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ABSTRACT

The purpose of the investigation has been to use the
moment-rotation relationships developed from a studv that has
been undertaken at the University of South Carolina to formulate
design aids which may be applicable to the direct utilization of
semi-rigid connections in building systems. Several series of
moment-rotation (M-@) curves have been generated herein for
connections of varving stiffness, within reasonable limits of
extrapolation bevond the connections studied experimentally.

A procedure has been demonstrated for the design of a beam
which utilizes semi-rigid connections attached to non-rotating
supports. The overload capacity of this beam was then compared
to the overload capacity of a beam which utilized fully rigid
connections. A procedure has also been developed for a
preliminarv selection of member and connection sizes for a single
story, single bay €frame utilizing semi-rigid connections. A
comparison was made between this frame and a frame which contains
fully rigid connections. Both frames consisted of the same
members and same loading. Limit state analvses were performed
for both frames to obtain a measure of the overload capacity
associated with each frame.

As an alternative to using the complete M-3 curve of a
connection in determining the response of the beam and of the
frame studied herein, an aoproach which utilized only the initial

stiffness of the connection in the analyses was also considered,
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To predict the initial stiffness of the semi-rigid connections, a
revised initial slope (RIS) for the M-@ curves of the connections
was developed. For the example beam, the connection moment
predicted by the RIS was considerably greater than the connection
moment predicted bv the complete M-} curve., Conversely, for the
example frame used in this paper, the RIS gives a very close
approximation to the behavior of the connections predicted by the
complete M=) curve, at least up to and including service load

conditions,
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A PROCEDURE FOR THE PRELIMINARY DESIGN OF BUILDING STRUCTURES

USING SEMI-RIGID BEAM~-COLUMN CONNECTIONS

I. INTRODUCTION

The American Institute of Steel Construction endorses the
use of Type 2 construction in building design. 11 The
beam-column connections are considered, for design purposes, to
behave flexibly under gravity loading, and are required to
develop only enough moment capacity to provide resistance to
lateral forces. It is evident, however, that such framing
systems may be approoriately considered as being comprised of
"semi-rigid™ connections, which continuously transfer both shear
and moment as loading progresses. Semi-rigid, or AISC Type 3
construction is not commonly used for design, however, because of
the complexity of the non-linear frame analyses required of such
systems, and the need to cquantify the static and repeated- load
behavior of the semi-rigid beam-column connections.

A program has been undertaken at the University of South
Carolina, sponsored in part by the National Science Foundation,
to investigate the static and cyclic moment-rotation
characteristics of semi-rigid connections consisting of bolted
top and bottom beam flange angles together with standard bolted
web angles, The obiectives of this investigation have been to
experimentally determine the effect of varying the top and seat
angle stiffness on the static response of the connections, and to

obtain a measure of their hysteretic enerav apsorption under



controlled displacement cyclic loadings.

T™he results, to date, are presented in a report to the
National Science Foundation. [2] To determine static
moment-rotation behavior, eleven specimens, utilizing 8 in. and
14 in. deep beams and various sizes of flange and web angles,
were subiected to static *loading. Details of the test
connections, and a schematic of the test setup are shown in Figs.
1.1-1.3 respectively. The tests enabled the identification of
the significant material and geometric parameters required to
formulate analytical models of the non-linear static connection
response.

Several analytical models have been proposed to establish
the initial stiffness of the type of semi-rigid connection
considered in this investigation. Comparisons of the predicted
stiffnesses with the experimental data from the static test
investigation are presented in the NSF report. Further, using
the results of the parametric study, a semi-empirical analytical
medel was developed to generate complete non-linear
moment-rotation curves for the connections. This model has
offered the greatest immediate promise as a practical means of
describing the non-linear static response of the semi-rigid
connections, Additionally, computer programs are available which
apply the analvtical moment-rotation descriptions of the
semi-rigid connections to the analysis of complete structural

frameworks.



IT. MOMENT-ROTATION CURVES AND PREDICTED INITIAL STIFFNESS

FOR THE SEMI-RIGID CONNECTION

The obiect of the current investigation has been to use the
moment-rotation relationships developed from the study described
above to formulate design aids which may be applicable to the
direct utilization of semi-rigid connections in building systems.
Several series of moment-rotation curves have been generated for
connections of wvarying stiffness, within reasonable limits of
extrapolation bevond the connections studied experimentally, and
used to frame beams of varying deoth, Moment-rotation curves,
for beams ranging in depth from 8 in, to 16 in.,, are presented
in Appendix A, For each beam depth, curves are plotted for
connections with flange angles of varying thickness and gage (in
the leg of the angle mounted to the supporting column). This was
completed for the 8 in., 10 in., 12 in.,, 14 in., and 16 in. deep
beams, using flange angle gages of 2 in., 2-1/4 in., and 2-1/2
in., and angle thicknesses ranging from 5/16 in. to 7/8 in. For
example, Fig. Al0 of Appendix A shows the family of connection
moment-rotation curves for a semi-rigid connection with a flange
angle having a gage of 2-1/2 in. and with angle thicknesses
ranging from 5/16 in. to 7/8 in., to be used to frame a beam
with a depth of 14 inches.

To establish a procedure for the selection of connections of
desired stiffness for a particular structural application, the
following considerations were addressed first, Using the

semi-empirical: moment-rotation relationship which was developed
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in the NSF report, the static moment-rotation (M-@) curve for a
specific connection was plotted. The initial stiffness of the
semi;rigié connection (the initial slope of the semi-empirical
moment-rotation curve) was then superimposed over the complete
non-linear M-@ curve. It must be pointed out that this initial
slope is somewhat larger than the initial slope obtained from the
actual test data. Further information on this can be obtained in
the NSF report, For the 14 in. deep beams, a W14X38 section
with a total length of 20 feet (the specimen examined in the
experimental investigation) was considered., The standard beam
line for the W14X38 section, using the 20 ft, test length and an
allowable stress of 0.AA Fy (24 ksi), was then plotted over the
M-@ curve and initial stiffness 'ine for the connection used to
frame the beam to a stub column in the actual test. In this
test, the top and seat angles were L6X4X3/8 X 0°-8", with a gage
of 2-1/2 in. in the 1leg mounted to the stub column., It was
found that the beam line intersected the non-linear M-Q curve at
a rotation considerably larger than the rotation predicted by the
intersection of the beam line with the 1initial slope line,
Similar results were obtained with the other member sizes and
connection stiffnesses tested in the experimental investigation,
The above check was made to gstablish whether or not the
initial slope 1line for a semi-rigid connection could be used in
place of the full non-linear M-@ curve in the design process,
For the range of member sizes and connection stiffnesses used in

this investigation, it was found that the initial stiffness
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provided unconservative predictions of the connection moment
transfer capabilitv and corresponding beam rotations at working
locad for a beam that is connected to fixed éupports by these
semi-rigid connections.

