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ABSTRACT

An experimental and analytical investigation was conducted to study the behavior
of diagonal knee moment end-plate connections and a multiple row extended moment
end-plate connection. Diagona knee moment end-plate connections differ from typical
moment end-plate connections because of the large pitch distance required between the
top flange and first row of tension bolts. The large pitch distance is outside of the
geometric parameters of all previous research. Design solutions are presented for five
moment end-plate connections with provisions added to accommodate these parameters.

The analytical investigation focused on the limit states of end-plate yielding and
bolt rupture. Yield-line analysis was used to predicted end-plate yielding and a
simplified Kennedy method proposed by Borgsmiller and Murray (1995) was used to
predict bolt rupture including and excluding prying forces. An experimenta
investigation was conducted to verify the design solutions. Five knee area specimens and
one plate girder specimen were tested in this study.

The analytical and experimental results are analyzed and compared. For the test
specimens that failed in the connection, the predicted results proved to be conservative.

Recommendations are presented at the end of the study as well as sample calculations.
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CHAPTER/|

INTRODUCTION

1.1  INTRODUCTION

Bolted moment end-plate connections are commonly used in rigid sted gable
frames. This connection type can be used to join a web-tapered column to a web-tapered
rafter on a diagond to the beam flanges. The area surrounding the diagond connection
of the column to the rafter is often referred to as a “diagona kneg’. Thus, this type of
connection is caled adiagona knee moment end-plate connection.

A moment end-plate consists of a plate, shop-welded to the end of a beam and
then bolted in the fiedd to the connecting dement. Some of the many advantages of
moment end-plate connections include the diminaion of fidd weding, ease in the
erection process and the formation of a rigid moment resstant connection. Moment end-
plate connections can be classfied as either flush or extended. Hush end-plates are leve
with the beam flanges and dl bolts are contained between the beam flanges. Extended
end-plates extend beyond the beam flanges and dlow for bolts to be placed in the
extensgon. In generd, flush end-plates are used for smdler loads or near the inflection
points of gable frames (Murray 1988). Extended end-plates are used for heavier loads
and are more resstant to rotation than flush end-plates (Bond 1989). Extended end-plates
are more common in multi-tory buildings for beam-to-column connections and beam-to-

beam, or “splice’ connections. Both flush and extended end-plates can be diffened. In



diffened flush end-plates, a gusset plate is welded to the beam web and the end-plate near
the bolt rows. In diffened extended end-plates, a gusset plate is welded to the outer
tenson flange and the end- plate extenson.

In recent years, much research has been done on the study of moment end-plate
connections for use in beam-to-beam connections and beam-to-column connections. The
edablishment of a unified method for the desgn of numerous end-plate configurations
has been ongoing based on the limit sates of end-plate yidding and bolt rupture.  This
method has been expanded and improved over the last fifteen years (Mays 2000a).
Currently, the yield line pattern developed by Mays (2000a) is used to predict the end-
plate yield srength, while the smplified Kennedy method proposed by Borgsmiller and
Murray (1995) is used to predict bolt rupture. To the author's knowledge, no research
has been conducted to gpply the unified method to the design of diagonad knee moment
end- plate connections for tapered stedd membersin rigid gable frames.

The desgn of diagond knee moment end-plaie connections differs dightly from
the desgn usad in prismatic sledd members.  Because the connection is a a diagond to
the beam flange as opposed to a right angle, the first row of bolts on the tendon side must
be placed further away from the tenson flange to dlow for a bolt to be inserted and
properly tightened. Thus, the diagond knee connections have a larger distance between
the tendon flange and the firg line of bolts. This pitch disance, pr, is outsde the
parameters of dl other moment end-plate connections previoudy tested.  Therefore,
current design procedures must be adjusted to accommodate these new parameters.

This study continues the unification process in two ways. Firg, it adds provisons

to account for an excessve pitch distance, dlowing the design procedures to be gpplied



to diagond knee moment end-plate connections. Secondly, it provides design solutions
for two connection configurations not previoudy andyzed: the eght-bolt flush
undiffened connection and the multiple row extended ¥4 (one row outsde and four rows

indde) undtiffened connection.

1.2 LITERATURE REVIEW

A unification of the procedures used for the desgn of moment end-plate
connections has been ongoing for gpproximately 15 years (Mays 2000). The design
procedures concentrate on the limit sates of end-plate yidding and bolt rupture.  All
design procedures to be discussed below use yield-line andyss to predict the design
dgrength of the end-plate, and some variaion of the split tee andogy proposed by
Kennedy et al (1981).

Kennedy et al (1981) used a plit-tee andogy to predict bolt forces in bolted
gplices and beam column connections.  As shown in Figure 1.1, a tee stub with two bolts
was used as the modd for the analyss in which the sem or web of the tee is equivdent to
the beam flange, and where 2F = the gpplied flange force, B = the bolt force per bolt, and
Q = the prying force per bolt. The contribution of the web to the moment capacity of the
section is ignored in the andyds and thus, is not induded in the modd. The gplit-tee
andogy assumes that the design of an end-plate is controlled by the stresses that develop
around the tenson flange and the neighboring bolts. It dso assumes that the end-plate
deforms about the beam tension flange.

Kennedy et al (1981) used the solit tee analogy to define three cases of end-plate

behavior based on the thickness of the end- plate and the load applied through the beam
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Figure 1.1 Kennedy Split Tee Andlogy Mode (Kennedy et al 1981)



tenson flange. In each case, equations are formulated for the required end-plate
thickness, associated prying force and bolt force per bolt. The three cases of plate
behavior are thick plate behavior, intermediate plate behavior, and thin plate behavior.
Each caseisillustrated in Figure 1.2.

Thick plate behavior, shown in Fgure 1.2a, occurs in dl end-plates at low applied
loads. During this stage of plate behavior, no plagtic hinges have formed in the ed-plate.
Thus, the prying forces are equa to zero. The upper limit of thick plate behavior occurs
when plastic hinges develop at each face of the beam tenson flange and is found by the

iteration of

] 2(2F)b

.2
w,|F? - S >
Wt, g

where b = the distance from the face of the beam flange to the nearest bolt centerling, w =

t, = (1.1)

the width of the end-plate per bolt pair, Fpy = the yield sress of the end-plate materid,
and t = the thick plate limit. If the thickness of the end plate, 1, is greater than a equd
to the thick plate limit, t, & t1, then the end-plate is exhibiting thick plate behavior.
During this stage, the force in each balt is equa to hdf of the flange force

B=F (1.2)

Intermediate plate behavior, shown in Figure 1.2b, exists once plagtic hinges have
formed a each face of the beam flanger. Once the initiation of intermediate plae
behavior occurs, prying forces develop in the bolts  The prying forces during

intermediate plate behavior are calculated from
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where a = the digance from the bolt centerline to the point of application of the prying
force, d, = the bolt diameter, Ry, = the design strength of the bolt (taken from Table J3.2,
AISC, 1995), and Q = the prying force in one bolt during intermediate plate behavior.
Kennedy et al (1981) defines a range for the vaue of “a’ to be 2dy<a<3d,. The force in
each bolt during intermediate plate behavior is equd to

B=F+Q (1.4)
The upper limit of intermediate plate behavior is reached when plastic hinges form at

each bolt line and isfound by the iteration of

& 30
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where w = the width of the end plate per bolt a the bolt line minus the bolt hole and

(15)

——

iy = the thin plae limt. Thus if t, >t >t,, then the end-plae is exhibiting

intermediate plate behavior.
Thin plate behavior, shown in Figure 1.2c, begins a the thin plate limit. Thus, if
to < t11, then the end-plate exhibits thin plate behavior. In this find dSate, the prying

forces have reached their maximum value, Qmax, Which is cdculated from
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o = wt? e & F
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where



t2F, (0.85w +0.80w )+ 3d3F, /8

FI = 1.
4b (L7
Theforce in each bolt during thin plate behavior is caculated from
B = F + Qmax (1.8)

Kennedy et al (1981) provide guiddines for an ided desgn usng the slit tee
andogy. Under service loads the end-plate should function as a thick plate, under
factored loads the end-plate should function as an intermediate plate and under ultimate
loads the end-plate should function as a thin plate. From this point forward, the method
discussed above will be referred to as the Kennedy method.

Srouji et al (1983) developed a methodology for the design of four different end-
plate configurations usng yidd-line andyss to determine the end-plate drength criteria
and the Kennedy method to determine the bolt strength requirements. The four end-plate
configurations sudied are the one- and two-bolt row flush end-plates and the Hiffened
and undiffened extended end-plates with two bolts on either sde of the tenson flange.
For the two-bolt row flush end-plate connection, the Kennedy method was modified to
account for the additional bolt row. It was determined thet the two bolts in the innermost
bolt row carried 1/6™ of the total applied flange force for “thin” end-plates. A total of
fourteen specimens were tested for this study, eight one-row flush end-plates and sx two-
row flush end-plates, and the results were compared to the predicted design strengths. It
was concluded that yield-line andyss adequately predicts the strength of one- and two-
bolt row flush end plates and of the undiffened extended end-plate connection. It was
aso concluded that the modified Kennedy method adequately predicts the bolt forces.

Hendrick et al (1985) continued the work started by Srouji et al (1983) in an

effort to unify the desgn of flush moment end-plate connections. Hendrick et al (1985)



developed design procedures for four flush end-plate configurations the two-bolt flush
undiffened end-plate, the four-bolt flush ungiffened end-plate, the four-bolt flush end-
plate stiffened between the tenson bolt rows, and the four-bolt flush end-plate stiffened
outsde the tenson bolt rows. The authors made two improvements to the design
procedures develop by Srouji et al (1983). The distance from the bolt centerline to the
point of application of the prying force, a was determined by an empirica equation based
on test data from twenty-one tests to be

.3

o, 0
a=368% " - 0.085 (1.9)

b @

In addition, the innermost row bolt force, B, was modified to account for the change in
the location of the prying force. For the four-bolt undiffened configuration and the four-
bolt diffened configuration with the diffener outsde the tenson bolt rows B; was
changed from 1/6" to 1/8" the applied flange force for “thin” end-plates. For the four-
bolt configuration stiffened between bolt rows, B was determined to be equa to 1/5™ the
goplied flange forcee.  Among other findings from this study, it was concluded that the
diffened end-plate connection is stronger when the diffener is placed between the bolt
rows rather than when it is placed outsde the bolt rows, and al four connections are
suitable to be used in Type | congtruction (rigid framing).

Morrison et al (1985) and Morrison et al (1986) continued the unification of
design procedures begun by Hendrick et al (1985) with the four-bolt extended siffened
moment end-plate connection and the multiple row extended 1/3 (one row outsde and
three rows insde) undiffened moment end-plate connection, respectively. Morrison et al
(1985) and Morrison et al (1986) used yield-line theory and a modified Kennedy method

to develop design procedures for the two connections. The modified Kennedy method



was further dtered from the changes made by Hendrick et al (1985) by dividing the end-
plate into two inner and outer end-plates, separated at the center of the beam tension
flange  Empirica factors, a and b, were developed from experimenta test results to
proportion the tenson flange force to the inner and outer end-plates and were
incorporated into the design procedures. From experimenta teting, it was concluded
that the outer end-plate did not make contact a the outer edge of the end-plate, and thus,
prying forces cannot develop in the outer end-plate. Six tests were performed for each
connection to verify the design procedures. All connections tested were determined
auiteble for Type | congtruction.

Murray (1988) provides a review of then recent developments in the design of
moment end-plate connections. For the two- and four-bolt flush end-plate connections,
diffened and undiffened, yidd-line andyss is recommended to determine the required
end-plate thickness combined with the modified Kennedy method developed by Hendrick
et al (1985) to predict the bolt forces including prying forces. For extended end-plates,
various methods were recommended, including a method proposed by Krishnamurthy
(1978), which is currently included in the AISC Manud (1995), and a procedure based on
finite dement/regression andyss. It was recommended that more research be directed at
unification of moment end-plate design procedures, and “a developing criteria for other
configurations, such as the multiple row flush end-plate configuration”.

Bond (1989) conducted an andyticd and experimenta invedtigation of the six-
bolt flush undiffened moment end-plate connection. Five tests were performed and
compared to the andyticd predictions computed using yield-line theory and the modified

Kennedy method. To didribute the bolt force among the three bolt rows, empirica
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factors, a1, a», and as, were derived from the experimenta results. Also, a regression
equation was created to express the moment-rotation relationship for the gx-bolt
configuration and to determine whether a Sx-bolt configuration can be used for Type |
congtruction for a specific loading.

Abd (1993) developed a design procedure for the four-bolt extended undiffened
moment end-plate connection to be consstent with the unified desgn procedures
edtablished by Hendrick et al (1985). The andyticd invedigation was verified by four
ful-scde experimenta tests. Following the modified Kennedy method established by
Morrison et al (1985), the author determined the a and b empiricd factors for the outer
and inner end-plates to both be equad to 0.5. It was adso concluded that the four-bolt
extended ungiffened connection could be used for Type | or FR (fully restrained)
congtruction.

Murray and Borgamiller (1995) provide a desgn method for the multiple row
extended 1/3 undiffened moment end-plate connection. Ten previoudy conducted full-
scae tests were used to verify the design procedures. The plate thickness was determined
usng the yidd-line pattern proposed by Morrison et al (1986) and the bolt sze was
determined usng a modified Kennedy method. The authors determined that the bolt
force cdculations could be ggnificantly reduced by usng two smplifying assumptions.
The first assumption dtates that bolts that have reached their proof load will continue to
yield without rupture until dl bolts have reached ther proof load. The second
assumption dtates that when a bolt has reached its proof load, the plate is assumed to be
“thin” and the prying forces are & a maximum, Qmax. Fom these amplifying

assumptions, the bolts in a connection are classfied as “load-carrying” or “non-load

11



carying’. A load-carrying bolt is one that has been experimentaly proven to carry load.
Conversdly, a non-load carrying bolt is one that has been proven to not carry any load in
a ecific moment end-plate configuration.  Usng this information, eguaions ae
formulated and compared to determine the predicted connection strength, Mpred. It Was
concluded that for the multiple row extended 1/3 ungiffened connection the method
developed by Murray and Borgsmiller (1995) appeared to produce accurate results.

Borgsmiller and Murray (1995) continued the work dsarted by Murray and
Borgamiller (1995) by goplying the dmplified method for the desgn of moment-end
plae connections to nine different end-plate configurations.  The nine connections
discussed are a compilation of al connection configurations discussed in this literature
review thus far. Borgamiller and Murray (1995) andyzed fifty-two previoudy conducted
ful-scade tests to verify the proposed design procedures and concluded that the
procedures are appropriate for the desgn of the nine moment end-plate configurations
presented

Mays (2000a) provided a study of a Sixteen bolt extended end-plate with bolt
rows containing four bolts across. The purpose of the study was to develop design
procedures for large moment end-plates and determine ther effectiveness under saismic
loading. Mays (2000a) developed a yidd-line pattern that produced lower end-plate
dresses than those presented in Borgamiller and Murray (1995). This yield-line pattern

will be discussed further in Chapter 111.

