ® %1@

Strain Gauge and Bolt Location
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TEST RH- 1B

W 24x76

1 1/4 in. End-Plate

Moment (inkips)
Appiled Load (Kips)
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TESTRH - 1B
W 24x76
1 1/4 in. End-Plate
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Connection End-Plate:

Cycles Completed: 14
Failure Mode: Beam Flange Fracture
. — o——
z
- e e
L 4 116" W DO RO
L= —® @
D Plate i
A End-Plate 114 x9x2-8 A-36 Steel >
‘ : b 1/4x9x2-8
, < 2
i T Symmetric
; — ¢
‘ \ Holes 23516
| 1 5160 {
l‘ ! W24 X76 \
| i Beam ;
! |
: - f W24X76 ¢
i - A-36 Steel . : .
! % P — DA SASAS A
o o e . ® O
T ‘ i Full Penatration -
S (Flarges and Web) et f .

TEST 8/95

Extended Four-Bolt, 1 1/4 in. Thick

Strain Gauge and Bolt Location
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TEST 8/95
W 24 x 76
1 1/4 in. End-Plate

Applied Load (Kips) Moment (in-kips)
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TEST 8/95
W 24x76
1 1/4 in. End-Plate

Bolt Force (kips) Bolt 5 Bolt Force (kips) Bolt 6
200 200
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Connection End-Plate:
Cycles Completed:

Failure Mode:

TEST 9/95

Extended Four-Bolt, 2 1/4 in. Thick
21

Local Beam Flange Buckling

k o A
2T 7
—® @
ﬁ
| i 4 1116 & T R
W14 X257 ! |
| ] @
} A% ‘i ‘ Plate .
i | D
| [ End-Plate 21/4x9x2-8 A-36 Steel
‘ t /
| L 21/4x9 :
| [ x9x2-8 é
! L R 3
L i Holes 23 5/16"
P : ! W24 X76 1 5/16" 7
i Pt AR
Lo o
i — ~ —l—
‘: A N W24X76 %
—_—
[ o1 A-36 Steel . ‘
! | ‘: \__._ 114° © A-490 ) ;
.
| t Weld L
y a o o
. | 5 Full Penatration
| t i T N
L—‘——w (Flanges and Web) L > 5 — 2

Up1

&
SN o « N

—

®
®
@

,0\14 -
;oo

[
L

@)
%
®
&)

Strain Gauge and Bolt Location
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TEST 9/95
W 24x76
2 1/4 in. End-Plate

Apphied Load (Kips) Moment (in-kips)
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TEST 9/95
W 24x 76

2 1/4 in. End-Plate

Bolt Force (kips) BOLT S Bolt Force (kips) BOLT 6
T T T
140 | — /J 140 |
| | 0 |
120 ;
| ) 7
100 i — + 100
i i | !
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i | i
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0 . : | 0 1 ] J
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80 ‘r 80
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4 : i ' 40 —
i I ;
R | |
0 i , 1 0! !
-600 -400 -200 400 600 -600 -400 -200 200 400 600

0 200
Flange Force (kips)

200
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Flange Force (kips)



APPENDIX F

W 36 X 135 BEAM TEST RESULTS AND DATA
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TESTS 10/95 & 12/95

Beam Section W 36 x 135 A-36 Steel

d=35.551n. tw = 0.60 in. tr=0.791in bs=11.95 in.

S, =439 in* Z. =509 in’.

Specimen Preparation and Welding Technique

End-Plates were flame cut to length and ground if required to smooth rough edges.

Preheating of end-plate and/or beam was conducted as required by AWS. Connection

was welded via flux core technique utilizing 5/64 in. E70 electrode Lincoln wire.

Beam Coupon tests of 08/22/95 (completed 01/22/96)

Flange # 1 (#86)

725 x 1.500 = area of 1.0875
Lower Yield Stress - 43,600 psi.
Tensile Strength - 61,233 pst.
Elongation (8 in. base) - 26.6%
Web #1 (#1181)

613 x 1.503 = area of 0.9213
Lower Yield Stress - 45,360 psi.

Tensile Strength - 59,990 psi.
Elongation (8 in. base) - 27.3%

Web Strengths:
Flange Strengths:

43,980 psi (yield)
43,555 psi (yield)

202

Flange #2 (#87)

721 x1.500 = areaof 1.0815

Lower Yield Stress - 43,510 psi.
Tensile Strength - 61,447 psi.
Elongation (8 in. base) - 25 %

Web #2 (#85)
607 x 1.499 = areaof 0.9099
Lower Yield Stress - 42,600 psi.