An additional, analytically predicted linear initial slope,
developed in condjunction with the NSF sponsored study, was next
considered.[3] This slope was generated by modeling the flange
and web angles as segmental beams and comouting their
contributions to the initial connection stiffness. The
assumption was made that elastic analysis is applicable. After
computing the contribution of all elements, these were added,
resulting in a revised prediction for the initial slope of the
moment-rotation curve. This revised initial slope (RIS) closely
predicts the initial slopes of the M-Q curves obtained from the
actual test data, Initial slopes obtained by this procedure have
been calculated for each of the M- curves that are shown in
Appendix A. The values are tabulated in Table 2.1. A copy of
the computer progaram which calculates the RIS and a list of its
inout variables are shown 1in Appendix B. A sample of the

computer input and output data is also shown,

III. BEAM DESIGN EXAMPLE

3.1 Use of the Revised Initial Slooe (RIS)

The next consideration was to design a beam that utilizes

semi-rigid connections .of the ¢type that are examined in this
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curve, and by
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study, and then to analyze this beam bv

3.1a is a
fixed supports.
for a maximum moment of w12/12, the same as the
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a design

A W14X38 section of A26

With the section thus selected,

used to
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of 1297.31n'k, was selected for the beam.

its beam line was thus defined.

intercept of the beam line on the moment axis corresponds to
the fixed-end moment, w12/12, while the rotation axis intercept

corresponds to the simple beam rotation of w13/24EI.[41

select the semi-rigid

a moment of w12/24 at the

3.la, the connection
tc the beam midspan moment of
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through the family of semi-rigid M-Q curves for
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in the flange

thickness of 1/2 1in.

the figqure, this connection comes

capacity of at least w12/24

Note that the actual moment the




connection will develop is 707 in-kipos, corresponding to the
intersection of the beam line with the M-# curve for that
connection.

For the connection selected above, the revised initial slope
(hereinafter Aesignated  "RIS") has a value of 328,700
in-kips/rad, as shown in Table 2.1. The connection moment which
would be indicated if the RIS were used for the predicted
behavior of the connection was compared to the connection moment
oredicted by the M-gd curve. A graoh of these two plots is shown
in Fig. 3.3, where the beam line at service load is drawn over
both plots. As shown in the figure, the connection moment
predicted by the RIS is 1049 in-kips, which is a 48 percent
increase in the moment predicted by the M-@ curve, 707 in-kips.

T™he variation in the connection moment that is predicted by
the RIS 1in a beam with semi-rigid connections attached to fixed
supports suggests the limits within which the RIS can be used in
the analvsis of a frame. The beam that has dust been analyzed is
analagous to a beam that is connected to infinitely stiff columns
in a frame. 1If this were indeed the case, then for this beam and
loading the RIS predicts a moment that is 48 percent greater than
the actual? moment developed at the connection. However, the
other extreme must also be considered,. For example, a
simply-supported beam would be analogous to a beam in a frame
which is connected to columns that are very flexible;
columns that have no stiffness. In this case the moment cavacity

at the connections would be zero, Therefnre it does not make anv
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difference if the behavior of the semi-rigid connection is
predicted by the RIS line or the M-Q@ curve because the moment 1in
the connection will essentially always be zero.

The above two examples of beams in a frame are not realistic
because such members in actual frames are connected to columns
which have a stiffness somewhere between the two extremes,
However, it serves the purpose of suggesting bounds within which
the RIS may be used in place of the full M=Q curve to predict the
behavior of semi-rigid connections in frames at working load.
Later in this paper, an example frame which utilizes semi-rigid
connections will be examined in greater detail, in which the
connection moments predicted by the RIS will be comparef to the

moments predicted by the full M-Q curve,

3.2 Overload Capacitv

For the previous beam design example, utilizing semi-rigid
connections of the type examined in this study, an estimate of
the member "ultimate" or "over-locad" capacity was determined.
That 1is, the factor of safety with respect to collapse (based on
a standard plastic hinging and collapse mechanism approach) was
considered for the beam, From the experimentally determined M-0
curves, it was found that the connection moment continued ¢to
increase well beyond the moment corresponding to working load
conditions, as determined from the beam-line analysis described
earlier, Because the connection M=@ curves did not flatten to a

horizontal slope, an iterative procedure was used to establish a




conservative estimate of the plastic moment capacity of the
connection., The approach used was as follows. A connection
moment 20 percent larger than the working load moment was
selected and used as the available moment at the connection at
the formation of a collapse mechanism for the beam. From the
corresponding collapse 'cad, the beam line at ultimate Jload
(assuming elastic behavior to prevail to the point of plastic
hinge formation) was plotted over the M-gd curve of the
connection. If the intersection of this beam line with the M-g
curve was within 1 or 2 percent of the assumed "plastic"™ moment
of the connection (i,e., moment 20 vpercent larger than the
working load moment), the calculated load was consicdered to be a
reasonable estimate of the overload capacity of the beam. If the
assumed and final moments were not close, the above procedure was
repveated until coincidence was achieved,

For the beam in Fig. 3.la, using the analysis technique
described above, collapse is calculated to occur at an overload
of 1.58 times the service 1load of 2.25 k/ft. The load was
determined as follows. The fully plastic moment for the W14X38
section, Fv.Z, is 36 ksi ¥ 61.5 in> = 221477°K, mhe assumed
connection capacity was taken as 1.2 ¥ 707in-k, or 848.4 07K
Summing these values, the total static beam moment, wlz/s, is
306?.4in-k from which w=3,54 k/ft. The beam line at this
estimated ultimate load was then Arawn over the M-g curve of the
connection, which predicted a connection moment of Bﬁoin_k.