1.2 OBJECTIVE AND SCOPE OF RESEARCH
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The objective of this study is to develop design solutions for five moment end-
plate configurations, one extended end-plate and four flush end-plates with large pitch
digances. The dedgn solutions will provide equations for the determination of the end-
plae thickness udng yidd-line theory and bolt forces usng the smplified Kennedy
method (Borgsmiller and Murray 1995) given the geometric and materia properties of
the end-plate and bolts.

These objectives are accomplished in the following manner. In Chapter 11, the
experimental  invedtigation is described in detall.  The test setups are illustrated and
described, as wel as the instrumentation used to record the test data The testing
procedure is discussed followed by a summary of the experimenta results.  Chapter Il
describes the andyticad invedtigation.  Yidd-line theory is discussed firg and equations
are formulated to apply to the five moment end-plate connections. A smplified verson
of the Kennedy method (Borgamiller and Murray 1995) is then formulated and applied.
In Chapter 1V, the andytica and experimenta results are compared. In Chapter V, the
dudy is summarized, conclusons are drawn, and recommendations for further research
ae provided. Sample caculations ae presented for the andyss of a flush and an
extended moment end-plate connection. A detailed gppendix of the experimenta work

follows the text.

13



CHAPTER 11

EXPERIMENTAL INVESTIGATION

2.1  SCOPEOF TESTING

Five knee area tests and one plate girder test were conducted at the Virginia Tech
Structures and Materids Laboratory located in Blacksburg, Virginia The research was
gponsored by NCI Building Systems, located in Houston Texas.

The knee area specimens were sections of a gable frame, as shown in Figure 2.1.
The knee area conssted of the entire length of a column and a portion of the rafter. Each
knee was connected by a bolted flush moment end-plate connection. One of the five knee
area goecimens was diffened at the connection. The remaining four knee area specimens
were undiffened at the connection. A typicd test setup for the knee area test is shown in
Figure 2.2. Laerd bracing was provided to each specimen to prohibit laterd movement.
The specimens were insrumented and loaded to falure using a hydraulic ram.

The plate girder test conssted of two built-up sections connected by an extended
moment end-plate connection. The specimen was loaded a two equaly spaced load-
points aong the top flange of the plate girder. The specimen was tested as shown in
Figure 23. Again, latera bracing was provided to prohibit laterd movement of the test
goecimen.  The specimen was indrumented and loaded to failure usng two hydraulic

rams.

14
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Figure2.1 Typica Rigid Gable Frame and Knee Area Detall
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End-plate Connection

Figure 2.2 Knee Area Test Setup
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Figure 2.3 Plate Girder Test Setup
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2.2  TESTING PROGRAM
221 Test Specimens

All test specimens were designed by NCI Building Sysems and fabricated by
Metdlic Building Company. The test specimens were built-up sections composed of
ded plates with a nomind yidd dress of 50 kd. Each test specimen had a unique
moment end-plate configuration, as shown in Fgure 24. All of the connections used
ASTM A325 high drength sted bolts.  Prior to testing, the dimensons of each specimen
were measured and recorded. The average connection dimensions for each specimen can
be found in Appendices B through G. The nomina connection dimensons for each test
gpecimen are shown in Table 21. An illugration of the terms used in the table is found
in Figure 2.5.

Each test is given a specific desgnation based on the bolt diameter, the
connection configuration, the thickness of the end-plate and the beam depth. The
following designations are used to classify each connection configuration:

F2 — Four-Bolt Hush Undtiffened Moment End-Plate

F3 — Sx-Bolt Fush Undtiffened Moment End-Plate

F4 — Eight-Bolt Hush Undtiffened Moment End-Plate

F5 — Ten-Bolt Hush Undtiffened Moment End-Plate

F5S — Ten-Bolt Flush Siiffened Moment End-Plate

MRE/, — Multiple Row Extended Unstiffened Moment End-plate
The test designation is written as follows.

Connection Configuration-dy-t,-h
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N

a) Four-Bolt Hush Undtiffened (F2)

A A

b) Six-Bolt Flush Unstiffened (F3) ¢) Eight-Bolt Flush Unsiiffened (F4)

Figure 2.4 End-Plae Configurations
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BN

d) TenBolt Flush Untiffened (FS)

D >

e) Ten-Bolt Hush Stiffened (F5) f) Multiple Row Extended (MRE/,)

Figure2.4 Con’'t End-Pate Configurations
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An exanple of this te designation is F5-1Y/,-3/4-84 that corresponds to a ten-bolt flush
ungtiffened moment end-plate connection with 1Y/, in. diameter bolts, a % in. thick end-
plate and abeam depth of 84 in.

2.2.2 Test Setups

All test setups were congtructed so that the connection was subjected to pure
moment. Laterd bracing was provided to prohibit laterd movement, thus, smulating
actud building conditions. The laterd bracing mechanians were bolted to the testing
frames, which were connected to areaction floor. All test setups were Smply supported.

The knee area tet setup was pin-connected a the column end and roller-
connected a the rafter end, as shown in Figure 2.2. The column was connected directly
to a support stand, which was bolted to the reaction floor. A link connected the roller end
of the rafter to a reaction beam. The link was composed of a hydraulic ram to apply the
load and a load cdl to measure the load. The hydraulic ram pulled the rafter inward,
causing tengon in the outside flange and compression in the ingde flange.

The plate girder specimen was supported by two test stands, as shown in Figure
2.3. Laerd bracing was provided at each web diffener to prohibit latera movement. A
hydraulic ram was used to gpply load and a load cell was used to measure the load at the
two load points. The hydraulic ram pushed the specimen down a the two load points
causing compression in the top flange and tension in the bottom flange.

2.2.3 Ingrumentation

Instrumentation was added to each test setup to measure specific parameters

during tegting. All indrumentation was connected to a PC-based data acquisition system

that monitored and recorded dl instrumentation data during testing.
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All tests were ingrumented with cdibrated bolts To instrument a bolt, a smdll
hole was drilled into the shank of the bolt. A drain gage was then inserted into the hole
and filled with epoxy. The bolts were then cdibrated usng a 300 kip capacity universa
testing machine to determine the relaionship between srain and load. The instrumented
bolts were placed in the connection in an dternaing pattern beginning at the top of the
tendon sde. The exact locations of the calibrated bolts for each test are included in the
Appendices.  Prior to testing, most bolts were tightened to the minimum bolt tenson
liged in Table J3.1 of the LRFD Specification for Sructural Seel Buildings (1995). In
some cases, the bolts were not tightened to the minimum bolt tenson, but to an amount
that could be safely attained with the equipment available.

All test specimens were ingrumented with displacement transducers to measure
deflections. Each knee area test employed two displacement transducers. One transducer
was placed at he bottom of the rafter support to measure horizonta movement.  Another
transducer was placed at the bottom of the column to measure any horizontal movement
due to movement of the pinned support. The plate girder test used five displacement
transducers © measure vertica deflections: a the mid-span end-plate connection, a each
load point, and at each support. The transducers placed at the supports measured support
Settlements.

All tes specimens were ingrumented with gauged cdipers to measure the plate
separation between the edges of the adjacent end-plates in each connection. In dl knee
area tedts, the cdipers were placed above the first row of bolts on the tension side of each
connection as close as possible to the insgde of the top flange. In the plate girder test, two

cdipers were placed on the tenson dde of the connection, one just insde the bottom
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flange and one just outsde the bottom flange on the extended portion of the end-plates.
The locations of the gauged cdipers for each test are included in the corresponding
appendix.

Strain gages were attached to the web of specimens MREY/4-1%,-1-70, and F5-
1%/,-3/,-84. The gages were atached to both sides of the tension portion of the web and
were used to determine when the web of the specimen yidded. The approximate
locations of the strain gages for these two tests are shown in Figure 2.6.

All specimens were whitewashed prior to testing. This presented a clear sign of
yielding marked by the flaking of mill scale from the specimen.

224 Test Procedure

Prior to testing, each specimen was loaded to agpproximately 20% of its predicted
ultimate load to “seat” dl of the specimen and test frame components. Prior to the
initiation of each ted, dl insrumentation was zeroed with the exception of the
pretensoned bolt strains. Each specimen was loaded at a prescribed load intervad. First
yield was noted as well as the load or deflection at which subsequent yielding occurred.
The test was continued until failure occurred. Falure was defined as the point a which
the specimen was no longer able to hold load or was no longer functiond.

Two specimens, F5-1Y,-3/,-84 and F5S-1Y,-3/,-84, were tested in a series of
cycles. Each specimen was loaded to its predicted ultimate load, provided by NCI
Building Systems. I falure had not initisted, the specimen was unloaded, bolts were
removed from the moment end-plate connection, and the test was resumed. This pattern
was repeated until faillure ensued. Further details of each cycle are provided in the

corresponding Appendices.
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a) F5-1%,-3/,-84 Strain Gage Locations

Strain GagalI

3
34
34
3
o

Tension Bolts

— 2"

b) MREY4-1%/4-1-70Y, Strain Gage Locations

Figure2.6 Web Strain Gage Loceations
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2.3 EXPERIMENTAL RESULTS

Detailed results for each test specimen are provided in Appendices B through G.
Table 2.2 isasummary of the test results.

The knee area test results are listed firgt in the Appendices in order of smalest to
larges moment end-plate connection. The plate girder test results follow. For each test
gpecimen, the results incdude a tet summary shedt, a drawing of the nomina specimen
dimensons, a table of the geometric and materid properties of each specimen, a drawing
of the measured connection detalls, pictures of the specimen after testing, and the
folowing plots applied moment vs. deflection, applied moment vs. plate separation, and
bolt force vs. applied moment. The test results for F5-1%/4-3/;-84 and MREY/4-1/4-1-70,
dsoinclude aplot of load vs. grainsin the web of the test specimen.

The reationship between the gpplied moment and deflection is plotted for each
goecimen.  Each plot shows both the theoretica reationship between moment and
deflection in the dadtic range as wdl as the experimenta results up to the ultimate failure
moment. The knee specimens have the applied moment plotted against the chord
deflection. The chord deflection is a measure of the horizontd change in length between
the pinned-end of the column and the roller-end of the rafter. The theoretica deflection
for the knee area specimens is computed usng a diffness andyss computer program.
The gpplied moment vs. deflection plot for the plate girder specimen is a comparison of
the average vertica deflection at the load points vs. the gpplied moment on the specimen.
The theoreticd deflection for this specimen was computed usng the dagtic deflection
equation for a amply supported beam with two equal, concentrated loads symmetricaly

placed:
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A :ﬂ(eﬂa- 4a2) 2.1)
6El

where a = the horizontd distance from the support to the nearest load point, | = the tota

length from support to support, and P = the load applied a each load point. The
experimenta yidd moment and maximum moment are presented in each plot where
goplicable.  The predicted connection fallure moment is dso included in gpplicable plots.

This vaue is computed for each specimen using the proposed nethod to be discussed in
detall in Chapter I11.

The relationship between plate separation and gpplied moment is plotted for each
tes gpecimen. The plate separation is the product of the strain measured by the gauged
cdipers and a converson factor. The predicted connection fallure moment is provided
for comparison in each plot where gpplicable.

Bolt force vs. gpplied moment plots are included for dl test specimens. The bolt
force is a measure of the bolt drain in the cdibrated bolts multiplied by a converson
factor. Since this relationship is only valid in the dadtic region, it was necessary to apply
and adjustment factor to the bolts that were loaded beyond their proof load. Once the
bolts reached their proof load, the bolt force was determined udng the following
relationship from Abdl (1993):

BFpiastic = Py + (€plastic-€y)* (Melastic™ R) (22

where P, = bolt proof load,

<V

melastic =3 (23)

QD

and
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édran l,JeIastic
R = &load H
éstran u dic

(2.9

Sioad ff

The bolt proof load shown on the plot was caculated usng a vaue of 90 ks as the

nomind drength of an A325 bolt (taken from Table J3.2, AISC 1995) multiplied by the

nomind cross-sectional area of each bolt. The bolt pretenson vaue was taken directly
from Table J3.1 in the AISC Manud (1995).

Web drain on the tendon sde vs. applied load is plotted for test specimens F5-

1Y,-3/,-84 and MREY/4-1%/,-1-70',

2.4 COUPON TESTS

Test specimens were cut from the web and flanges of the rafter and column of
eech ded member following teting. Blank end-plate materid was provided by NCI
Building Systlems for coupon specimens.  In accordance with ASTM E8 Standard Test
Methods for Tension Testing of Metallic Materials, the specimens were machined into
coupons and tested with a 300 kip capacity universa testing machine. Using the data
compiled, the tensle properties were determined according to ASTM A370 standards for
the following parameters. ultimate strength, yidd strength, and percent elongetion. The
results of the coupon tests are summarized in Table 2.3.

Test specimens were not taken from the web and flanges of MREY/4-1Y,-1-70%,

because of possible additiona testing of the specimen.
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Table2.3

Tendle Coupon Test Results

Yidd Ultimae Percent
Specimen Member Element Strength Strength | Elongation
(ks) (ks) (%)
Top Hange 70.0 82.7 17.0
Column Web 59.0 69.5 23.0
Bottom Flange 62.2 74.8 24.0
F2-/g-/,-28 Top Flange 70.0 83.1 19.0
Rafter Web 60.8 71.6 21.0
Bottom Hange 64.4 75.0 22.0
End-Plate 58.1 88.2 32.3
Top Hange 55.0 68.1 24.0
Column Web 67.0 78.6 21.5
Bottom Hange 59.3 78.8 22.0
F3-%/4-314-50 Top Flange 56.1 68.4 24.0
Rafter Web 67.6 77.8 215
Bottom Flange 59.2 77.6 22.0
End-Plate 55.7 84.7 245
Top Hange 61.0 91.3 23.0
Column Web 52.0* 68.7* 23.0*
Bottom Flange 56.2 85.5 24.0
F4-"/g-3/,-67 Top Fange 61.0 913 23.0
Rafter Web 52.0 68.7 23.0
Bottom Hange 55.0 82.0 28.0
End-Plate 55.0 84.8 25.5
Top Hange 57.9 814 25.0
Column Web 50.4 69.0 24.0
Bottom Hange 55.4 84.0 27.0
F5-1'/4-°12-84 Top Flange 57.1 814 25.0
Rafter Web 47.1 67.0 29.5
Bottom FHange 56.1 84.1 27.0
End-Plate 55.6 84.3 25.0
Top Hange 56.6 80.8 27.0
Column Web 49.2 68.3 26.0
Bottom Flange 56.1 84.7 27.0
F55-1'4-%/4-84 Top Flange 56.0 80.6 26.0
Rafter Web 46.0 66.3 275
Bottom Hange 55.6 84.3 25.8
End-Plate 55.2 83.3 26.0
MRE"/4-1"/4-1-70"/> | End-Plate 54.9 85.4 26.0

*All values were assumed to be the same as those for the rafter web. No coupons were tested from the

column web.
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CHAPTER 111

ANALYTICAL INVESTIGATION

3.1 OVERVIEW

There ae two limit daes for bolted moment end-plate connections, end-plate
yielding and bolt rupture. In this sudy, yied-line andysis is used to predict the end-plate
yidd grength, and a smplified verson of the Kennedy method (Borgsmiller and Murray
1995) is used to predict bolt rupture including prying action. The method used to predict
bolt rupture without prying action is discussed in Chapter 1V.