Tensile Strength - 60,940 psi.
Elongation (8 in. base) - 30.5 %

60,465 psi (ultimate)
61,340 psi (ultimate)



TEST 10/95

Connection End-Plate: Extended Four Bolt Wide, 1 1/2 in. Thick
Cycles Completed: 13
Failure Mode: Flange Fracture
k 15°
ne
1111 ~. .
. l X 4 516" N2
| | wisx3n *‘ i n 9
' LA i —————  EndPlls 112x15¢3-6172 §
! L Plate b
l ; A-38 Steel %
| — 4
! — \\ 172x15x3. 6112 3
g \‘ Symmetric 3
| b i
| o o :
i i 1 @)
J W36 x 135 | eam :
§ | W36 X135 é
i | A-36 Steel I E—
) . i R R R R AR TS 2
= A Weld
| : i 1
i R Ful T
i :_ \_ 1 - 8325 Boks (fanges and Web) Es,;)"sw“f' 5 4—3”%5:
Lo .
: .
16 | 12 ® 4
8 ‘5 412
%51 7
- 13_ 10 () e
: 137r ]5-/9—;!-_— @ 3:“!11
L “2112¢ o |

Top >

Strain Gauges 1 1/2inch from End-Plate

Strain Gauge and Bolt Location
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TEST 10/95
W 36x 135
1 1/2 in. End-Plate

Applied Load (Kips) Moment (in-kips)
e 30000,
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{ 10000 ! T
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Bolt Force (kips) BOLT 1 Bolt Force (kips) BOLT 2
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Bolt Force (kips)

TEST 10/95
W 36x 135
1 1/2 in. End-Plate

BOLT 5 Bolt Force (kips)
250 — ‘ I 250 BOLT &
o | y
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— j 200 / i
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Flange Force (kips)
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TEST 10/95
W 36x 135
1 1/2 in. End-Plate

Bolt Force (kips Bolt Force (kips)
fhdps) BOLT 11 BOLT 12
250, —T 20— _
| | | ( T
200 | | | 200
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TEST 12/95

Connection End-Plate: Extended, Stiffened Four Bolt Wide, 1 1/2 in. Thick
Cycles Completed: 19
Failure Mode: Local Flange Buckling
l_w_:_;:j % Eno-Piae 1172x15x3 -6 112 T—"‘:;i:_—. : T
‘l’ ‘«'/ - Stftener S/8x3 17230742 i y p Suanes

8x31/2x0-7V

i | » Pate A-36 Steel

: i L A-36 Stee /16~ Fislet Weid
; i

; [

| : i \ W2x15x3-6 12
! i

Symmetnc

i . \ 421
H \
! ; < W 36 x 135 | » ‘—"?s_ w e
' ’ ‘ I Beam 3
; i ( W36 X 135 ® ’
__.___J—.; j A-36 Steal — < "
1‘ ‘<— B me.ﬂ:(‘::” ! I“,a_'}_ s ey {4
| 158 158
LA ® 4@
15" P 7%s
i
. 13 )
i T Jsﬂ;r @ 31 @
| 1; ‘ @2 12" @)
| |
Top

>

Strain Gauges 1 1/2inch from End-Plate

Strain Gauge and Bolt Location
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TEST 12/95
W 36 x 135
1 1/2 in. Stiffened, End-Plate

Apphed Load (Kips) Moment (in-kips)
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TEST 12/95
W 36 x 135
1 1/2 in. Stiffened, End-Plate
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TEST 12/95

w

36 x 135

1 1/2 in. Stiffened, End-Plate
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APPENDIX G

BUILT-UP SECTIONS
Grade 50 Steel
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TESTS BuS1 & BuS2

Beam Section
d=23.501n. tw = 0.375 in.

S, =120 in*. Z.=139.5in’.

Built-up, Gr 50 Steel

ty= 0.50 in

bf =8.00 in.

Beam Coupon tests of 09/18/95

Web #1 (#10)

376 x 1.496 = area of 0.5625
Lower Yield Stress - 62,773 psi.
Tensile Strength - 81,093 psi.
Elongation (8 in. base) - 22.66%
Flange #1 (#1205)

496 x 1.500 = area of 0.7440
Lower Yield Stress - 65,000 psi.