Recause the assumed connection capacitv of 848.4‘n'k did not

1A




equal the capacity predicted by the beam line, an increased
estimated connection capacity of 1.22 X 70710k or ggain-k

was used, This resulted in a ultimate load of 3.56 k/ft. The
beam 1line at this 1load predicted a connection moment of
86410k mnyg collapse was calculated to occur at 3.56 k/ft.
or 1.58 times the 2.25 k/ft service load.

The 3.56 k/ft estimated ultimate load was considered to be
the full overload capacity of the member because the connection
at this point had little reserve capacity, as shown in Fig. 3.4.
(Also, the rotation of the connection would become exceedingly
large upon further load application.) Fig. 3.4 shows the beam
line at the estimated ultimate load together with the beam line
at service load, both of which are plotted over the M- curve of
the connection. The beam line at ultimate load intersects the
M-® curve on that portion of the curve which exhibits a very
small slope (low connection stiffness). Note that in going from
working load to ultimate load the moment in the connection
increases about 22 percent, close to the 20 percent increase used
to generate the trial ultimate load beam line,

The same analvtical orocedure was used *%to calculate the
overload cavacity for several of the beams and semi-rigid
connections studied in the experimental investigation; the
factors of safety with respect to collapse ranged from 1.5 to
1.55. (It should also be noted that, if it were assumed that the
connection had no increase in capacity beyond that at working

load, the corresponding factor of safety for the beams would
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decrease to approximately 1.47).

3.3 Comparison With Fully Fixed Beam

At this point it was thought appropriate to make a
comparison between the example beam, which utilizes semi-rigid
connections, and a beam which utilizes fully rigid connections at
its ends (a fixed-fixed beam), shown in Fig. 3.1b. The same
beam section (W14X38) with a length of 24 feet and a service load
of 2.25 k/ft was used. A comparison between these two beams,
showing the variation in connection moment with an increase in
uniform gravity load, 1is shown in Fig. 3.5. As noted
previously, and shown in the figure, the overload capacity for
the beam with semi-rigid connections is 1.58. For the beam with
rigid connections, first plastic hinge formation occurs at the
ends of the beam at an overload ratio of 1.71. However, total
collapse at this beam does not occur until a third plastic hinge
forms at midspan of the beam, which occurs at a load 2.275 times
the service load. Thus the factors of safety with respect to
collapse for the beam with semi-rigid connections and the beam

with rigid connections are 1.58 and 2.275, respectively,

IV. FRAME DESIGN EXAMPLE

4.1 Procedure for Frame Design

In this phase of the investigation, a procedure was

developed for preliminary selection of member and connection

18




sizes for a framed structure utilizing semi-rigid connections. A
single story, single bay frame with a uniform gravity load was
used., It was decided that, as a first trial, the beam would be
designed for a maximum moment of w12/10, less than the wlz/ﬁ
simple beam gravity locad moment currently used in Type 2
construction. The reasoning for this selection was as follows.
If the beam were framed to infinitely stiff columns, the same
beam could be used with fully rigid connections (support moment =
w12/12; mid-span moment = w12/24) or with semi-rigid
connections that would dJdevelop w12/24 at working load (for
which the beﬁm mid-span moment would be w12/12). However,
using such connections with columns of limited stiffness would
result, at service load, in a transfer of moment from the ends to
the mid-svan of the beam, thereby increasing the moment at that
point above w12/12 (w12/10 estimated).

After selecting a beam section of adequate capacity for the
w12/10 moment, its standard beam line was defined. This beam
line, combined with the estimated required connection stiffness,
was wused to select the appropriate connection details from the
family of semi-rigid connection moment-rotation curves for that
varticular beam depth, as shown in Fig. 4.1. As noted above,
the design moment for the selection of the connection was taken
as w12/24, slightly less than one-half the allowable moment for
the beam ("w12/10).

For a trial selection of the columns, the equivalent axial

load design procedure was used, where the axial load of the
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column was taken to be wl/2 and the maximum moment in the column
as w12/24.

The example frame that was studied is shown 1in Figq. 4.2.
It consisted of a 24 Ft. long W14X38 beam framed to 12 ft. 1long
W8X28 columns., The beam was to carrv a uniform service Jload of
1.88 k/ft. Normally, top and seat angles having a length of 6
inches would be used for framing into the W8X28 column flange.
However, since the experimental program used 8-in. angles to
generate the M-g curves for the W14X38 beam sections, it.was felt
that this combination would be most consistent with the test
data. PFurther, it was found that the length of the top and seat
angles had a relatively minor effect on connection stiffness
compared to the angle thickness and gage. Therefore, the
semi-rigid connections consisted of LAX4X3/8X0'-8" top and seat
angles with a gage of 2-1/4 1in, in the 'leqgq mounted to the
column, and two L4 ¥ 3 1/2 X 1/4 X 0'=-8 1/2" in. web angles,
With all of the trial members and the details of the connection
selected, the frame could now be analyzed. A pfogram developed
in coniunction with the NSF sponsored studv was used for this
analysis. [3] ™e orogram analyzes a plane frame by the
stiffness method, incorvorating the complete non-linear M-g
relationship for the connections used. The oprogram uses an
iterative technicue, the details of which are explained in the
reference.

From this non-linear analysis, it was found that the actual

moment carried by the connection at service load was less than




the trial moment for which it was designed. As noted previously,
the design moment for the selection of the semi-rigid connection
was taken as w12/24, but the analysis showed that it only
developed a moment of w12/32.7. Also, the analysis showed that
the actual beam mid-span moment was w12/10.6 compared to the
wiz/lo originallv assumed, Therefore, selecting a beam section
for a capacity of w12/10 was a good approximation for the

example chosen.

4.2 Comparison of Semi-Rigid Frame with Rigid Frame

4,2.1 Gravity Loading - AISC Specification Regquirements

Using the non-linear analysis program, a comparison was made
between the frame with semi-rigid connections and one utilizing
fully rigid beam=-column connections., (The frame which vutilizes
semi-rigid connections hereafter will be referred to simply as
the "semi-rigid frame.,") The rigid frame consisted of the same
members and the same loading as the semi-rigid frame.