In this chapter, a yidd-line mechanism is developed for each moment end-plate in
the study. Following the yidd-line andyss the smplified verson of the Kennedy

method is discussed and applied to each moment end- plate connection in the study.

3.2  END-PLATE STRENGTH PREDICTIONS
3.21 Genera Theory

K. W. Johansen (1962) firg introduced yield-line theory for use in reinforced
concrete dabs.  Since then, the principles behind the theory have been gpplied toward the
andyds of ged moment end-plate connections. A yield line is defined as the continuous
formation of pladic hinges dong a draight or curved line.  The moment & which the

plagtic hinges form remains redaively condant as the deformations increase, thus forming
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a visble yidd line. Since the plagic deformations a the yidd lines are sgnificantly
larger than the dadtic deformations in the regions between yidd lines, it is assumed that
these dadtic regions behave as rigid plates. In yied-line theory, falure occurs when the
formation of successve yidd lines in a dab or plate foom a kinematicadly vaid collgpse
mechanism. This succession of yidd linesis referred to as ayidd-line pattern.

According to Srouji et al (1983) there are three guiddines that should be followed
in order to establish the location of ayield ling;

1. Axesof rotation generdly lie dong lines of support.

2. Yidd lines pass through the intersection of the axes of rotation of adjacent

plate ssgments.

3. Along every yidd line, the bending moment is assumed to be congtant and is

taken as the plastic moment of the plate.

There are two methods that can be used to andyze a yidd-line pattern. They are
the equilibrium method and the virtud work method. The virtud work method is
preferred based on the ease of application and is the method that will be used for the
andyss of moment end-plates in this study. The virtud work method is based on the
principle of conservation of energy (Hibbeler 1995). The externa work done by the
goplied loads from a unit virtud displacement is set equd to the interna work done to
accommodate these displacements as the plate rotates dout the yield lines. For a known
st of gpplied loads, each unique yidd-line patern will result in a different required
plasic moment capacity. The pattern that requires the largest plastic moment capacity is
the contralling yied-line pattern. Conversdy, if the plastic moment capacity of the end-

plate is known, the pattern that yidds the lowest falure load is the controlling pattern.
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Therefore, yield-line theory is an upper bound solution and the objective is to determine
the least upper bound.

The following discusson istaken directly from Srouji et al (1983).

The internd work dored in a particular yied-line mecheniam is the
saum of the intend energy dored in each yidd line forming the
mechanism. The internd energy dored in any given yidd line is obtained
by multiplying the normd moment on the yidd line with the normd
rotation of the yield line. Thus, the energy stored in the nth line of length
Lnis

VVin = c\)’npén ds (31)
Ln

where gy is the rddive rotation of line n, ds is the dementd length of line
n. Theinternd energy stored by ayidd-line mechanism can be written as
N
W, =Q gn,e.ds (32
n=1

N
o]

= a mpenLn

n=1
where N is the number of yield linesin the mechaniam.

In complicated vyidd-line petterns, the vdues of the rdative
rotation are tedious to obtain, therefore, it is more convenient to resolve
the dopes and moments in the x- and y- directions. This results in the
following form of Equation 3.2

N
W =§ m,e,L, +m e L) (33
n=1
in which my and my,, are the x and y- components of the norma moment
cgpacity per unit length, Ly and L, are the x- and y- components of the

relative normd rotation of yied linen.



The moment cagpacity per unit length for sted platesis

m,=m =m =-22F (34)

where Fpy is the yield dress of the end-plate material and , is the thickness of the end-
plate.

The externd work is the product of an gpplied moment and the angle
through which it rotates. For dl end-plate configurations, the equation for externd work
is identical. It is assumed tha the two end-plates rotate about the outside face of the

compression flanges of each member. Thus, the equation for externd work is

W, =M,e=m,E0 (35)
ehg
where M, equds the ultimate moment at the end-plate and g equds the virtud rotation of

the end-plate connection. Using smal angle theory and a virtua deflection equa to unity

a the outsde face of the tension flange, q is st equd to % where h is the totd depth of

the beam.
3.2.2 Four-Bolt Flush Ungtiffened Moment End-Plate

A dudy on the behavior of four-bolt flush undiffened moment end-plates was
conducted by Mays (2000b). Based on the sudy, the two contraling yidd-line
mechaniams for the four-bolt flush undiffened moment end-plate were derived, as shown
in Fgure 31. The controlling mechanism depends on the pitch distance, pr, and the

digances Thedigance“s’ is defined as the maximum possible distance between a bolt
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centerline and the formation of a yiedd line  Thus, when the pitch distance, p, is greater
than s, a yidd line will develop a a distance “s’ from the outermost bolt row centerline,
and Case | is the controlling mechanism. This case is typica of diagond knee moment
end-plate connections. If the pitch distance, pr, is less than the distance s, then the
uppermost horizontal yield line will form at the inner face of the beam tenson flange and

Ca=e Il isthe controlling mechanism. The equations for each case are presented below.

Casel: p; >s

The internd work for thisyield line pattern is

W, =—La" S+ Zlh (s+0.75p, )+ h,(s+0.25 + 95
h g?ghlgSg ZESIZH [ pb) ( pb] H

(3.6)
where m is defined in Equation 3.4 and the remaining parameters are defined in Figure
3.1a The connection strength based on yidding of the end-plate is found by equating the
externd energy from Equation 35 with the internd energy cdculated in Equation 3.6,
resulting in

éb &
M :4mp¢?pgh gé szhl+ %[n,(s+0.75p,)+h, (s+025pb)]+—u
e« ¢ 2(

(3.7)
The required end-plate thickness is computed by replacing my, with Equation 3.4 and

solving for tp, resulting in
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(38)
The digance, s, isfound by differentiating the internal work equation with respect to s
and setting the resulting equation equa to zero, giving
1
S:E b,g (3.9
Casell: p; <s
Theinterna work for thisyidld line paitern is
4m_ €b é u
= G B e, B 2 (p, +0.75p, )+ hy s+ 025p, )]+ L5
h é & pf;a 6520 g 24
(3.10)

where m is defined in Equation 34 and the remaining parameters are defined in Figure

3.1b. The connection srength based on yielding of the end-plate is found by equating the

externd energy from Equation 3.5 with the internd energy cdculated in Equation 3.10,

resulting in

éb ®l 0 A u
M. =4mp§_‘_3h1 _+h29_‘u+g[h f +O'75pb)+h2(8+0'25pb)]+%3

82¢ &P g esg
(3.11)
The required end-plate thickness is computed by replacing my, with Equation 3.4 and

solving for t,, resulting in
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Thedigance, s, isfound by differentiating the internal work equation with respect to s
and setting the resulting equation equd to zero, giving
1
s=—.b,g (3.13)

2

3.23 Six-Bolt Flush Unstiffened Moment End-Plate

A dudy on the behavior of six-bolt flush undiffened moment end-plates was
conducted by Mays (2000b). From this study, the two controlling yield-line mechaniams
for the gx-bolt flush undiffened moment end-plate were derived as shown in Figure 3.2.
The geometric parameters ae dso defined in the figure.  The controlling mechanism is
determined by comparing the pitch distance, pr, and the disance s Case | applies to
moment end-plates with a large inner pitch distance, pr, such tha pr is greater than the
distance s This case often occurs in diagonad knee moment end-plate connections. Case
Il agpplies to moment end-plates where pr is less than s. The equations for the internd
work, W, moment end-plate strength, My, end-plate thickness, t, and the distance s are

presented below for each case.

Casel: p; >s

4m ebe o

+hsgsfh.+ Zlh,(s+1.5p,)+ s+ 050, )]+ 2

1€
h e29 eSg 2

(3.14)
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3.2.4 Eight-Bolt Flush Ungtiffened Moment End-Plate

The two contraling yidd-line mechanisms for the eght-bolt flush undiffened
moment end-plate configuration are shown in Fgure 3.3. This pattern was derived from
a sudy conducted by Mays (2000b). Case | applies to moment end-plates where the
pitch distance, p, is larger than the distance s, while Case 1l applies to moment end-plates
where the pitch disgance py, is less than the disance s. The equations for the internd
work, W, moment end-plate strength, M,;, end-plate thickness, t, and the distance s are
listed for each case asfollows

Casel: p; >s

_4m, éb, é aéo
. + h,{s+2.25p, )+ h,|s+0.75 +—
i h é2 g lgSQ SQH [ (S pb) (S pb)] 3
(3.22)
éb, & HAq u
p|:4mp'é.?péhlg—9 S£+ [h (s+2.25p,)+h, (s+0.75p, )] + 2
e ‘é u
(3.23)
, 1/2
é u
é a
e M/, q
P Céb e A d od
éar ~Z+h +=|h.(s+2.25p, ) +h,(s+0.75 +— u
égghlgsz 4%&2}} [ pb) ( pb ] HH
(3.24)
s=—./b,g (3.25)
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3.2.5 Four-Bolt Flush Moment End-Plate Stiffened Outside Tension Bolt Rows

A dudy on the behavior of four-bolt flush diffened moment end-plates was
conducted by Mays (2000b). From this study, the two controlling yield-line mechaniams
for the four-bolt flush diffened moment end-plate connection were derived as shown in
Figure 34. Case | gplies to moment end-plates where the pitch distance, p, is larger
than the distance s, while Case Il gpplies to moment end-plates where the pitch distance
pr, is less than the distance s. In both cases, if the pitch distance from the second row of
bolts to the face of the diffener, ps, is larger than the distance s, then the connection is
trested as if it were undiffened, and the eguations for a four-bolt flush undiffened

moment end-plate apply. For the four-bolt flush stiffened moment end- plate, the
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eguations for the internd work, Wi, moment end-plate strength, My, end-plate thickness,

to, and the distance s are listed for each case as follows

Casel: p; >s

am, o)
W, = =2 hg _u+ [h (s+0.75p, ) +h, (p, +025pb]+ u
h é é eSﬂ ps g
(3.30)
@l ou 2 u
|V|p| =4m e—éhl +h, g74+ [hl(s+0.75pb)+h2(ps+0.25pb)]+gl'1
2 & eSy) 2(
(3.31)
) 1/2
é u
a a
t e M, /F,, u
" &,6 Mo ol A 0
éé_ éh1§_++ h, -U+ [h S+O 75pb)+ h (ps + 0-25pb)]+_@u
826 €so &P O 2t
(3.32)
1
s=1 b0 (3.33)
Casell: p, <s
dm_€b_ é 5 o u
W =——+eé- éhléeig ?1 0+ Z[hl(pf +0.75p, )+, (p, +0.25p, )]+ 2
h éz é fﬂ ps Zg

(3.34)
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Multiple Row Extended Ungtiffened ¥4 M oment End-Plate

The contralling yidd-line mechanism for the multiple row extended undiffened %

moment end-plate connection is shown in Fgure 35. This pattern was derived from a

sudy done by Mays (2000b). For the multiple row extended ungtiffened %2 moment end-

plate connection, the equations for the internal work, W, moment end-plate strength, M,

end-plate thickness, t,,, and the distance s are asfollows

@1 § 10 U

< é ‘+h +h, é —u+u
W = §2 & &Piig eSg pfog g a (3.39)
! e U '
,\2 g,
ec
ég[h (p., +225p,) +h,(s+0.75p, )|+ 26
éh é u
%ehlgl 2en B0 EL 13+ G
M, =4mpg2 6 &Piig ‘ésp Pog 20 ld (3.39)
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201, +2250,) o407, 8
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3.3  CONNECTION STRENGTH USING SIMPLIFIED BOLT ANALYSIS
3.3.1 General Theory

Since yidd-line theory only predicts the moment strength of the connection based
on end-plate yidding, a method must be employed to andyze the moment strength of the
connection based on bolt forces. As a moment end-plate connection yields, it deforms
from its origind shepe, inducing prying action in the bolts  Thus prying action is
incduded in the bolt-force andyss. In this sudy, a smplified verson of the Kennedy
method (Borgsmiller and Murray 1995) is used to predict the moment strength of the end-
plate connection based on the limit gate of bolt rupture with prying action.

The Kennedy Split Tee Andogy (Kennedy et al 1981) predicts bolt forces in a
connection by defining the stage of plate behavior based on the plate thickness and
goplied load. Once the stage of plate behavior is determined, prying forces are calculated
from the correponding equations. This method has been modified to apply to the
andyds of flush end-plates and multiple row extended end-plates (Srouji et al 1983).

The Kennedy method and the modified Kennedy method require severd iterations and
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tedious cdculations. ~ The smplified method subgtantidly reduces the amount of
caculations required.

According to Borgsmiller and Murray (1995), there are two basic assumptions
behind the smplified method:

1. Bolts that have reached their proof load can continue yieding without
rupture until the other bolts reach their proof load as well.

2. When a bolt reaches its proof load, the plate behaves as a thin plate and
the maximum prying force Qmax, Can be incorporated into the bolt
andyss.

The proof load, P, is defined as the product of the design strength listed in Table J3.2
(A1SC 1995) and the cross-sectiond area of the bolt

P =A.F, (3.42)

The balts in a specific configuration are divided into two categories, load-carrying
bolts and non-load-carrying bolts. A load-carrying bolt is one that has been proven
experimentdly to cary load in an end-plate configuration. In the amplified method,
Borgamiller and Murray (1995) st dl load-carrying bolts equa to the proof load, P,
caculated from Equation 3.42. All non-load-carrying bolts are sat equd to the minimum
bolt pretension vaues, Ty, given in Table J3.1 (AISC 1995).

To illugrae the smplified method, Borgsmiller and Murray (1995) use a two-bolt
flush undiffened moment end-plate connection, as shown in Figure 3.6. In the figure, M,
equas the moment drength of the connection based on bolt rupture with prying action

and B equals the bolt force per bolt. The subscript g in Mq indicates thet prying action is
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Figure 3.6 Balt Andyssfor a Two-Bolt Hush Undtiffened Moment End-Plate

= 2(P-Quw)

Mo <

Figure 3.7 Smplified Bolt Force Modd for a Two-Bolt Flush Undtiffened Moment End-
Pate
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induded. Summing the momentsyields the following

M,=2Bd, - 2Q,,(d,- 3

343
=2(P, - Qua)d; + Q. 3] (343)

Borgsmiller and Murray (1995) report that the tem (Q,,a) only accounts for

approximately 2% of the tota connection strength, thus it is reglected. Equation 3.43 is

reduced to
M q = Z(Pt - Qmax )dl (344)
From this andyds, it is assumed tha dl load-carrying bolts hold a load of (P — Qmax), &

shown in Figure 3.7. However, it is necessary to ensure that this load is never below the

minimum bolt pretenson load, Tp. Therefore, M can be expressed as

— 2(Pt - Qmax )dl
M, = 2T ), (3.45)

max

The procedure described above can be generdized to include any configuration as

52R-Qu)d+a ) d
- = (3.46)
at,),d

max | N=

<
I

JLLY

where N = the number of load-carrying bolt rows, N = the number of non-load-carrying
bolt rows, N = the total number of bolt rows, and d = the distance from the respective bolt
row to the compresson flange centerline. The maximum prying force is cdculated from

(Kennnedy et al 1981)

(1.6)
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where F' equals (Kennedy et al 1981)

o 56y (0.85b, /2+ 0.80w') + &d3F, /8
4,

(3.47)

Kennedy et al (1981) cautioned that the quantity under the radica might be negative. If
this occurs, then the end-plate fals in shear and the connection is inadequate to hold the
goplied load. The digtance “a’ in Equation 1.6 is different for interior and exterior bolts.