Tensile Strength - 89,000 psi.
Elongation (8 in. base) -21.9%

Web Strengths:
Flange Strengths:

62,522 psi (yield)
65,000 psi (yield)

Web #2 (#11)

.380x 1.500 = area of 0.5700

Lower Yield Stress - 62,272 psi.
Tensile Strength - 80,848 psi.
Elongation (8 in. base) - 23.44%

Flange #2 (#1206)
497x 1,500 = area of 0.7455
Lower Yield Stress - 65,000 psi.

Tensile Strength - 90,930 psi.
Elongation (8 in. base) - 24.2%

80,970 psi (ultimate)
89,965 psi (ultimate)

Column Section W 14 x 257, A-36 Steel
d=16.38in. tw=1.1751n. tr=1.891in bs=15.995 in.
S, =415 in"*. Z, =487 in’.
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TEST BuS 1

Connection End-Plate: Extended Four-Bolt, 1 in. Thick
Cycles Completed: 18
Failure Mode: Web-to-Flange Weld Fracture
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Strain Gauge and Bolt Location
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TEST BuS'1
Built-Up Section
1 in. End-Plate

Applied Load (Kips) Moment fin-kips)
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Bolt Force (kips)

TEST BuS'1
Built-Up Section
1 in. End-Plate

Bolt Force (kips)
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TEST BuS 2

Connection End-Plate: Extended Four-Bolt, 1 in. Thick
Cycles Completed: 16
Failure Mode: Web-to-Flange Weld Fracture
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Strain Gauge and Bolt Location
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TEST BuS 2
Built-Up Section
1 in. End-Plate

Applied Load (Kips) Moment in-kips)
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Bolt Force (kips)

TEST BuS 2
Built-Up Section
1 in. End-Plate

Bolt Force (kips)
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TESTS BuS1A & BuS2A

Beam Section Built-up, Gr 50 Steel

d=23.501n. tw = 0.375 in. tr=0.50in br=8.00 in.
Sy =120 in". Z,=139.5in’.
Beam Coupon tests of 01/22/96
Flange # 1 (#80) RH2B Flange #2 (#81) RH2AT

495 x 1.496 = areaof 0.7405 495 x1.498 = arcaof 0.7415

Lower Yield Stress -63,320 psi.
Tensile Strength - 90,042 psi.
Elongation (8 in. base) -25%

Lower Yield Stress - 63,260 psi.
Tensile Strength - 91,512 psi.
Elongation (8 in. base) - 22.7%

Flange #3 (#82) RH2F
..498 x 1.500 = areaof 0.7470
Lower Yield Stress - 63,380 psi.

Tensile Strength - 89,513 psi.
Elongation (8 in. base) -24.2%

Web #1 (#83)
376 x 1.498 = arca of 0.5632
Lower Yield Stress - 58,110 psi.

Tensile Strength - 78,289 psi.
Elongation (8 in. base) -22.7%

Web #2 (#84)
376 x 1.499 = area of 0.5636
Lower Yield Stress - 58,200 psi.

Tensile Strength - 78,162 psi.
Elongation (8 in. base) - 23.4%

Web Strengths:
Flange Strengths:

58,155 psi (yield)
63,320 psi (yield)

78,225 psi (ultimate)
90,355 psi (ultimate)

Column Section W 14 x 257, A-36 Steel
d=16.38in. tw=1.175in. tr=1.891in bs=15.995 in.
S, =415 in" Z,=487in’.
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TEST BuS 1A

Connection End-Plate: Extended Four-Bolt, 1 in. Thick
Cycles Completed: 19
Failure Mode: Beam Flange Fracture
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Strain Gauge and Bolt Location
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TEST BuS 1A

Built-up Section

1 in. End-Plate

Applied Load (Kips) Moment (in-kips)
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TEST BuS 1A
Built-up Section
1 in. End-Plate
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TEST BuS 2A

Connection End-Plate: Extended Four-Bolt, 1 in. Thick
Cycles Completed: 20
Failure Mode: Web-to-Flange Weld Fracture
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TEST BuS 2A
Built-Up Section
1 in. End-Plate
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TEST BuS 2A
Built-Up Section
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APPENDIX H

FINITE ELEMENT MODELS
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Element Model,

inite
W24x62 Beam Connection (End View)
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Figure

Figure H.8 Finite Element Model,
W18x35 Beam Connection (End View)
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Figure H.11 Weld Access Hole Model (W24x62 Beam Section)
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