At service load the semi-rigid frame obviously developed
smaller moments at the connection in comparison to the rigid
frame, with its mid-span beam moment being correspondingly
greater than that of the rigid frame. The results showed that,
for the particular frames studied, the semi-rigid frame developed
84,9 percent of the 467.7 in-kips moment of the rigid frame at
the connections, with its beam mid-span moment being 106 percent
of that in the rigid frame (1152.2 1in-kips). The complete

bending moment diagrams at service load for the two frames are




presented in Appendix C, pp. 70 oL T3,

The columns and beams of each frame were then checked by the
provisions of the AISC Specification. Both frames were unbraced
in the plane of loading. For the design check only in-plane
behavior was considered. That 1is, the beams and columns were
assumed to be fully laterallv supported so that the laterally
unbraced 1length of the compression flange of the beams was taken
to be zero, as was the slenderness ratio of the column about the
minor axis (k,1/r,). Only in-plane behavior was considered
to confine the analvsis of each system to a comparison of the
effects of the connection stiffness on the response of the frames
in the nlane of loading.

The rigid frame was checked by the standard procedure
specified by AISC in Part 1. The column effective length factor,
k, was found directly from the alignment chart in the AISC
Commentary. For the semi-rigid frame, the AISC Specification was
used, but adjustments to the k factor were made. [51 This
adiustment takes into account the initial stiffness (RIS) of the
semi-rigid connection, FRowever, the unmodified alignment chart
can usually be used directly for frames with sémi-rigid
connections because the flexibilities of such connections do not
significantlvy reduce the effectiveness of the girder stiffness.
The slight increase in the k factor usually has little effect on
the allowable stress. For the frames in this study, the elastic
k factors for the columns of the rigid frame and those 1in the

frame with semi-rigid connections were 1.80 and 1.88,
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respectively., However, because the in-plane slenderness ratios,
kxl/rx, of the semi-rigid frame and the rigid frame were both
less than Cc the inelastic k values were used, as recommended
by AISC.

The inelastic k factors for the columns in the rigid frame
and the semi-rigid frame were calculated to be 1.75 and 1,82,
respectively., Also, because only the in-plane behavior was

considered, the allowable bending stress, F for the beams and

bx
columns, which are compact sections, was taken as .66 Fv (24 ksi
for the A36 steel). The coefficient, Cmr @pplied to the
bending term in the interaction formula l.6-la of AISC Section
1.6, was taken as .85 for the columns, as specified for an
unbraced frame.

From checks of the appropriate interaction formulas of
Section 1.A, all members of both the rigid frame and the
semi-rigid frame satisfied the requirements. These checks, and
the bending moment dJdiagrams for both frames under the uniform
gravity service load are shown in Appendix C, bp. 70 to 73.

Roth frames, having satisfied the provisions of the AISC
Specification, Part 1, for service load conditions, were then
checked in accordance with the strength requirements (factored
load provisions) of Part 2 of the Specification. Both frames
were subiected to a factored load equal to 1.7 times the service
gravitvy load. The analyses were performed as before (i.e., using

the complete non-linear moment-rotation curve to define the

response of the semi-rigid frame), and the interaction formulas
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of Part 2 checked, Again, both the rigid frame and the
semi-rigid frame passed the Specification requirements. Cm was
taken conservatively as 1.0 for the beams of both frames in
checking formula 2.4-2; for the columns, Cm = 0,85 was used as
in the Part 1 checks. The specification checks, *ogether with
the bending moment diagrams for both frames at factored loads,

are shown in Appendix C, pp. 74 to 75 .

4.2.2 Gravity Loading - Yield, Collapse Analvses

In this part of the study, the behavior of the rigid frame
and of the semi-rigid frame was compared as the gravity loads
were increased beyond +the service 1load conditions, In the
analvses, the condition of initial distress has been defined as
the load at which either the column or the beam +ust begins to
yield (based on an elastic analvsis, and excluding residual
stress consideration). In addition to establishing the 1load at
first distress, limit state analyses were performed for the rigid
and semi-rigid frames to obtain a measure of the overload
capacity associated with each frame,

™o determine the state of first distress and the limit state
cavacity of the two frames, onlv in-plane behavior was
considered, The following set of equations was used to determine
the load at first distress in a particular member of a frame:
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The equations used to estimate the ultimate 1load-carrying

capacity for the members of each frame are as follows:
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First dAistress, and the "imit state strength along the length of
the column are determined by Fquations (1) and (4), resvectively.
First Aistress, and plastic hinge formation are determined bv
Equations (2) and (5), respectively, for the column
cross-section, and by REquations (3) and (6), respectively for the
beam cross-section, Note that FRquations (3) and (6) do not
include the axial load effects on the beam which, for the cases
studied, are relatively small,

In Equations (1) through (6) above, P is the applied axial
load in the column, M® is the maximum moment in the column, and
Mb is the maximum moment in the beam, all of which are directly

related to the external loading. oo is the buckling load
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(inelastic) of the column; P., is the Fuler buckling 1lo0ad of

the column; Mv is the vield moment of the member

cross-section; MD is the fully plastic moment of the member
cross-section; and PY is the oroduct of the vield stress and
the nominal area of the column.

The term Cm reguires further explanation as used in
Bquations 1 and 4 above, When used in Formula 1.f-=la of the AISC
Specification, Cm was taken as .85 for the columns, However,
when the actual behavior of the frames is considered, a more
appropriate value of Cm should be used. For the case in which
only gravity locad is applied, the single story unbraced frames,
whether utilizing rigid or semi-rigid connections, initially
displaces in a manner identical to that of.-a braced frame due to
the symmetrv of the structure and of the 1loading. Bj Therefore,
for this locading condition, °m was taken to be .A - .4 levz,
in which the ratio M,/M, becomes zero because the columns
utilize non-rigid base plate connections,

mable 4,1 presents a list of the values of the various terms
that are used in REquations (1) through (A). Note that the values
and the slenderness ratio Adiffer for the

for P

EX’

column in the semi-rigid frame and the column in the rigid frame,

b -]
‘orx?

T™is is Aue to the dAifference in the inelatic K factors, as
discussed earlier.

The analvses at first distress and at the 1imit state were
verformed for both the rigid frame and the semi-rigid frame for a

uniform gravity locad., The column and beam moment Aiagrams and
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the aooropriate response equations for these analyses are shown
in Appendix D,

For the frame with semi-rigid connections the initial
distress occurs as first yielding at the midspan of the beam at a
load 1.5 ¢times the service gravity load. Note that the
summations of the terms in interaction formulas (1) and (2) on
page 77 of Appendix D are considerably less than one at that
1load, This suggests that the columns can supoort greater loads
before they experience first distress,

T™he rigid frame experiences first distress at a load of 1.64
times the service gravitv load. However this distress occurs as
first yielding at the top of the columns due to the presence of
the Ffully rigid connections, which attract more moment to the
ends of the beam (relative to that of the semi-rigid frame). It
mav be noted that the FEquation (3) on page 78 of Appendix D has
a value of 0.96, which indicates that vyielding at the beam
midspan is also imminent at the same 1.64 load factor.