For interior bolts (Hendrick et al 1985)

o, o
a, =3.6826—= - 0.085 (3.48)
d, g
For exterior bolts (Borgsmiller and Murray 1995)

3
&, 0
3.6825 2% - 0.085
= €a. - (3.49)

(]

P - pf,o

where px:= the disance from the outer face of the beam tenson flange to the edge of the
extended end-plate and pro= the distance from the outer face of the beam tenson flange
to the center of the exterior bolt holes (Figure 25b). To avoid confuson, the maximum
prying force is labeed Qmaxi and Qnax.o, Where the subscript “i” stands for interior bolts
and the subscript “0” designates outer or exterior bolts.
3.3.2 Four-Bolt Flush Ungtiffened Moment End-Plate

The connection strength predictions presented here are taken from a study
conducted by Borgsmiller and Murray (1995).

Based on testing done by Srouji et al (1983), it was determined that al four bolts

in the four- bolt-flush moment end-plate connection are load-carrying bolts. The mode
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used for this analyss is shown in Figure 3.8. The moment drength of the four-bolt flush

connection based on bolt rupture with prying forcesis caculated from

Z(Pt - Qmax )(dl +d2)
Ma® |ar, e, +d,)

max

(3.50)

where Qnmax IS caculated from Equation 1.6 and P is caculated from Equation 3.42.
3.3.3 Six-Balt Flush Unstiffened Moment End-Plate

The connection strength predictions presented here are taken from a study done
by Borgsmiller and Murray (1995).

Based on testing done by Srouji et al (1983), it was determined that the first and
third rows of bolts in the sx-bolt flush moment end-plate connection are composed of
load-carrying bolts and the middie row of bolts is composed of non-load-carrying bolts.
The mode used for this andyss is shown in Figure 3.9. The moment srength of the six-

bolt flush connection based on bolt rupture with prying forces is caculated from

Z(Pt - Qmax )(dl + ds) + 2(Tb )dz
M =
T e AT, )(d, +d, +d)

max

(3.51)

3.34 Eight-Bolt Flush Ungtiffened Moment End-Plate

Based on teding performed for this study, the determination of load-carrying and
non-load carying bolts in the eght-bolt flush moment end-plate connection was
inconclusive. From Figure 3.10, it is gpparent that the outermost bolt row (bolt #6 and
#1) condgts of load-carrying bolts. It is dso clear that the third and fourth outermost
tenson bolt rows (bolt #2 and #4) and the row of gitch bolts (bolt #5) consst of non
load carrying bolts. The uncertainty arises from the second outermost row (bolt #3) of

tension bolts. The second outermost row of tension bolts shows some increase in bolt



— 2(P. - Qo)

— = 2(P- Qu)

Possible Stiffener Location

_________

Figure 3.8 Smplified Bolt Force Modd for Four-Bolt Flush Stiffened and
Undgtiffened Moment End-Plates
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Figure 3.9 Smplified Bolt Force Modd for a Six-Bolt Hush Undtiffened Moment End-
Pate
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Figure 3.10 Bolt Force vs. Applied Moment for Test F4-"/g-3/,-67

force, but it is not as large or congtant as the increase in bolt force in the outermost row of
tenson bolts. These reaults are typicd of a moment end-plate connection where the end-
plates are not completely flat. Moreover, the pretenson load on the second outermost
row of tenson bolts was much lower than dl other non-load-carrying bolts. This makes
it difficult to determine whether or not the second outermost row of tenson bolts are
load-carying or non-load-carying a a higher pretenson load.  Therefore, two
possihilities are formulated below. Since Option | is more consarvative, it is used to
determine the predicted strength based on bolt rupture with prying forces. However, the

correct behavior can only be determined from further testing.
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Option I:
The modd used for this andyss is shown in Figure 3.11. The moment srength for the
ggnt-bolt flush ungiffened connection based on bolt rupture with prying forces is

cdculated from

v o | AR Qua)d)+ 2T, Md, +d, +d,)

Tl 2T, ), +d, +d, +d,) (352)

Option I1:
The modd used for this andyss is shown in Figure 3.12. The moment srength
for the eight-bolt flush undiffened connection based on bolt rupture with prying forces is

caculated from

2(Pt - Qmax )(dl +d2) +2(Tb )(ds +d4)
M =
‘ 2(Tb)(d1 +d2 +d3 +d4)

max

(3.53)

3.3.5 Four-Bolt Flush Moment End-Plate Stiffened Outside Tension Bolt Rows

The connection srength predictions presented here are taken from a study done
by Borgsmiller and Murray (1995).

It was determined that the smplified method for the four-bolt flush dHiffened
connection is identicd to the four-bolt flush undiffened connection. Thus, dl four bolts
in the four-bolt diffened moment end-plate connection are load-carying bolts.  The
modd used for this andyss is shown in Figure 3.8. The ultimate moment capacity of the
four-bolt flush diffened connection based on bolt rupture with prying forces is caculated

from the same equation as the four-boalt flush ungtiffened connection

2(Pt - Qmax )(dl +d2)
Ma= |am,)(o, +d,)

max

(3.54)
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Figure3.11 Smplified Bolt Force Modd for an Eight-Bolt Flush Undtiffened Moment
End-Plate— Option |
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Figure 3.12 Smplified Bolt Force Modd for an Eight-Bolt Flush Undtiffened Moment
End-Plate — Option I
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3.3.6 Multiple Row Extended %2 Ungtiffened Moment End-Plate

Based on testing performed for this study, the determination of load-carrying and
non-load carrying bolts in the multiple row extended % moment end-plate connection
was inconclusve.  From Figure 3.13, it is goparent that the outermost interior tenson bolt
row (bolt #23) and the exterior tenson bolt row (bolt#22) consst of |oad-carrying bolts.
It is dso clear tha the third outermost tenson bolt row (bolt #25) conssts of nontload-
carrying bolts. The second and forth outermost tenson bolt rows (bolt #24 and #26) are
not as sraightforward to anayze. These two bolt rows do not show an instantaneous
increase in bolt force. Therefore, a lower loads, they would be anadyzed as non-load
carying bolts. After the specimen has been subgtantialy loaded, these two bolt rows
begin to show a gradua increase in bolt force. These results are typicd of a moment end-

plate connection where the end- plates are not completely flat. Therefore, two

150
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130 1
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Q. - " [ 000907
= 110 Fm e e et T ]
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@ 90 0@
80 4o L®10
= | ofe,
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Figure 3.13 Bolt Force vs. Applied Moment for Test MREY/4-1%,-1-70%,
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possihilities are formulated below. Since Option | is more conservative, it is used to
determine the predicted strength based on bolt rupture with prying forces. However, the
correct behavior can only be determined from further testing.
Option I:

The modd used for this andyss is shown in Figure 3.14. The moment strength

for the multiple row ¥4 extended connection based on bolt rupture with prying forces is

cdculated from
2(Pt max,o)dO +2(Pt - Qma(,i)dl +2(Tb )(dz +d3 +d4)
2P d. +2(T )id +d, +d, +d
\ (.- m)+()(+++) (355
2P - Qe Xd,) +2(T,)d, +d, +d,+d,)
_|2(T,)d, +d, +d, +d, +d,)

Option I1:
The modd used for this anadyds is shown in Figure 3.15. The moment drength

for the multiple row %2 extended connection based on bolt rupture with prying forces is

caculated from
ZER Qm;d 0+ 2P, - Quu ), +d, +d, )+ 2(T, )(d,)
2P, - Quaco Jdo + AT, )(d, +d, +d, +d,)
"% Lol - Qua ) . +a) 2T, ), + ) (359
12T, )d, +d, +d, +d, +d,)
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Figure 3.14 Simplified Bolt Force Modd for a Multiple Row Extended Undtiffened 4
Moment End-Plate — Option |
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CHAPTER IV

COMPARISON OF EXPERIMENTAL AND ANALYTICAL RESULTS

41  OVERVIEW

The reaults from the experimentd and andyticd investigations are summarized in
the following sections. The predicted connection moment strength, Myyreq, IS determined
for each of the sx specimens in this study based on the analyticd methods presented in
Chapter 11l and in the following section. The determination of the experimenta moment
grength is then presented. A ratio is used to compare the predicted strength to the

experimenta strength. Thisisfollowed by a discusson of the results.

4.2  DETERMINATION OF PREDICTED CONNECTION M OMENT STRENGTH

In Chapter 1ll, an andyticd method is presented to determine the connection
drength of five different moment end-plate connections. Two limit dates are used to
predict the drength of the connection: end-plate yielding and bolt rupture including
prying action. End-plae yidding is deermined using yidd-line theory while bolt rupture
induding prying action is determined using a smplified verson of the Kennedy method
(Borgamiller and Murray 1995). From this andyss, the predicted connection moment

gtrength, Mpreq, iS determined.
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To determine the controlling connection moment srength, Mpred, ONE major
assumption must be followed (Borgsmiller and Murray 1995); the end-plates must have
aufficently yidded for prying action to occur in the bolts The moment a which
aufficient yieding has occurred is termed the “prying action threshold’. Before this
point, it is assumed that the plate exhibits thick plate behavior and the prying forces are
equa to zero. After the prying action threshold has been met, the plate behaves as a thin
plate and the prying forces are set equal to Qnax, the maximum prying force. Note that
intermediate plate behavior is diminaed in oder to gamplify the bolt andyss
Borgsmiller and Murray (1995) set the prying action threshold equad to 0.9Mp and
provide the following guiddines for determining the stage of plate behavior of an end-
plate based on the gpplied moment:

If applied moment < 0.9M, thick plate behavior 4.2

If applied moment > 0.9My thin plate behavior (4.2)
If the end-plate displays thin-plate behavior, then prying forces are included in the
predicted connection strength based on bolt rupture. If the end-plate shows thick-plate
behavior, then prying forces are not included in the predicted connection strength based
on bolt rupture.

In the case tha prying forces are not included in the andyss, the predicted
connection strength based on bolt rupture is caculated by assuming that dl bolts are
load-carrying and the prying force is equd to zero, resulting in the following generd

equation (Borgamiller and Murray 1995):

M np = éN. 2(F)t)| di (43)

i=1
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where N = the number of bolt rows, di = the distance from the respective bolt hole
centerline to the centerline of the compresson flange, R is defined in Equation 3.42, and
the subscript “np” sgnifiesthat there are no prying forces included in the caculation.
The contralling predicted connection drength is determined by defining the
controlling limit gate of the end-plate connection. As discussed previoudy, there are two
limit dates for moment end-plate connections. end-plate yieding and bolt rupture. If the
controlling limit Sate is bolt rupture, then it must be determined whether or not prying
forces can be induded in the andyds. The following provides a method to determine the
contralling limit state.  The limit stetes are defined based on the relationship between My,
Mg, and Mpp:
1. If My < Mg, the end-plate controls the strength of the connection and
failure occurs by end-plate yidding.

2. If Mp > Mg, the bolts control the strength of the connection and
(@ 1f 0.9Mp < My, falure occurs by bolt rupture with prying action.
(b) If 0.9Mp > My, failure occurs by bolt rupture with no prying action.

Usng the andyticd methods proposed in Chapter Il and in this section, the
predicted connection strengths based on end-plate yielding, My, bolt rupture with prying
action, Mg, and bolt rupture without prying action, My, were caculated for the five knee
area specimens and the one plate girder specimen tested in this study. The average
measured connection details given in Appendices B-G, and the measured yield strength
of the end plate given in Table 23 were used in the cdculaions. Usng the guiddines
presented above, the contralling limit date was defined and thus the controlling

predicted connection strength, Myreq, Was determined for each specimen.  The results of
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these caculations are presented in Table 4.1. The shaded regions in the table correspond
to the controlling predicted connection strength for each specimen.

It is important to note that the predicted connection strengths were caculated for
the number of tenson bolt rows liged in the second column in Table 4.1 and not the
number indicated in the test desgnations. The number of tenson bolt rows is not in
agreement with the test designations for tests F5-1%/,-3/,-84 and F55-1Y/,-3/4-84. These
two knee area specimens were tested in a series of cycles. Prior to the commencement of
each new cycle, bolts were removed from the connection. Thus, the number of bolt rows
ligted in column two of Table 4.1 for these two test specimens was the number of bolt

rows during the last cycle of testing when failure occurred.

4.3  DETERMINATION OF EXPERIMENTAL CONNECTION M OMENT STRENGTH

The expeimentd connection moment drength presented in Table 4.1 s
dependent on the failure mode of each specimen. For the test specimens that faled a the
connection, the experimental moment drength is defined a the yidd point of the
connection. The yield point is determined by separating the moment vs. deflection plot
into two linear segments.  The yield point is defined as the intersection of these two
segments, and the moment corresponding to this point is the yield moment, M, Fgures
4.4 and 4.5 show the yidd point and yiedd moment of the two knee area specimens that
faled a the connection. For the test specimens that did not fal a the connection, the
experimentad  moment drength is defined as the maximum moment applied to the
goecimen, Mmax. Figures 4.1-4.3 and Figure 4.6 show the maximum applied moment of

the test specimensthat did not fall at the connection.
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Figure4.1 Applied Moment vs. Chord Deflection for Test F2-°/g-1/-28
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gure4.2 Applied Moment vs. Chord Deflection for Test F3-3/4-3/4-50
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Figure 4.3 Applied Moment vs. Chord Deflection for Test F4-/g-3/4-67
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Figure 4.4 Applied Moment vs. Chord Deflection for Cycle 4 in Test F5-1Y/,-3/,-84
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4.4  COMPARISON OF EXPERIMENTAL AND PREDICTED CONNECTION STRENGTHS

A ratio of the predicted strength to the experimenta strength is caculated for each
goecimen in Table 41. Moment drength ratio vaues less than one indicate that the
predicted drength is conservative. Moment strength ratio values greater than one do not
indicate whether or not the predicted strength is conservetive because in each of these
cases, the connection did not fail. Failure ether occurred in the member or not at al.

Tests F2-°/g-1/>-28, F3-%14-%4-50, and F4-"Is-%/,-67 @l reached their maximum
moment by member failure, not connection fallure. The ratios between the predicted
moment strength and the experimental moment drength for each of these oecimens are
129, 147, and 126, respectivdy.  Although the predicted moment drength is
ubgtantidly above the experimentad moment drength, it does not necessarily indicate
that the predicted values are unconsarvative. In esch of the three specimens, it was
goparent that the connection was capable of holding more load, had the member not
faled. Snce the predicted connection moment drength was above the experimenta
moment strength in each pecimen, it is possble that the predicted connection moment
strengths may corrdae well with the experimenta strengths had the connection been the
contralling limit sate. However, this can only be determined by further testing.

Tests F5-1%/4-3/,-84 and F5S-1Y,-3/,-84 both reached their maximum moment by
connection falure. The ratios between the predicted connection moment strength and the
experimental  connection moment drength for the specimens ae 082 and 0.87,
respectively.  Therefore, it can be concluded that the predicted moment strengths are

consarvative,
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Test MREY4-1%/,-1-70Y, did not reech falure The srength of the specimen
exceeded the strength of the test setup and the test was stopped before failure occurred.
The ratio between the predicted moment strength and the experimenta moment srength
for this test specimen is 1.12. Since the predicted connection moment strength was above
the experimentd moment drength, it is possble that the predicted connection moment
drength may corrdate with the experimental drength, had the connection faled. As

before, this can only be determined by further testing.
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CHAPTER YV

SUMMARY, CONCLUSIONSAND RECOMMENDATIONS

51  SUMMARY

An anaytical invedigation was conducted to study the behavior of diagond knee
moment end-plate connections and a multiple row extended moment end-plate
connection. Due to the large pitch distances that are typicdly found in diagond knee
moment end-plate connections, provisons were added to accommodate these parameters.
The andyticd invedtigation was based on the limit dates of end-plate yidding and bolt
rupture.  Yield-line theory was used to predict the end-plate yidd srength of each
configuration and a smplified method proposed by Borgsmiller and Murray (1995) was
used to predict bolt forces including and excluding prying forces The following five
different end- plate connections were analyzed:

Four-Bolt Hush Undtiffened Moment End-Pate

Six-Bolt Hush Undtiffened Moment End- Plate

Eight-Balt Fush Undtiffened Moment End-Plate

Four-Bolt Hush Moment End-Plate Stiffened Outside Tension Bolt Rows
Multiple Row Extended Ungtiffened ¥4 Moment End-Plate

A summary of the andytica procedures is shown in Tables 5.1-5.6. Table 5.1 ligts the
equations needed to calculate the parameters in the bolt rupture equations. Tables 5.2-5.6

illugrate and summarize the equations used to caculate the moment srength of the five
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end-plate connections in this sudy based on end-plate yieding, bolt rupture induding
prying action and bolt rupture excluding prying action. Note that my has been substituted
into eech equation and a vaiable “Y” is incduded to smplify the cdculaion of the
connection strength based on the limit Sate of end-plate yidding.

An experimental investigation was used to verify the predicted results.  Five knee
area ecimens and one plate girder specimen, each with a unique moment end-plate
configuration, were tested to fdiure. Three of the knee area specimens (F2-°/g-1/,-28, F3-
31,-31,-50, and F4-/g-31,-67) failed in the rafter or column member. Two of the knee area
specimens (F5-1/4-3/4-84 and F5S-1%/,-3/,-84) failed in the connection. The plate girder
gpecimen strength exceeded the strength of the test setup and thus, did not reach failure.

The experimentd results were analyzed and compared with the predicted results.
For the two knee area specimens that failed at the connection, the ratios of the predicted
drengths to the experimentad drengths were conservative (0.82 and 0.87). For the
remaining tet specimens, the ratio of the predicted drengths to the experimenta
drengths did not indicate whether or not the predicted srengths were conservative
because the connection did not fall. However, since the predicted connection strength
was above the experimenta drength for the remaining specimens, it is possible that the
predicted and experimenta srengths may corrdate wel, had the connection falled. This

can only be determined from further testing.
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52  CONCLUSIONS
From this study, the following conclusions can be drawn:

1. Desgn solutions were developed for five moment end-plate configuraions. one
extended end-plate and four flush end-plates. Provisons were added to the flush end-
plate configurations to account for the large pitch distances found in diagond knee
moment end- plate connections.

2. In support of the desgn solutions presented in this study and based on Test F5-
1'4-31,-84, the yidd-line mechanism for the sx-bolt flush unsiiffened moment end-plate
with pr > s adequatdly predicts the yidd strength of this connection. The ratio of the
predicted strength to the experimental strength for Test F5-1%/,-3/4-84 was 0.82.

3. In support of the design solutions presented in this study and based on Test F5S
1%/,-3/,-84, the smplified version of the Kennedy method (Borgsmiller and Murray 1995)
adequately predicts the moment srength of this connection for the limit State of bolt
rupture including prying action. The ratio of the predicted drength to the experimenta

strength for Test F5S-1/4-3/4-84 was 0.87.

53  RECOMMENDATIONSFOR FURTHER TESTING
Severd andyticd methods have been presented that were not verified from the
experimentd  invedtigation conducted. Therefore, it is recommended that further testing
be conducted to
1. Veify the yidd-line mechanisms presented for the andyss of the four-bolt flush

diffened and ungtiffened moment end-plate connections with pr > s.
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2. Vaify dl yidd-line mechanians presented for the andyds of the eight-bolt flush
undiffened moment end-plate connection and the multiple row extended Y
ungtiffened moment end- plate connection.

3. Veify the correct model for the determination of the connection strength based on
the limit date of bolt rupture induding prying action for the eight-balt flush
undiffened moment end-plate connection and the multiple row extended Ya

ungtiffened moment end-plate connection.

52  SAMPLE CALCULATIONS

A desgn solution is demondrated in the following sample cdculaions. For a
decription of design procedures and design examples, refer to Borgamiller and Murray
(1995).

5.21 Four-Bolt Flush Moment End-Plate Connection Stiffened Outside Tension
Bolt Rows

Determine the predicted connection moment dsrength for the four bolt flush
diffened moment end-plate shown in Figure 5.1. The yidd drength of the end-plate

materid is50 ks and the bolts are A325.

Pat I: Daermine End-Plate Yidd Strength, My,

1 Cdculate geometric parameters.
h,=h-t -p, =84- 05- 7.5=76in

h,=h-t, -p,-p, =84- 0.5- 7.5- 4=72in.

1 1 :
s==.[b,g ==./12(4.5) =3.674in
217973
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R
® e —
ik
R
h -
- gN
!
L
Parameter Value (in)
h 84
bp 12
tp 3/4
I 7
Pr 1%
Po 4
ps 2 1/4
g 4,
do 1%

Figure5.1 Geometric Parameters for the Four-Bolt Stiffened Moment End-Plate
Connection Sample Caculaion
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P, < s, Use Four-Balt Hush Stiffened End-Plate Analysis (Table 5.5)

p; >s, UseCasel.

2. CdculaeY:

y-D§ o, m Slh.(s+075p.)+ hufp. +025p, ]+ 3
2 é esg psm 2

4—25[76(3.674 +0.75(4)) + 72(2.25+ 0.25(4)) ]+ 2 — 647.8in.

M, =F,t2Y =50(0.75)°(647.8) =18,219 k - in. =1518k - ft.

Pat 11: Determine Bolt Rupture Strength including Prying Action, Mq

1 Cdculate geometric parameters.

t .
d,=h-t -p -—-=84-05-75-05/2=7575in
1 f f 2

t .
d, =h-t, - p, - p,- - =84- 05- 75- 4- 05/2=7L75in

2. CdculaeP::

F,=90ks [nomind tensle strength of A325 bolts specified in
Table J3.2 (AISC 1995)]

F

yb

p=AF, =
4

t b"yb

2
(90)=110.4 k
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3. Caculate Qmax:

3

a=368222 . 0.085= 368289—759 - 0.085=0.710n
dbﬂ 125¢
b,
w=—L.f-=. a325+—__4688m
2 16 g

t2F, (0.85b, /2+0.80w') + 8d>F,, /8

ppy b yb

4p;
_ (0.75)*(50)(0.85(12/2) + 0.80(4.688)) + 5(1.25)*(90)/8 _
= =10.60 k
4(7.5)
o W, 2RO 4688(075) 2 1060 O
™42 ™ T&wt 5 4(0.710) 3%4 688(0.75) 5
= 46.17 k

4. Cdculate Mg

T, =71k [minimum bolt tension of A325 1 Y4 diameter bolts as
specified in Table J3.1 (AISC 1995)]

2(P - Q. )d,+d,) =2(110.4- 46.17)(75.75+ 71.75)
“ 2(T, Nd, +d,) = 2(71)(75.75+ 71.75)

_ [18960k- = 20,945k - in. = 1745k - ft.
20945k -

max

Part 111: Determine Bolt Rupture Strength without Prying Action, Mpp

1. Cdculate Mpp:

M., =2(P)(d, +d,) = 2(110.4)(75.75 + 71.75) = 32,581k -
= 2715k - ft.
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Part 1V: Determine the Predicted Connection Strength, Moreq

1 Determine the controlling limit Sate:

M, =1518k- ft.
M, =1745k - ft

M, <M,\ Connectionfailsby End-Pate Yidding.

Mpreq = Mp = 1518 k-ft.

5.2.2 Multiple Row Extended ¥ Ungtiffened Moment End-Plate Connection
Determine the predicted connection moment drength for the multiple row
extended ¥4 undtiffened moment end-plate shown in Figure 5.2. The yield drength of the

end-plate materid 1s 50 ks and the bolts are A325.

Pat I: Daermine End-Plate Yidd Strength, My,

1. Cdculate geometric parameters.
h, =h+p,, =615+225=63.75 in
h, =h-t, - p, =615- 0.75- 2=58.75in
h,=h-t, -p, - 3p, =615- 0.75- 2- 34)=46.75in.

b,g -1 12(4.5) =3.674in.
2

0

:+h4
8 éPiig
h

e
py, +225p,) ¥, (s+078p, ] +3
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R
® ® |1
° e |} R
P
° o |tP
h
—1tp
- U g_.
t, ; g 1
Parameter Value (in)
h 61 Y-
bo 12
tp 1
tr Y
Pext 4%
pfyo 2 1/4
Pr,i 2
Pb 4
g 41
dp 1Y%

Figure 5.2 Geometric Parameters for the Multiple Row Extended ¥ Undtiffened
Moment End-Plate Connection Sample Caculation
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126 16 10
Y=7é§875€e—19+467§ 463722 2ui+

e2g 674;3 e2.25g 2u

4—25[58.75(2 +2.25(4)) + 46.75(3.674 + 0.75(4))] +_ =847.7in.

— 2 —_— 1 —_—
M, =F,t2Y =50(1)° (847.7) = 42,385 k- in = 3532k - ft.

Pat 11: Determine Bolt Rupture Strength including Prying Action, Mq

1. Cdculate geometric parameters.

t

—é =61.5+2.25- 0.75/2=63.375 in.

dO :h+pf,o -

t,
d,=h-t -p, - -+=615-0.75-2- 0.75/2=58.375 in
1 f f 2

t .
d,=h-t -p -p,- —‘:61.5- 0.75- 2- 4- 0.75/ 2=54.375in.

t .
d,=h-t, -p, - 2p, - —2f = 61.5- 0.75- 2- 2(4)- 0.75/ 2=50.375in.

t .
d,=h-t -p, -3p,- —é =61.5- 0.75- 2- 3(4)- 0.75/2 = 46.375in

2. CdculateP:

F,=90ks [nomind tensle strength of A325 bolts specified in
Table J3.2 (AISC 1995)]

2 2
P =A,F, = %(Fyb) = 6(155) (90) =1104k
3. CdCU|ateQmax:
b,
2Dy 12, 851’25+i9=4688|n
2 2 16 g
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at
a =368%-"> - 0.085= 3682$ei

o 3

0 0.085 = 1.800in.
b @ ﬂ

= LR, (0.85b, /2 + 0.80w') + &d:F, /8

_ (1) (50)(0.85(12/2) + 0.80(4.688)) + 8(1.25)*(90)/8

4p;;

=63.94k

4(2)

] 2 1 .2 2 .2
— p 2 i = 2 . ?
o _wt JF 2F S _4688(1)) \/(50) 26394 ¢
(]

da, '™ TSwt, 4(1.800 €2.68800)
28.69 k
3682522 . 0085=3 68288i9 0.085=1.800in.
5 p .25

Pot - Pro =4.5- 225=2.25in.

2F (0.85b, /2 +0.80W') + 8d3F,, /8

_(

4P,

(50)(0.85(12/2) + 0.80(4.688) + 3(1.25)" (908 _ . o,

wt’ |, @R o _ 4.6891)° , 25684 O
Quao =—2|F2 - T (50)° -
P

4. Cdculate Mg

4(2.25)

q.

T, =71k [minimum bolt tension of A325 1 ¥4 diameter bolts as

specified in Table J3.1 (AISC 1995)]

Option I:

max

N
V)

(P.- Quuco)dy +2(P, - Q... )d, +2(T,)d, +d, +d,)
P- Q...)d, +2( ), +d, +d, +d,)

(P - Qm,)(d )+2(T,)d, +d, +d, +d,)

2(T,)d, +d, +d, +d, +d,)

N
,,U

N
:U
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2(110.4- 29.55)63.375 + 2(110.4 - 28.69)58.375 +
2(71)(54.375 + 50.375 + 46.375) = 41258 k - in.

2(110.4 - 29.55)63.375 +
2(71)(58.375 + 54.375 +50.375 + 46.375) = 40003k - in

2(110.4 - 28.69)(58.375) +
2(71)(63.375+ 54.375 + 50.375+ 46.375) = 40003 k - in

2(71)(63.375+ 58.375 + 54.375 + 50.375 + 46.375) = 38748 k - in

max

=41258Kk - in. = 3438k - ft.

Option I1:
2P, - Quaco Jdo +2{P, - Qe Ny + I, +dl, ) +2(T, )(d,)
_ 2P, - Qoo )do + 2T, )(d, +d, +d, +d,)
07 2R - Qe N+, )+ 2(T, ), )
2(Tb)(d0+d +d, +d, +d )

max

2(110.4- 29.55)63.375 +
2(110.4- 28.69)(58.375 + 54.375 + 46.375)
+2(71)(50.375) = 43425 k -

2(110.4- 29.55)63.375 +
= |2(71)(58.375 + 54.375 + 50.375 + 46.375) = 40003k - in

2(110.4- 28.69)(58.375 + 54.375 + 46.375) +
2(71)(63.375 +50.375) = 42170k - in

2(71)(63.375 + 58.375 + 54.375 + 50.375 + 46.375) = 38748k -

max

=43425k - in.=3619k - ft.
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M = Option | =3438k -ft.
* . |Option 11 =3619k - ft.

M, = 3438 k- ft.