The semi-rigid frame exhibits first plastic hinge formation
at the beam midsvan at a Yoad of 1,73 times the gravity service
load. The 1limit state interaction formulas, Equations (4) and
(5), indicate that the columns have sufficient capacity to resist
additional load at this time. However, it was assumed that the
semi-rigid connections had essentially reached their full
cavacity at the 1.73 1o0ad factor, thereby creating a collapse
"mechanism" for the beam, and negating the possibility of

annlyving additiona’ load to the frames.




The justification for this assessment of the limit state is
as follows. Fig. 4.3 shows the M-p curve for the connection
used in the semi-rigid frame. Also shown in the figure is the
point along the M-Q curve that corresponds to the moment in the
connection when plastic hinge formation occurs at the beam
midspan, Note that this point is on the flattened portion of the
M-Q@ curve, suggesting that rotations are becoming large and that
the connection has little additional reserve capacity.
Therefore, the load corresponding to plastic hinge formation at
the beam midspan was also considered to be the total collapse
load for the semi-rigid frame.

For the rigid frame the first plastic hinge also forms at
the midspan of the beam, but at a load of 3.6 k/ft, 1.92 times
the service gravity load. Because this frame utilizes fully
rigid connections, however, total collapse does not occur until
additiona) plastic hinges form at the tops of the columns,
creating a collapse mechanism. (The analysis is shown on page
81 of Appendix D). Collapse of the rigid frame occurs at a load
of 3.7 k/ft, an overload factor of 1,97 times the service load.

Fig, 4.4 shows a comparison between the behavior of the
rigid frame and that of the semi-rigid frame. The fiqure
illustrates the relationship between the connection moment and
the ratio of the aoplied gravity load to the service gravity load
for both frames. Shown on the curves are the points which
correspond to the moment in the connection at first distress, and

at first plastic hinge formation. Also shown on the curve
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representing the rigid frame is the point which corresponds to
the moment in the connection at total collapse of the frame. It

should be recalled that, for the semi-rigid frame, the first

plastic hinge formation was assumed ¢to correspond also to
collapse of that frame.

It is also of interest to compare the beam midspan
Aeflections of the rigid and the semi-rigid frames, as shown in
Fig. 4.5. As expected, the frame which utilizes semi-rigid
connections has greater midspan beam deflections than does the
rigid frame; however, the differences are relatively small,

particularlv under service load conditions,

4,2.3 Combined Gravity Plus Wind Loading

AISC svecifies that, for frames subiect to combined gravity
plus wind lonading, the allowable stresses may be increased by 1/3
(or the combined loading mav be multiplied by a factor of 0.75).
Therefore the design 1load for combined gravitv plus wind was
taken to be 0,75 times the service gravity load plus 0.75 times
the wind 1load. This resulted in the frame being subjected to a
uniform qrévitv load of 1.41 k/ft and a lateral wind load of 1.8
k applied at the top of the windward column. This load
combination will be referred to as Load Case 2, while the
previous load case involving the full gravity load alone will be
referred to as Load Case 1.

The results of the analyses of Load Case 2 for both the

rigid and semi-rigid frames, together with the AISC checks
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specified in Section 1.6, are presented in Appendix E. Both
frames passed the AISC requirements for this Load Case 2 as they
dAid for Load Case 1. The beam of the rigid frame again carries
less moment in the span than the beam in the semi-rigid frame.
Corresoondingly, the columns of the semi-rigid frame carry less
moment than the columns of the rigid frame, with the leeward
connections experiencing larger moments than the windward
connections, The axial effects in the leeward columns of both
frames were smal'l compared to the bending effects; thus,
interaction formula 1.6-2 was checked instead of formulas l.h-la
and 1,6=1b, For the leeward co'umn of the rigid frame, the
interaction formula summation was 0.958, compared to Load Case 1,
for which the interaction summation was 0.926, This suggests
that the gravity and wind 1load combination represents a more
critjcal 1oading condition for this rigid frame. For the
semi=-rigid frame, the leeward column also was the more critical
member under combined gravity plus wind 1loading. However, for
the semi-rigid frame, if the values of the interaction formulas
are considered, the beam of Load Case 1 had a higher formula
1.6=2 summation (0,945) than the leeward column of Load Case 2
(summation = 0,853). It is of interest to compare the values of
the AIST interaction formulas of all members of both frames for
Load Case 1 and TLoad Case 2. According to the formulas, the most
critical member at service 10ad is the leeward column of the
rigid frame under Load Case 2; however, the beam of the

semi-rigid frame under Load Case 1 follows very closely, with the
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values of their interaction formula summations being 0.958 and
0.945, respectively.

Both frames were then checked in accordance with the
strength requirements in Part 2 of the AISC Specification for the
comb?’ned effects of gravity plus wind load. Loads of 1.3 times
the service gravity load plus 1.3 ¢times the wind locad were
applied to the rigid and semi-rigid frames. The members of both
frames were then checked according to the interaction formulas of
Part 2 of the AISC Specification; all members passed the
requirements., The results of these analyses and checks are shown
in Appendix E. As indicated by interaction formulas 2.4-2 and
2.4-3, the leeward column of the rigid frame is more critical
than any of the members of the semi-rigid frame. However, this
should not be construed to indicate that the semi-rigid frame
exhibits better performance under the gravity plus wind load than
does the rigid frame. The maximum drift for each frame is a
factor that must be taken into consideration. Fig. 4.6 shows a
comparison between the maximum drift of the rigid frame and that
of the semi-rigid frame. The abscissa is non-dimensionalized as
the ratio of the applied gravity plus wind 1locad to the
combination of gravity and wind at service load. At factored
oRE (L.P. = 1,3), the drift at the top of the columns for the
rigid frame is 0.A9 inches, while the drift for the semi-rigid
frame is 1.31 inches. While the leeward column of the semi-rigid
frame is €ar from reaching a 1imit state (interaction summations

of 0.744 and 0,6f3 in formulas 2.4-2 and 2.4-3, respectively),
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the extent of swav is 90 percent greater than the drift of the
frame which utilizes fully rigid connections. It may be noted
also that the drift at service load was 0.40 inches for the rigid
frame and 0.55 inches for the semi-rigid frame, an increase of
only 37.5 percent for the structure utilizing. the semi-rigid
connections,

A behavioral analysis for first distress and for the 1limit
state (collapse) was attempted for the combined 1loading of
gravity plus wind. However, it was not possible to obtain this
limit state analysis for the semi-rigid frame. This was due to
the sensitivity of the computer program in its ability to achieve
convergence in the calculation of connection moments in the
region where the slope of the M-2 curve is very flat. This was
indeed the case for the leeward column in the semi-rigid frame at
loads well bevond service locad conditions. mhus, in this
presentation, the effects of combined gravitv plus wind loading
have been limited ¢to Section 1.6 and Part 2 of the AISC

Specification in the analyses of the two frames.

4.3 TIse 9: the Revised Initial Slope

4.3.1 Monotonically Apolied Loadings

In Section 3.1, a comparison was made between two analyses
performed on a beam attached to fixed supports by semi~rigid
connections. One analysis used the full M- curve of the
connection while the other used the revised initial slope (RIS);

the results were shown in Fig. . L The RIS predicted a
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connection moment at working load which was 48 percent greater
than the moment predicted by the full M-# curve,

Recause the above beam example is analogous to a beam that
is connected to infinitely stiff columns in a frame, this
suggests an upper limit to which the RIS could be used in the
analvsis of frames at service Tnad conditions. Note that the
beam used in the example was a W14X38 section with a span of 24
feet, which is the same beam section and span that was used in
the example frame which utilizes semi-rigid connections.

Comparisons were made of the analyses of the semi-rigid
frame in which one analysis incorporated the full M-@ curve of
the connections while the other analysis used the RIS for the
connections, The RIS for the connection used in the semi-~rigid
frame is 205,800 in-kips/rad,as shown in Table 2.1. The analvses
were performed for gravitvy loading and for the combined gravity
plus wind loading. Shown in FPig. 4.7 are two curves, one which
predicts the connection moment on the basis of the RIS, and the
other, which predicts the moment on the basis of the complete
non-linear connection behavior. Both curves represent the moment
at the connection that is produced upon the application of a
specific proportion of the service or working gravity load. As
shown in the figure, the RIS and non-linear M-@ curve prediction
are nearly identical up to and somewhat past the service load
range, At working gravity 1oad, the RIS predicts a connection
moment of 402.2 in-kips, while use-of the full M-@ curve predicts

a moment of 397.3 in-kips.
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A comparison of the frame connection moment predicted by the
RIS with that oredictéd bv the complete M- curve is shown in
Figures 4.8 and 4.9 for combined gravity and wind 1loading.
(Figure 4.8 reoresents the moment at the windward column of the
frame, while "Figure 4.9 corresponds +to the leeward column
moment . ) As with the case of gravity load alone, these
oredictions are verv close for locads up to and including the
service loads. Note that the abscissa in these Ffigures
represents a specific proportion of the combined service gravity
plus service wind load. Therefore, a ratio of 0.4 represents the
load state at which 40 percent of the service gravity 1load plus
40 percent of the wind load are aoplied to the frame, and a ratio
of 1 represents the combined gravity plus wind 1locad at the
reduced load factor permitted by AISC (i.e., 0.75 times full
gravity load plus 0.75 ¢times full wind load). The moments
oredicted bv the RIS for the windward and leeward connections at
service load are 159.9 in-kips and 419.0 in-kips, respectively,
while the connection moments predicted using the full M=-g curve
are 158.3 in-kips and 417.4 in-kips, respectively,

From the preceding analvses, it can be seen that, for the
frame and semi-rigid connections examined, the RIS offers a
reasonable and close approximation to the moments developed under
both gravity 1locading alone, and under combined gravity and wind
loading, at least up to service locad conditions. Additional
studies are reguired, however, Ato determine whether the same

closeness of predicted behavior would hold for frames with more
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complex configurations and containing a varietv of semi-rigid

connections.

4.3.2 Loading and Unloading Effects

To further verify that the RIS closely predicts the behavior
of the semi-rigid connection for the subiect frame at working
load, the frame was subiected to different combinations of
loading and unloading of the gravity and wind forces. For this
frame examople, the dead load was taken as 40 percent, and the
live 1load as 60 percent of the total service gravity load. (In
the following discussions, the total gravitv working load will be
denoted G, while the dead load and the gravity live load will be
referred to as D and L, respectively.,)

The structure was next loaded in the following order. The
total Adead 1load (D=.4G) was applied; then onlv enough gravity
live 1oad was added so that the final gravity load, present on
the frame was 0,75 times the total service gravitv load (0.75G).
Then, 75 percent of the wind load (W) was added to the gravity
load so that the final Y0ad consisted of the combined gravity
plus wind load specified by AISC. Hereafter, this final load
case will be designated as 0.75 (G+W) for ease of reference.

The imposed loading sequence described above was analyzed by
three different methods, each of which took 1into account a
different representation of the connection's stiffness.

The first method (Method 1) used the .complete M- curve

throughout the entire 1loading sequence, which resulted in
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windward and leeward moments of 158.3 in-kips and 417.4 in-kips,
respectively, at the final loading of 0.75 (G+W). The moment vs.
load relationships for the windward and leeward columns of the
frame are shown in Figs. 4,10 and 4.11, respectively. The
analysis used to generate these curves bears further explanation.
Fdr example, to obtain the point on the moment-lcad curve of the
windward column corresponding to 0.756 + 0.4W, the computer
program that was used, actually loaded the frame proportionally
in increments until the final load combination was achieved.
Thus, the windward connection was not actually Jloaded to the full
gravity load moment and then unlqaded (moment reversed) as the
wind was applied. This procedure introduces some inaccuracies in
the analysis as this connection would actually follow an
unloading path corresponding to a stiffer M-Q slope (resulting
from reversal of moment) than that used to obtain the line from 0
to 0.75W in Figqg. 4,10. As seen subsequently, however, this
error was not appreciable and the entire 1locading history
corresponded to moments in the nearly linear portion of the M-@
curve for the connection.