Part 111: Determine Bolt Rupture Strength without Prying Action, My

1. Caculate Mpp:

M np = Z(Pt)(do +d1 + d2 + d3 + d4)
= 2(110.4)(63.375 + 58.375+ 54.375 + 50.375+ 46.375) = 60275 k - in.
= 5023k - ft.

Pat 1V: Determine the Predicted Connection Strength, Mored

1. Determinethe controlling limit date:

M, =3532k- ft.
M, = 3438 k- ft

M, >M_,\ Connectionfails by Bolt Rupture.

2. Deemineif prying forces are included:
0.9Mp = 0.9(3532) = 3179 k-ft
0.9M ; <M '\ Pryingforces areincluded

Mpreg = Mg = 3438 k-ft.
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APPENDIX A

NOMENCLATURE
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Ab =

a =
B -
BFlastic=
b -
by =
by =
d -

db =

d() =

d1 =

d2 =

NOMENCLATURE
nomimal bolt cross-sectional area
distance from bolt centerline to the prying force
horizontal distance from support to the nearest load point for plate girder
test
distance from interior bolt centerline to interior prying force
distance from exterior bolt centerline to exterior prying force
bolt force per bolt
bolt force in plastic region
distance from theface of the beam flange to the nearest bolt centerline
end-plate width
beam width
distance from the center of the beam compression flange to a bolt row
bolt diameter
distance from end of extended end plate to bolt centerline of end-plate
extension
distance from the center of the beam compression flange to a bolt row
distance from the center of the beam compression flange to the bolt
centerline of end-plate extension
distance from the center of the beam compression flange to the farthest
bolt-line
distance from the center of the beam compression flange to the second

farthest bolt-line
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ds

ds

hy

h;

distance from the center of the beam compression flange to the third
farthest bolt-line

distance from the center of the beam compression flange to the forth
farthest bolt-line

modulus of elasticity

beam flange force per bolt

yield stress of end-plate material

design strength of bolt (Table J3.2, AISC)

flange force per bolt at the thin plate limit

end-plate bolt gage

beam depth

distance from outside face of beam compression flange to the bolt
centerline of end-plate extension

distance from the outside face of the beam compression flange to the
farthest bolt-line

distance from the outside face of the beam compression flange to the
second farthest bolt-line

distance from the outside face of the beam compression flange to the
third farthest bolt-line

distance from the outside face of the beam compression flange to the
fourth farthest bolt-line

beam moment of inertia

length of yield line n
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My

Melastic =

x-component of length of yield line n

y-component of length of yield line n

distance between test specimen supports

maximum applied moment in experimental test

moment capacity of end-plate for the limit state of bolt-rupture without
prying action

moment capacity of end-plate for the limit state of end-plate yielding
predicted connection moment strength

moment capacity of end-plate for the limit state of bolt-rupture with
prying action

ultimate moment capacity at end-plate

yield moment of specimen in experimental test

slope of load vs. strain in elastic region for bolt

P

y

&y

plastic moment capacity of plate per unit length

F t2

py “p

4
x-component of the normal plastic moment capacity of end-plate per unit
length
y-component of the normal plastic moment capacity of end-plate per unit
length
total number of yield lines in a mechanism

total number of bolt rows on tension side of end-plate connection
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Py

Po

Pext

pr

P

Pfo

Ps

Qmax

Qmax,i =
Qmax,o -

total number of load-carrying bolt rows on tension side of end-plate
connection

total number of non-load-carrying bolt rows on tension side of end-plate
connection

load applied to test specimen by hydraulic ram

bolt proof load

ApFyp

bolt proof load

ApFyp

pitch distance from bolt centerline to bolt centerline

pitch distance from outside face of beam flange to end of extended
end-plate

pitch distance from inside face of beam flange to nearest bolt centerline
pitch distance from inside face of beam flange to nearest bolt centerline
pitch distance from outside face of beam flange to bolt centerline of end-
plate extension

pitch distance from nearest bolt centerline to near face of stiffener in four-
bolt flush stiffened configuration

prying force per bolt

maximum prying force

maximum prying force for interior bolts

maximum prying force for exterior bolts

bolt relationship
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] = distance from outermost yield line to nearest bolt centerline

Ty = minimum bolt tension (Table J3.1, AISC)

t = flange thickness

te = top flange thickness

te = bottom flange thickness

ty = end-plate thickness

t = stiffener thickness

ty = thick plate limit

t11 = thin plate limit

We = total external wok

Wi, = internal work stored in the n-th yield line

Wi = total internal energy stored in a yield line mechanism
w = width of the end-plate per bolt pair

w = width of end plate per bolt minus the bolt hole diameter
Eplastic = bolt strain in the plastic region

& = bolt yield strain

A = theoretical deflection at load points for plate girder test
(0] = hole diameter

S = virtual rotation of end-plate connection

CH = relative plate rotation of yield line n

Onx = x-component of relative plate rotation of yield line n
Ony = y-component of relative plate rotation of yield line n
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APPENDIX B

F2-%/g-1/,-28 KNEE TEST RESULTS
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TEST NAME: F2-3/g-1/,-28
TEST DATE: February 2, 2000

CONNECTION DESCRIPTION

NOMINAL YIELD STRESS 50 ksi
NUMBER OF TENSION BOLTS 4
NUMBER OF COMPRESSION BOLTS 4
NOMINAL GAGE 3in.
NOMINAL PITCH 4 in.
NOMINAL END PLATE WIDTH 6 in.
NOMINAL END PLATE LENGTH 28 1n.
NOMINAL END PLATE THICKNESS 0.5 in.
BOLT DATA
BOLT DIAMETER 5/8 in.
BOLT TYPE A325
BOLT PRETENSION 19 kips

COLUMN DATA

NOMINAL FLANGE WIDTH 6 in.
NOMINAL TOP FLANGE THICKNESS 0.1875 in.
NOMINAL BOTTOM FLANGE THICKNESS 0.25 in.
NOMINAL WEB THICKNESS 0.1345 in.

RAFTER DATA

NOMINAL FLANGE WIDTH 6 in.
NOMINAL TOP FLANGE THICKNESS 0.1875 in.
NOMINAL BOTTOM FLANGE THICKNESS 0.25 in.
NOMINAL WEB THICKNESS 0.1345 in.

EXPERIMENTAL

FAILURE LOAD 13.4 kips

MAXIMUM APPLIED END-PLATE MOMENT 150 kip-ft

FAILURE LOCATION Column Flange
FAILURE MODE Local Flange Buckling

PREDICTED CONNECTION FAILURE MOMENT 193 kip-ft
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TEST NAME: F2-3/g-1/,-28
TEST DATE: February 2, 2000

DISCUSSION

The data acquisition system was zeroed, except for the bolt channels, and the test was
started. The specimen was loaded at one kip intervals. At approximately 13 kips, there
was visible plate separation and yielding around the top tension bolts. Yielding was also
apparent on the tension side of the column web and the compression side of the rafter
web. As soon as load was applied, it gradually dropped off. The specimen was loaded up
to a maximum load of 13.4 kips. A lateral brace began to twist the bottom flange of the
column. The specimen had reached its maximum load. The test was ended and the
specimen was unloaded. The gaged bolts increased in strain with the outermost tension
bolts experiencing the highest strains. The theoretical and chord deflections correlated

for this test.
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TableB.1 Geometric Dimensions and Material Properties for Test F2-°/ 8-1/2-28

Nominal Specimen Measured Specimen M eas ured M ee_isured %
Dimensions Dimensions Yied | Ultimate Elongation
Stress * Stress 9
Rafter
Top Flange| */16" x 6" x 20'4 7/,4" 0.190" x 6" x 20" 3 "/g" 70.0ksi | 83.1ksi | 19.0%
Web 0.1345" 0.137" 60.8ksi | 71.6ksi | 21.0%
Bottom Flange| '/," x 6" x 16'4 */," 0262"x6'/,6"x16'4°" | 64.4ksi | 75.0ksi | 22.0%
End Plate|  '/,"x 6" x2'4" 0.501"x 6 /16" x 2" 4'/,¢" 58.1ksi | 88.2ksi | 32.3%
Column
Top Flange| /16" x 6" x 15' 6 */4" 0.186" x 6" x 15'6 /4" 70.0ksi | 82.7ksi | 17.0%
Web 0.1345" 0.137" 59.0ksi | 69.5ksi | 23.0%
Bottom Flange " x 6" x 14' 0.256"x 6 /16" x 13' 11 /" | 62.2ksi | 74.8ksi | 24.0%
End Plate|  '/,"x 6" x2'4" 0.503" x 6'/;" x 2" 4'/5" 58.1ksi | 88.2ksi | 32.3%
* Nominal Yield Stress = 50 ksi
——6.063"
r0.188"
2.990"
4.973" 4.785"
8.972" PY PY
3.999"
e @
28.063"
tp =0.502" ————
e/ e
/.0 °
@ hole = 0.685"
dv=0.625"

0.259" —

FigureB.2 Average Measured Connection Details for Test F2-° /8-1/2-28
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Moment (kip-ft)

220

200 1 predicted Connection Failure Moment = 193 kip-ft
180 - Note: Connection did not fail.
Specimen failed by Local
Flange Buckling.
160 M. = 150 kip-ft
140
120
100
80 A
60 a
40 - L &
Chord Deflection
201 —e— Experimental Data
— Theoretical Model
O T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Chord Deflection (in)

Figure B.3 Applied Moment vs. Chord Deflection for Test F2-5/g-1/2-28
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Moment (kip-ft)

Bolt Force (kips)

220

200 - Predicted Connection Failure Moment = 193 kip-ft
180 —
160 —
140 -
120 -
100 —
80 -
60 |
40 1‘} Note: Connection did not
20 | fail. Specimen failed by
Local Flange Buckling.
O v I I I I I
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Plate Separation (in)
Figure B.4 Applied Moment vs. Plate Separation for Test F2-"/g-'/,-28
29 A

19 +

17

Bolt Proof Load = 27.6 kips

Bolt Pretension Force = 19 kips

——Bolt 27 —-— Bolt 28

15

0 20 40 60 80 100 120 140 160 180 200

Moment (kip-ft)

Figure B.5 Bolt Force vs. Applied Moment for Test F2-"/5-'/,-28
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a) Yielding of Column Web

b) Local Flange Buckling of Column Flange

FigureB.6 F2-5/g-1/2-28 at end of Test
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APPENDIX C

F3-%,-3/,-50 KNEE TEST RESULTS
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TEST NAME: F3-3/,-3/,-50
TEST DATE: February 9, 2000

CONNECTION DESCRIPTION
NOMINAL YIELD STRESS
NUMBER OF TENSION BOLTS
NUMBER OF STITCH BOLTS
NUMBER OF COMPRESSION BOLTS
NOMINAL GAGE
NOMINAL PITCH
NOMINAL END PLATE WIDTH
NOMINAL END PLATE LENGTH
NOMINAL END PLATE THICKNESS

BOLT DATA
BOLT DIAMETER
BOLT TYPE
BOLT PRETENSION

COLUMN DATA
NOMINAL FLANGE WIDTH
NOMINAL TOP FLANGE THICKNESS
NOMINAL BOTTOM FLANGE THICKNESS
NOMINAL WEB THICKNESS

RAFTER DATA
NOMINAL FLANGE WIDTH
NOMINAL TOP FLANGE THICKNESS
NOMINAL BOTTOM FLANGE THICKNESS
NOMINAL WEB THICKNESS

EXPERIMENTAL
FAILURE LOAD
MAXIMUM APPLIED END-PLATE MOMENT

FAILURE LOCATION
FAILURE MODE

50 ksi

3in
4in

8 in
50 in
0.75 in

3/41in
A325
28 kips

8 in
0.25in
0.375 in
0.25 in

8 in
0.25in
0.375 in
0.25 in

41.25 kips

552 kip-ft

Column and Rafter
Sections
Lateral-Torsional
Buckling

PREDICTED CONNECTION FAILURE MOMENT 811 kip-ft
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TEST NAME: F3-3/,-3/4-50
TEST DATE: February 9, 2000

DISCUSSION

The data acquisition system was zeroed, except for the bolt channels, and the test was
started. The specimen was loaded at 5 kip intervals. At 25 kips, the bottom flange of the
rafter began to torque and the web buckled. The test was stopped, and a lateral brace was
added to the bottom flange of the rafter. Once again, the data acquisition system was
zeroed, except for the bolt channels, and the test was started. At 38 kips, the specimen
began to yield. The deflection increased with very little increase in load. As deflection
increased, the web of both the rafter and the column began to move laterally, with the
column having larger displacements. The compression flange of the rafter and the
column was twisted to the side. The specimen reached a maximum load of 41.25 kips. It
was determined that the specimen failed by lateral-torsional buckling and the specimen
was unloaded. During testing, the bolt strains increased, but not enough to cause failure.

The specimen was stiffer than the theoretical deflection predicted. .
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Table C.1 Geometric Dimensions and Material Properties for Test F3-3/4-3/4-50

Nominal Specimen| Measured Specimen M YieI(;ed I\l/.lJItimz:\teg %
Dimensions Dimensions Stress * Stress Elongation
Rafter
Top Flange " x 8" x 26'3 1/," 0.245" x 8" x 26' 2" 56.1 ksi 68.4 ksi 24.0 %
Web 1, 0.251" 67.6 ksi 77.8 ksi 21.5%
Bottom Flange] 3 x 8" x 19'6 /" | 0.363" x 8" x 19' 7'/," 59.2 ksi 77.6 ksi 22.0 %
End Plate 3, x 8" x 412" 0.765" x 8" x 50" 55.7 ksi 84.7 ksi 24.5%
Column
Top Flange] U x 8" x 19'7 V' | 0.245" x 8" x 19'6 ¥," 55.0 ksi 68.1 ksi 24.0 %
Web 1, 0.250" 67.0 ksi 78.6 ksi 21.5%
Bottom Flange] Y x 8" x 16' 10" 0362" x 8" x 16' 11" 59.3 ksi 78.8 ksi 22.0 %
End Plate 3, x 8" x 412" 0.764" x 8" x 50" 55.7 ksi 84.7 ksi 24.5%
* Nominal Yield Stress = 50 ksi
—28.000" —
2.993" —0.245"
|
012" 4.767"
9.011" e/ @
13.010" 3.999"
oo
3.999"
oo
50.000"
oo
tr=10.764" —
)
D hoie=0.845" /] bl e
dv=0.750"
_

0.362"

FigureC.2 Average Measured Connection Details for Test F3-3 /4-3/4-50
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Moment (kip-ft)

1000

900 -
Predicted Connection Failure Moment = 811 kip-ft
goo 4
Note: Connection did not
700 | |fail. Specimen failed by
Lateral-Torsional Buckling.
600 7 M. =552 kip-ft
500 A
400 -
300 A
200 -
100 Chord Deflection
—o— Experimental Data
— Theoretical Model
O T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Chord Deflection (in)

Figure C.3 Applied Moment vs. Chord Deflection for Test F3->/4-*/4-50

120



1000

900 -
Predicted Connection Failure Moment = 811 kip-ft
] 0 .
700 -
=
&, 600
g
= 500
Q
5 400 -
=
300 ~
200 - Note: Connection did not
fail. Specimen failed by
100 - Lateral-Torsional Buckling.
O I I I I
0.00 0.01 0.02 0.03 0.04 0.05 0.06
Plate Separation (in)
Figure C.4 Applied Moment vs. Plate Separation for Test F3-*/4-*/4-50
45
40 | Bolt Proof Load = 39.8 kips
237 ol
8 -
S 2ol
= |
5307 A‘M@g ‘3
;M y—o—>__W—o—o—°"_ ~ __________________________|
/ Bolt Pretension Load = 28 kips
25 &
—-Bolt 10 - Bolt 11 -=- Bolt 12
20 I I I I I I I I I
0 100 200 300 400 500 600 700 800 900 1000

Moment (kip-ft)

Figure C.5 Bolt Force vs. Applied Moment for Test F3-*/4-*/4-50
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a) Web Buckling of Column (near connection)

b) Connection Subsequent to Testing
(Note: No significant yielding or plate separation is visible.)