In order to account for the moment reversal in the windward
connection upon application of wind load, a second analyvtical
procedure was used, This second method (Method 2) utilized the
M-p curve for the application of the gravity load from zero to
0.75G; however, as the wind 1oad was applied, different
stiffnesses were used for the windward and leeward connections in

the analysis procedure. This was Aone to account for the fact
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that, as the wind Toad was applied following the application of
the total gravity locad, the leeward connection continues to
follow the loading curve while the windward connection begins to
unload (sense of the moment reverses), For the frame being
considered, the moment in both connections was 297.7 in-kips
before the wind load was aoplied., Fig. 4.12 shows the point on
the M-g curve of the connection which corresponds to this moment.
Recause the sktructure is alreadyv loaded and each connection is
experiencing a moment of 297.7 in-kips, thev are no longer as
stiff as what they were initially., Therefore, a more appropriate
reduced stiffness of 87160 in-kips/rad (shown in FPig. 4.12) was
used on the leeward connection since it continued to locad upon
the application of wind force. The reduced stiffness of the
leeward connection was calculated by first estimating the wvalue
of the leeward connection moment at the final locad of 0.75(G+W).
The first estimate was taken to be 417 in-kips (the wvalue
obtained from the analvtical procedure in Method 1). ™his point
was then plotted on the full M-@ curve along with the point which
corresponds to the moment in the connection (297.7 in-kips)
before the wind locad was aoplied (0.75G). Referring to Fig.
4,12, a straight 1line was then drawn between these two points,
the slope of which was taken to be the reduced stiffness in the
leeward connection. This reduced stiffness for the leeward
connection was used in the analvysis for the avplication of the
wind load. The final moment in the connection at the total load

of 0,75(G+W) d4id not agree with the estimated moment (417.0
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in-kips); therefore, a new estimated moment was used and the
above procedure was repeated until convergence was achieved.
This corresponded to a final moment of 415.9 in-kips, which
resulted in a reduced stiffness in the 1leeward connection of
87,160 in-kips load as shown in Fig. 4,12,

While the leeward connection continues to load upon
applications of wind 1load the windward connection follows an
unloading path, The RIS (205,800 in-kips/rad) was used €for the
adiusted stiffness of the windward connection; it was shown in
the NSF studv (2] that the initial stiffness closelyvy predicts the
unloading behavior of these semi-rigid connections. Using these
newly defined stiffnesses for the windward and leeward
connections, the frame was then subiected to a wind force of
0.75W and the analysis performed. The moments at the final load
of 0.75(G+W) were 156.8 in-kips for the windward connection and
415.9 in-kips for the leeward connection, It should be noted
that the values predicted by Method 2 are nearly identical to
those predicted by Method 1 (158.3 in-kips and 417.4 in-kips,
respectivelv), which incorporated the full M-p curve throughout
the entire loading sequence.

A third procedure (Method 3) was used to analyze the frame
for the same 1l1ocading sequence used in Method 1 and Method 2.
Method 3 utilized onlvy the RIS for each 1load increment, which
resulted in windward and leeward connection moments of 160.0
in-kips and 419.,1 in-kips, respectively, Again, note the

closeness of these wvalues to those obtained bv Method 1 and
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Method 2.

The loading sequence for each of the three methods detailed
above 1is shown 1in Pigures 4.10-4.16, To summarize, Method 1
utilized the full M-p curve for each load increment; Method 2
utilized the M-0 curve for gravity 1load increments but
incorporated adjusted stiffnesses upon the addition of wind
loading; and Method 3 emploved the RIS for each load increment,
For the three methods, the moments at the windward connection for
the final loading of 0,75(G+W) were 158,3 in-kips, 156.R in-kips,
and 160.0 in-kips, and for the leeward connection, the moments
were 417.4 in-kips, 415.9 in-kips, and 419.1 in-kips.

The next consideration was to compare the residual moments
in the connections after unloading of the wind load and the
gravity live load. The frame was loaded according to the
sequence described above, in which the connection behavior was
predicted by each of the three methods just discussed. For each
method, the unloading path was predicted by the RIS. The
unloading sequence was accomplished in the following manner.
First the wind load, then the gravity live load was removed,
leaving only the dead 1oad on the frame, When the connection
behavior for the lcading sequence was described by Method 1, the
residual moment in both connections after unloading was 152.9
in-kips; when described by Method 2, the residual moment after
unloading was 151.5 in-kips; and when described by Method 3, the
residual moment was 154.5 in-kips. A second unloading sequence

was then considered in which the gravitv live load and the wind

39




load were reduced proportionately. Using this sequence, each of
the three methods vielded the same value as it did with the first
unloading sequence. Figures 4.10, 4.11, 4,13-4,.16 illustrate the
response of the connections for each of the loading and unloading
sequences “ust described. Separate curves are presented for the
windward and leeward connection for each of the three loading
methods. The solid line represents the connection moment upon
loading while the dashed line describes the unloading path (first
sequence) of the connection. Note that the loading and unloading
sequence in which the connection behavior is described entirely
by the RIS (shown in Figures 4.15, 4.16) closely approximates the
behavior of the connections predicted by the more rigorous
analvtical approaches (Methods 1, 2).

The same closeness of response predicted by each of the
three methods was also evident when the frame was subijected to a
sequence of full gravityv locad application, followed by removal of
the gravitv live load only, Fig. 4.17 represents the connection
moment vs., load response when it is described by the full M-9
curve in the loading process, and Fig. 4,18 corresponds to the
connection moment-load behavior when the RIS is used to define
the connection stiffness in the loading process. (Both analyses
emploved the RIS for the unloading path). The residual moment in
the connection was found to be 156.0 in-kips when the M- curve
was used, and 160.9 in-kios when the RIS was used. This again
illustrates that, for this frame example and the loadinags

considered, the RIS gives a vervy good approximation to the
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behavior of the connections predicted using the analysis based on
the non-linear moment-rotation curves, at least at service load
conditions. This suggests that the RIS may be used in place of
the full M-g@ curve to describe connection behavior at service
loads, thus permitting the use of simpler analytical procedures
in the design of frames which utilize semi-rigid connections.
Further work 1is needed, however, to determine if similar
correlations can be found for structures with more complex

geometries and loading histories,



SUMMARY AND CONCLUSIONS

Semi-empirical moment-rotation relationships developed from
an experimental investigation [2] were used to formulate
preliminary design aids which may be applicable to the direct
utilization of semi-rigid connections in building systems,
Several series of moment-rotation (M-9) curves were generated for
connections of varving stiffness, within reasonable limits of
extrapolation bevyond the connections tested in that
investigation.