FigureC.6 F3-*/,-3/4,-50 at end of Test
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APPENDIX D

F4-"1g-31,-67 KNEE TEST RESULTS

123



TEST NAME: F4-7/¢-3/,-67
TEST DATE: November 30, 1999

CONNECTION DESCRIPTION

NOMINAL YIELD STRESS 50 ksi
NUMBER OF TENSION BOLTS 8
NUMBER OF STITCH BOLTS 2
NUMBER OF COMPRESSION BOLTS 4
NOMINAL GAGE 3.51n.
NOMINAL PITCH 4 in.
NOMINAL END PLATE WIDTH 8 in.
NOMINAL END PLATE LENGTH 67 in.
NOMINAL END PLATE THICKNESS 0.75 in.
BOLT DATA
BOLT DIAMETER 7/8 in.
BOLT TYPE A325
BOLT PRETENSION 39 kips

COLUMN DATA

NOMINAL FLANGE WIDTH 8 in.
NOMINAL TOP FLANGE THICKNESS 0.375 in.
NOMINAL BOTTOM FLANGE THICKNESS 0.750 in.
NOMINAL WEB THICKNESS 0.3125 in.

RAFTER DATA

NOMINAL FLANGE WIDTH 8 in.

NOMINAL TOP FLANGE THICKNESS 0.375 in.
NOMINAL BOTTOM FLANGE THICKNESS 0.750 in.
NOMINAL WEB THICKNESS 0.250 in.

EXPERIMENTAL

FAILURE LOAD 84.6 kips
MAXIMUM APPLIED END-PLATE MOMENT 1160 kip-ft
FAILURE LOCATION Rafter Web
FAILURE MODE Local web buckling

PREDICTED CONNECTION FAILURE MOMENT 1465 kip-ft
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TEST NAME: F4-7/5-3/4-67
TEST DATE: November 30, 1999

DISCUSSION

The bolts in the two outermost tension rows were not fully tightened to the minimum bolt

tension, but to an amount that could be safely attained with the equipment available.

The data acquisition system was zeroed, except for the bolt channels, and the test was
started. The specimen was loaded at 5 kip intervals. At 70 kips, yielding was visible on
the inner tension flange of the column and the rafter. At 80 kips, there was a general
increase in yielding along the tension flange as well as initial yielding along the outer
compression flange of the rafter. At 83 kips, yielding was visible adjacent to the web
stiffener on the compression side of the rafter web. The specimen resisted a maximum
load of 85 kips. Load continued to be applied. At a deflection of 4.7 in, a lateral brace
failed and the specimen failed. Failure occurred by local web buckling. During testing,
there was an increase in bolt strains in the three outermost bolts. Upon unloading, the
three innermost tension bolts returned to their initial readings. Two of the outermost
tension bolts decreased in strain upon unloading, while the outermost tension bolt
showed some slight permanent strain. The theoretical and measured deflections

correlated for this test.
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TableD.1 Geometric Dimensions and Material Properties for Test F4-7/g-3/4-67

Nominal Specimen Measured Specimen M YieI(;ed l\(IJItim;teed %
Dimensions Dimensions . Elongation
Stress Stress
Rafter
Top Flange 3/8.. x 8" x 30' 10 1/8,, 0381" x 8" x 30' 9 3/4,, 61.0 ksi 91.3 ksi 23.0 %
Web 0.250" 0.245" 52.0 ksi 68.7 ksi 23.0 %
Bottom Flange] 3,0 x 8" x 233 1/q" 0.746" x 8" x 23' 1 /," 55.0 ksi 82.0 ksi 28.0 %
End Plate 3, x 8" x 57" 0.747" x 8" x 5' 7" 55.0 ksi 84.8 ksi 25.5%
Column
Top Flange 3 x 8" x 19'6 5y 0.384" x 8" x 19'6 /" 61.0 ksi 91.3 ksi 23.0%
Web 03125" 0.325" 52.0 ksi **| 68.7 ksi ** | 23.0 % **
Bottom Flange] 3, % 8" x 16'0 %y 0.746" x 8" x 16'/," 56.2 ksi 85.5 ksi 24.0 %
End Plate 3, x 8" x 57" 0.748" x 8" x5'6 /" 55.0 ksi 84.8 ksi 25.5%

* Nominal Yield Stress = 50 ksi
** Assummed to be the same as those for the rafter web. No coupons were pulled from the column web.

66.938"

000"
% r0.382"
5.989" 5607
9.990"
13,9917 [ K J
. 40 "
17.992"
[ 7K J
4.001"
[ 9K J
4.001"
o/ | |
tp = 0.748" |
[ 7K J
thlc: 0926"
d=0.875"
Y
[ 29K J
(ZZ7ZAN7 77 A
|
of,:oo"J

FigureD.2 Average Measured Connection Details for Test F4-7/g-3/4-67
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Figure D.3 Applied Moment vs. Chord Deflection for Test F4-7/g-3/4-67
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Figure D.4 Applied Moment vs. Plate Separation for Test F4-/3-*/4-67
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Figure D.5 Bolt Force vs. Applied Moment for Test F4-'/g-*/4-67
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a) Web Buckling of Rafter

¢) Yielding of Rafter Flange

FigureD.6 F4-7/5-3/4,-67 at end of Test
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APPENDIX E

F5-1Y,-3/,-84 KNEE TEST RESULTS
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TEST NAME: F5-1'/,-3/,-84
TEST DATE: March 22, 2000

CONNECTION DESCRIPTION

NOMINAL YIELD STRESS 50 ksi
NUMBER OF TENSION BOLTS 10
NUMBER OF STITCH BOLTS 2
NUMBER OF COMPRESSION BOLTS 6
NOMINAL GAGE 4.5 1n
NOMINAL PITCH 4 in
NOMINAL END PLATE WIDTH 12 in
NOMINAL END PLATE LENGTH 84 in
NOMINAL END PLATE THICKNESS 0.75 in
BOLT DATA
BOLT DIAMETER 1 1/4in
BOLT TYPE A325
BOLT PRETENSION 71 kips

COLUMN DATA

NOMINAL FLANGE WIDTH 12 in
NOMINAL TOP FLANGE THICKNESS 0.51n
NOMINAL BOTTOM FLANGE THICKNESS l in
NOMINAL WEB THICKNESS 0.375 in

RAFTER DATA

NOMINAL FLANGE WIDTH 12 in
NOMINAL TOP FLANGE THICKNESS 0.5 in
NOMINAL BOTTOM FLANGE THICKNESS lin
NOMINAL WEB THICKNESS 0.3125 in

EXPERIMENTAL (All values are for an end-plate connection with three rows of
tension bolts. See Cycle 4 in attached discussion.)

FAILURE LOAD 196.5 kips
MAXIMUM APPLIED END-PLATE MOMENT 2529 kip-ft
FAILURE LOCATION End Plates

End plate yielding with
high bolt strains
PREDICTED CONNECTION FAILURE MOMENT 2005 kip-ft

FAILURE MODE
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TEST NAME: F5-1'/,-3/,-84
TEST DATE: March 22, 2000

DISCUSSION

The test was divided into four cycles, each one using a different bolt pattern. The bolts in
the outermost tension row were not fully tightened to the minimum bolt tension, but to an

amount that could be safely attained with the equipment available.

CYCLE 1 (18 BOLTS)

The first cycle was run using all 18 bolts. The data acquisition system

was zeroed, except for the bolt and the web strain gage channels, and the

test was started. At approximately 170 kips, some yielding was visible on
the rafter web in the tension area. The specimen was loaded to 200 kips
and then unloaded. The two outermost tension bolts experienced an o o
increase in bolt strains. Upon unloading, the strains returned to their
original values. All of the strain gages on the rafter web exceeded the

yield strain. The specimen was slightly more flexible than the theoretical

deflection predicted.
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TEST NAME: F5-1'/,-3/,-84
TEST DATE: March 22, 2000

DISCUSSION CON'T

CYCLE 2 (14 BOLTS)

The four innermost tension bolts were removed prior to beginning Cycle
#2, leaving six bolts on the tension side of the end plate, six bolts on the
compression side, and two stitch bolts. The load cell and the displacement
transducers were zeroed and the test was started. Readings were taken at
10 kip intervals. At 170 kips, there were signs of yielding on both the
rafter and the column webs adjacent to the stitch bolts. There was also an
increase in yielding on the rafter web near the tension bolts. The
specimen was again loaded to 200 kips without failure and then unloaded.
There was a significant increase in the two outermost tension bolts. Upon
unloading, these bolts returned to their initial strain readings (no
permanent deformation). The remaining bolts experienced a smaller
increase in bolt strain. However, upon unloading, the two center tension
bolts returned to their original strains while the two innermost tension
bolts decreased in strain. As before, the web strain gages indicated that
the web strain had well exceeded the yield strain. The theoretical and

measured deflections correlated for this cycle.
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TEST NAME: F5-1'/,-%/,-84
TEST DATE: March 22, 2000

DISCUSSION CON'T

CYCLE 3 (12 BOLTS))

The two stitch bolts were removed prior to beginning Cycle #3. The load
cell and the displacement transducers were zeroed and the test was started.
At 190 kips, yielding was visible on the outside face of the compression
flange of the rafter. There was also significant plate separation
(approximately 1'/, in) between the tension side of the end plates. The
specimen was loaded to 200 kips without failure and then unloaded.
There were increased bolt strains in all bolts, with permanent strain
resulting in four of the six tension bolts (Bolt #34, Bolt #35, Bolt #38,
Bolt #39). As before, the web strain gages indicated that the web strain
had well exceeded the yield strain. The theoretical and measured

deflections correlated for this cycle.
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TEST NAME: F5-1'/,-%/,-84
TEST DATE: March 22, 2000

DISCUSSION CON'T

CYCLE4 (8 BOLTS)

For Cycle #4, four bolts were removed from the compression side, leaving
six bolts in tension and two bolts in compression. The load cell and the
displacement transducers were zeroed, and the test was started. At 170
kips, the tension flange of the rafter was warped (buckled) a few inches
away from the end plate connection. There were very large plate
separations and very high bolt strains in the two outermost tension bolts.
It appeared as if the two top bolts were taking all of the load applied. The
test was stopped at 196.5 kips. All of the bolt gages indicated high bolt
strains and some permanent deformation. The two outermost tension bolts
developed the highest strains, with the two innermost tension bolts
producing the next highest strains. Strain increase in the two center
tension bolts was significantly lower than the other four. As before, the
web strain gages indicated that the web strain had well exceeded the yield

strain. The theoretical and measured deflections correlated for this cycle.

136

O 0 e e e

O 0O e e e




18-"/Y/, 1-G.4 1S9, 10J SUOISUAWII(] [EUIWON USWIAAS T'38.NnbI-

f SUI'T 9dUBIR3]) WONOg
4
W Tl ud @,z
T ud @,z ! w
SUO1)EO0] o 1
Suroerg 9210, jo durp I y \*
aueyg - suoneoo]
uorssardwo)) e ,_w €1 Suroeig
o3uey]
uorssardwo))
WL XTI
we L
8 01
g
AL8TT = WIY JUSWO
Ao Lxal
4 TX.Tl
LS L
el T I
01
T c
WS
081 I
o1 40 .0
6 01
01
our douered]) dog,
EIE)

137



Table E.1 Geometric Dimensions and Material Properties for Test F5-1 1/4-3/4-84

Nominal Specimen M easu_red S_peci men M ?Selljéed '\il”et?;];teg % _
Dimensions Dimensions Stress * Stress Elongation
Rafter
Top Flange 1/2,, X 12" x 42'3 15/16,, 0.507" x 12" x 42' 6" 57.1 ksi 81.4 ksi 25.0%
Web 5" 0.305" 47.1ksi | 67.0 ksi 29.5%
Bottom Flange] 1"x 12" x30'10 %" | 1.014"x 12" x 30' 11" 56.1 ksi 84.1 ksi 27.0 %
End Plate] Y x 12" x 7 0.767" x 12 ;" x 7' 55.6ksi | 84.3ksi 25.0%
Column
Top Flange Uk 12" x 175 %" | 0.506" x 12" x 17' 6" 57.9 ksi 81.4 ksi 25.0%
Web 3 0.368" 50.4 ksi 69 ksi 24.0 %
Bottom Flange] 1" x 12" x 13'3 3/, 1.013"x 12" x 13' 6" 55.4 ksi 84.0 ksi 27.0 %
End Plate] Y x 12" x 7 0.769" x 12" x 7' 55.6ksi | 84.3ksi 25.0%
*  Nominal Yield Stress = 50 ksi
120317
e

le=1.301"
b= 1.250"

tp=0.768" ————

7.996" 7.490"
11.993"
.990"

L

84.0(

I
1.013”J

FigureE.2 Average Measured Connection Details for Test F5-1 1/4-3/4-84
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Figure E.3 Applied Moment vs. Chord Deflection for Cycle 1 in Test F5-1 1/4-3/4-84
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Figure E.4 Applied Moment vs. Plate Separation for Cycle 1 in Test F5-1'/4-"/4-84

140 || = Bolt34 —Bolt35 -Bolt36 -+ Bolt37 ——Bolt38
—— Bolt 39 ——Bolt 40 -+ Bolt 41
120 Bolt Proof Load = 1104kips |

—~ 100 ~
=
i)
B e Bolt Pretension Load _
< = 71.0kips
% 60
s i

40 e §

20

0 I I I I I I I \74%7
0 500 1000 1500 2000 2500 3000 3500 4000

Moment (kip-ft)

Figure E.5 Bolt Force vs. Applied Moment for Cycle 1 in Test F5-1'/4-*/4-84
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Figure E.6 Applied Moment vs. Web Strain for Cycle 1 in Test F5-1'/4-"/4-84
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Figure E.7 Strain Gage Locations for Test F5-1 1/4-3/4-84
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Figure E.8 Applied Moment vs. Chord Deflection for Cycle 2 in Test F5-1 1/4-3/4-84
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Figure E.9 Applied Moment vs. Plate Separation for Cycle 2 in Test F5-1'/4-"/4-84
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Figure E.10 Bolt Force vs. Applied Moment for Cycle 2 in Test F5-1'/4-"/4-84
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Figure E.11 Applied Moment vs. Web Strain for Cycle 2 in Test F5-1'/,-*/,-84
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Figure E.12 Strain Gage Locations for Cycle 2 in Test F5-1 1/4-3/4-84
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Figure E.13 Applied Moment vs. Chord Deflection for Cycle 3 in Test F5-1 1/4-3/4-84
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Figure E.14 Applied Moment vs. Plate Separation for Cycle 3 in Test F5-1'/,-*/,-84
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Figure E.15 Bolt Force vs. Applied Moment for Cycle 3 in Test F5-1'/4-"/4-84
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Figure E.17 Strain Gage Locations for Cycle 3 in Test F5-1 14-3/4-84
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Figure E.18 Applied Moment vs. Chord Deflection for Cycle 4 in Test F5-1 1/4-3/4-84
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Figure E.19 Applied Moment vs. Plate Separation for Cycle 4 in Test F5-1'/,-*/,-84
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Figure E.20 Bolt Force vs. Applied Moment for Cycle 4 in Test F5-1'/4-"/4-84
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Figure E.22 Strain Gage Locations for Cycle 4 in Test F5-1 1/4-3/4-84
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a) Yielding of Column and Rafter End-Plate

b) Yielding of Web on Tension Side

Figure E.23 F5-1 1/,-3/,-84 at end of Test
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APPENDIX F

F55-1%,-%,-84 KNEE TEST RESULTS
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F5S-1'/,-/,-84
March 8, 2000

TEST NAME:
TEST DATE:

CONNECTION DESCRIPTION

NOMINAL YIELD STRESS 50 ksi
NUMBER OF TENSION BOLTS 10
NUMBER OF STITCH BOLTS 2
NUMBER OF COMPRESSION BOLTS 6
NOMINAL GAGE 4.5 in
NOMINAL PITCH (see end plate drawing) 4in/5in
NOMINAL END PLATE WIDTH 12 in
NOMINAL END PLATE LENGTH 84 in
NOMINAL END PLATE THICKNESS 0.75 in
BOLT DATA
BOLT DIAMETER 1 1/4in
BOLT TYPE A325
BOLT PRETENSION 71 kips
COLUMN DATA
NOMINAL FLANGE WIDTH 12 in
NOMINAL TOP FLANGE THICKNESS 0.51n
NOMINAL BOTTOM FLANGE THICKNESS l in
NOMINAL WEB THICKNESS 0.375 in
RAFTER DATA
NOMINAL FLANGE WIDTH 12 in
NOMINAL TOP FLANGE THICKNESS 0.51n
NOMINAL BOTTOM FLANGE THICKNESS lin
NOMINAL WEB THICKNESS 0.3125 in

EXPERIMENTAL (All values are for an end-plate connection with two rows of
tension bolts and a stiffener outside the bolt rows. See Cycle 5 in attached discussion.)

FAILURE LOAD 202.5 kips

MAXIMUM APPLIED END-PLATE MOMENT 2606 kip-ft

FAILURE LOCATION End Plates

FAILURE MODE Epd plate yle!dlng with
high bolt strains

PREDICTED CONNECTION FAILURE MOMENT
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TEST NAME: F5S-1'/,-/,-84
TEST DATE: March 8, 2000

DISCUSSION

The test was divided into five cycles, using four different bolt patterns. The bolts in the
two outermost tension rows were not fully tightened to the minimum bolt tension, but to

an amount that could be safely attained with the equipment available.

CYCLE1 & 2(18 BOLTS)

The first two cycles were run using all 18 bolts. The data acquisition

system was zeroed, except for the bolts and the web strain gage channels,

and the test was started. At approximately 160 kips, some yielding was

visible under the rafter compression flange. At 180 kips, yield lines had

formed around the upper web stiffeners on the rafter web. The specimen
was then loaded to 190 kips. The load was removed to adjust the

hydraulic pump. For the second cycle, the specimen was loaded to 200

e o
kips. No failure occurred. The specimen was then unloaded. During
cycles one and two, bolt strains increased, with the top two tension bolts
having the largest strain increase. Upon unloading, all bolt strains

o °

returned to their initial readings (no permanent deformation). The

theoretical and measured chord chord deflection correlated for Cycle # 1.
For Cycle #2, the measured chord deflection indicated that the specimen

was slightly stiffer than the theoretical deflection predicted.
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TEST NAME: F5S-1'/,-/,-84
TEST DATE: March 8, 2000

DISCUSSION CON'T

CYCLE 3 (14 BOLTS)

The four innermost tension bolts were removed prior to beginning Cycle
#3, leaving six bolts on the tension side of the end plate, six bolts on the
compression side, and the two stitch bolts. The data acquisition system
was zeroed, except for the bolt channels, and the test was started. There
was a slight increase in the web yielding of the rafter. The specimen was
loaded up to 200 kips without failure and then unloaded. There was an
increase in all bolt strains, with the top two tension bolts having the
largest strain increase. Upon unloading, all bolt strains returned to their
initial readings (no permanent deformation). The measured chord
deflection indicated that the specimen was stiffer than the theoretical

deflection predicted.
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TEST NAME: F5S-1'/,-/,-84
TEST DATE: March 8, 2000

DISCUSSION CON'T

CYCLE 4 (12 BOLTS)

The two more bolts were removed from the tension flange leaving four
bolts in tension, six bolts in compression, and two stitch bolts. The data
acquisition system was zeroed, except for the bolt channels, and the test
was started. There was more substantial yielding of the column and rafter
webs and also some end-plate separation. At 200 kips, the specimen had
not reached failure and was unloaded. Bolt strains increased significantly
during this cycle with some permanent strain remaining. The measured
chord deflection indicated that the specimen was slightly stiffer than the

theoretical deflection predicted.
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TEST NAME: F5S-1'/,-3/,-84
TEST DATE: March 8, 2000

DISCUSSION CON'T

CYCLE5 (6 BOLTS)

The two stitch bolts were removed as well as four compression bolts and
the two innermost tension bolts. The data acquisition system was zeroed,
and the test was started. It was apparent that the stitch bolts and the
compression bolts were producing a substantial amount of the end-plate
clamping force even when the specimen was unloaded. At 200 kips, there
was severe web yielding and end-plate separation. Bolt forces were also
very high. As soon as load was applied, it would gradually drop off.
Finally, while increasing the load, one of the lateral braces failed and the
specimen failed laterally. As expected, the bolt strains were high for this
cycle and produced permanent strain in the specimen. The theoretical and

measured deflections correlated for this cycle.
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TableF.1 Geometric Dimensions and Material Properties for Test F5S-1 1/4-3/4-84

Nominal Specimen | Measured Specimen M YieI(;ed I\illltim;teg %
Dimensions Dimensions Siress * Stress Elongation
Rafter
Top Flange 1/2,, X 12" x 42'3 15/16,. 0.506" x 12" x 42' 6 1/2,, 56.0 ksi 80.6 ksi 26.0 %
Web 5" 0.309" 46.0 ksi | 66.3 ksi 27.5%
Bottom Flange] 1"x 12" x30' 10 ¥/, | 1.012" x 12" x 30" 11'/," 55.6ksi | 84.3 ksi 25.8%
End Plate 3, x 12" x 7 0.775" x 12" x 7' */;¢" 552 ksi | 83.3 ksi 26.0 %
Column
Top Flange k12" x 17'5 %" | 0.506" x 12" x 17'7 /" 56.6 ksi | 80.8 ksi 27.0 %
Web 3" 0.369" 49.2 ksi | 68.3 ksi 26.0 %
Bottom Flange] 1"x 12" x 1333, | 1.013" x 12" x 13'5 1/," 56.1ksi | 84.7 ksi 27.0 %
End Plate Y 12" x 7 0.774" x 12" x 7' 552 ksi | 83.3 ksi 26.0 %
* Nominal Yield Stress = 50 ksi
—12.000"—
. 3§.;0J21" 7.520"
oy e j -
e
[ BN J
[ /N J
[ YN ]
t=0.774"——— 84.125"

Dhote=1.301"
ds = 1.250" \

AN

Eooo

1.01 2"J

FigureF.2 Average Measured Connection Details for Test F5S-1 1,-/,-84
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Figure F.3 Applied Moment vs. Chord Deflection for Cycle 1 in Test F5S-1'/,-*/4-84
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Figure F.4 Applied Moment vs. Plate Separation for Cycle 1 in Test F5S-1'/,-*/,-84
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Figure F.5 Bolt Force vs. Applied Moment for Cycle 1 in Test F5S-1'/4-"/4-84
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FigureF.6 Applied Moment vs. Chord Deflection for Cycle 2 in Test F5S-1'/,-*/4-84
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Figure F.7 Applied Moment vs. Plate Separation for Cycle 2 in Test F5S-1'/,-*/,-84
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Figure F.8 Bolt Force vs. Applied Moment for Cycle 2 in Test F5S-1'/4-"/4-84
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FigureF.9 Applied Moment vs. Chord Deflection for Cycle 3 in Test F5S-1'/,-*/4-84
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Figure F.10 Applied Moment vs. Plate Separation for Cycle 3 in Test F5S-1'/4-"/4-84
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Figure F.11 Bolt Force vs. Applied Moment for Cycle 3 in Test F5S-1'/,-*/,-84
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Figure F.12 Applied Moment vs. Chord Deflection for Cycle 4 in Test F5S-1 1/4-3/4-84
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Figure F.13 Applied Moment vs. Plate Separation for Cycle 4 in Test F5S-1'/4-"/4-84
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Figure F.14 Bolt Force vs. Applied Moment for Cycle 4 in Test F5S-1'/,-*/,-84
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FigureF.15 Applied Moment vs. Chord Deflection for Cycle 5 in Test F5S-1'/4-"/4-84
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Figure F.16 Applied Moment vs. Plate Separation for Cycle 5 in Test F5S-1'/4-"/4-84
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Figure F.17 Bolt Force vs. Applied Moment for Cycle 5 in Test F5S-1'/,-*/,-84
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R LN

a) Yielding of Column and Rafter Web

¢) Yielding of Rafter Flange

Figure F.18 F5S-1'/4-/4-84 at end of Test
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APPENDIX G

MREY,;-1%,-1-70%, GIRDER TEST RESULTS
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MRE'/;-1'/,-1-70'/,
January 25, 2000

TEST NAME:
TEST DATE:

CONNECTION DESCRIPTION

FAILURE LOCATION
FAILURE MODE
PREDICTED CONNECTION FAILURE MOMENT

172

NOMINAL YIELD STRESS 50 ksi
NUMBER OF TENSION BOLTS 10
NUMBER OF STITCH BOLTS 2
NUMBER OF COMPRESSION BOLTS 10
NOMINAL GAGE 4.5 in.
NOMINAL PITCH 4 in.
NOMINAL END PLATE WIDTH 12 in.
NOMINAL END PLATE LENGTH 70.5 in.
NOMINAL END PLATE THICKNESS 1.0 in.
BOLT DATA
BOLT DIAMETER 1 1/4 in.
BOLT TYPE A325
BOLT PRETENSION 71 kips
PLATE GIRDER DATA
NOMINAL FLANGE WIDTH 12 in.
NOMINAL TOP FLANGE THICKNESS 0.750 in.
NOMINAL BOTTOM FLANGE THICKNESS 0.750 in.
NOMINAL WEB THICKNESS 0.375 in.
EXPERIMENTAL
MAXIMUM APPLIED LOAD 265 kips
MAXIMUM APPLIED END-PLATE MOMENT 3044 kip-ft

Specimen did not fail
Specimen did not fail
3399 kip-ft



TEST NAME: MRE'/;-1'/,-1-70'/,
TEST DATE: January 25, 2000

DISCUSSION

Before testing, the data acquisition system was zeroed, except for the bolt and web strain
gage channels. The load was applied at 10 kip intervals. The bolt strains did not increase
until the load reached approximately 100 kips. After that point, the two outermost
tension bolts steadily increased in strain with load. The theoretical deflection correlated
with the actual deflection up to a load of 50 kips, after which the actual deflection slowly
deviated away from the theoretical with load (the specimen lost stiffness). At
approximately 140 kips, the web strain gage readings exceeded the yield strain.  After
200 kips, there was a steady increase in plate separation. Yielding was visible on both
end plates around the tension bolts. There was also slight yielding visible along the top
flange, particularly near the connection. The specimen reached a maximum load of 265
kips, at which the strain in Bolt #23 was approximately 15,000 microstrains. The
specimen was then unloaded. The specimen did not reach failure. The specimen strength

exceeded the capacity of the test setup.
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Table G.1 Geometric Dimensions and Material Properties for Test MRE1/4-1 1/4-1-701/2

M easured| M easur ed

. . . 0
Nomlnal Speumen Measu_red Speumen vield Ultimate ) .
Dimensions Dimensions " Elongation
Stress Stress
Plate Girder A
Top Flange 0.375" x 60" x 19" 11 1/,4" Hok ok Hok

" x 60" x 19" 11"

kk ksk Kk
Webl 3 127 x 19711 | 0.773" x 12" x 19 11 13"

sk sk *%

Bottom Flange| 3/ w 15w 190117 | 0.780" x 12" x 19" 11 /"

End Plate 1"x 12" x 5'10 '/," 1.018" x 12" x 5' 10 ;" 549 ksi | 85.4 ksi 26.0 %
Plate Girder B
TOp Flange 3/8,, X 60" x 19' 11" 0.375" x 60 1/16" x19'10 15/16" sk *% sk
Web sk sk sk

M x12"x 19 11" | 0.773" x 12" x 19' 10 ¥/,4"

*k sk *k

Bottom Flange 3/ w 15wy 19117 | 0.774" x 12" x 19' 10 '5/,"

End Plate 549%ksi | 85.4ksi 26.0 %

1"x 12" x 5'10 '/," 1.025" x 12" x 5' 10 %"

* Nominal Yield Stress = 50 ksi

** No coupons were tested from this specimen

——12.000"——
" 2.269"
‘ 4.4}51 3 ‘ %21&0
2.824" 304970775
688" | @@ o
10.832" 4.004
14.836" L R7R [
4.004
[ 29N J r
4,004
[ BZK J .
t,=1.021" 2
e/ e 61.661"
[ BZK J
Ohote = 1.302"
dv=1.250" e/ e
Selle
[ 27K J
—0.775"
e o

FigureG.2 Average Measured Connection Details for Test MRE1/4-1 1/4-1-701/2
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Figure G.3 Applied Moment vs. Average Vertical Deflection at the Load Points for
Test MRE'/4-1'/4-1-70'/
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Figure G.5 Bolt Force vs. Applied Moment for Test MRE1/4-1 1/4-1-701/2
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Figure G.7 Strain Gage Locations for Test MRE1/4-1 1/4-1-701/2
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d) Yielding of End-Plate
(Note: Chalk was used to outline where yielding has occurred.)

Figure G.8 MRE'/4-1'/4-1-70'/, at end of Test
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