The initial slopes to. the empirically determined
moment-rotation curves were found ¢to provide unconservative
predictions of the connection moment transfer capability and
corresponding beam rotations. However, a revised initial slope
(RIS) was considered and found to closely predict the initial
stiffness of the M- curves obtained from the actual test data,
The values of the RIS were tabulated for all of the connections
for which moment-rotation curves were generated.

A procedure was demonstrated for the design of a beam which
utilizes semi-rigiqd connections attached to non-rotating
supports. The procedure involved superimposing the beam line at
working load over a series of M=Q curves to select the
appropriate semi-rigid connection. This beam and semi-rigid
connection assembly was then compared to the behavior of a beam
which utilized fully rigid connections at its ends. As expected,
the rigid beam experienced a greater overload capacity than did

the beam which utilized semi-rigid connections. The overload
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cavacitvy of the beam with semi-rigid connections was assumed to
occur at the point of first plastic hinge formation at the beam
midspan. It was reasoned that, beyond this point, the connection
had little reserve capacitv; i.e., the beam line at that load
intersected the M-0 curve of the connection in a region of very
low stiffness.

A orocedure was also developed for a preliminary selection
of member and connection sizes for a simple framed structure
utilizing semi-rigid connections. A single story, single bay
frame with a uniform gravity load was considered. A comparison
was then made of the behavior of this semi-rigid frame with a
similar frame wutilizing fully rigid connections; both frames
consisted of the same members and had the same loadings imposed.
The frames were unbraced in the plane of bending, but considered
to be fully supported laterally. At service load, the semi-rigid
frame developed smaller moments at the connection in comparison
to the rigid frame, while the mid-span beam moment of the
semi-rigid frame was correspondingly greater than that of the
rigid frame, The columns and beams of each frame were then
checked by the provisions of Section 1.6 of the AISC
Specification. All members of both frames satisfied the
specification requirements for gravity loading (Load Case 1) and
for combined gravity plus wind loading (Load Case 2). There were
some interesting results obtained in comparing the wvalues of the
interaction formula summations for the members of both frames for

Load Case 1 and Load Case 2. According to the formulas, the most
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critical member at service load was the leeward column of the
rigid frame of Load Case 2, while the beam of the semi-rigid
frame of TLoad Case 1 followed closely; the wvalues of their
interaction formula summations were 0.958 and 0.945,
respectively. Both frames were also checked according to the
strength and stability requirements specified in Part 2 of the
AISC Specification for gravitv loading and for gravity plus wind
loading. Again, similar results were found in the summations of
the interaction formulas - the leeward column of the rigid frame
under combined gravity plus wind loading was found to be the more
critical’ member., However, it was noted that, under the combined
gravity plus wind 1loading, the story drift in the frame with
semi-rigid connections was 90 percent greater than the drift in
the frame which utilized rigid connections.

A Timit-state analysis was performed for the rigid and the
semi-rigid €frames to obtain a measure of the overload capacity
associated with the frames under gravity load. For the
semi-rigid frame the first plastic hinge formation, at the beam
midsvan, was considered to corresvond to the total c¢ollapse of
the Fframe (for the same reasons as discussed above with the beam
example)., A collapse mechanism which involved three plastic
hinges defined the collavse 'oad for the rigid frame. These
analyvses resulted in overload factors of 1.73 and 1.97 times the
service loads for the semi-rigid and the rigid frames,
respectively,

The use of the Revised Tnitial Slope (RIS) in the analyses
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of the beam and frame which utilized semi-rigid connections was
studied. A beam attached to fixed supports by semi-rigid
connections was analyzed first by using the full M=Q curve of the
connection, and then, by using the RIS of the connection. The
RIS predicted a connection moment at service load which was 48
percent greater than that which was predicted by the M- curve,.
Since this beam is analogous to a beam which is connected to
infinitely stiff columns in a frame, it represented an upper
limit for which the RIS can be used to predict the behavior of an
actual frame at service load conditions.

Two analvtical comparisons were then made of the behavior of
the semi-rigid frame; one incorvorated the full M-@ curve of the
connections and the other utilized the RIS. The semi-rigid frame
was subiected to different combinations of the 1loading and
unloading of gravitv load and wind load. It was shown that, for
this frame example and the loadings considered, the RIS gives a
verv good approximation to the behavior of the connections
predicted using the analyses based on the non-=linear
moment-rotation curves, at 1least at service load conditions,
This suggests that the RIS may be used in place of the full M-9@
curve to describe connection behavior at service 1loads, thus
permitting the use of simpler analvtical procedures in the design
of frames which utilize semi-rigid connections. However, further
work is needed, to determine if similar correlations can be found
for structures with more complex geometries and loading

histories,
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Further work needs to be completed in the area of computer
analysis of structures utilizing semi-rigid connections. More
sophisticated computer,proqréms which incorporate the non-linear
M-@® relationship of the semi-rigid connections need to be
Aeveloped. A K )

Lastlv, additional studies should be performed to compare
the behavior of the simple, single-story frame used in this study
to the behavior of frames with more complex configurations and
containing a variety of semi-rigid connections, However, the
results of this 1investigation have served to illustrate
preliminary procedures that could be used to incorporate

semi-rigid connections directly in future designs.
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Appendix A

Moment=-Rotation Curves



Nomenclature for M-@ Curves

S

]

mbol

g]

depth of beam

gage in flange angle; from heel of angle to center of bolt
hole in leg adjacent to column face

overall length of flange angle
thickness of flange angle

thickness of web angle
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Appendix B

Computer Program for RIS



Nomenclature for Variables, Used in RIS Program

BP

BPC

DB

DW

GC

LC

PC

TC

overall length of leg of flange angle adjacent to the column face

overall leg length of web angle adjacent to the column face
depth of beam

diameter of bolt

diameter of washer

gage in flange angle (from heel of angle to center of bolt hole
in the leg adjacent to column face)

gage in web angle (from heel of angle to center of bolt hole
in leg adjacent to column face)

overall length of flange angle

overall length of web angles

pitch (spacing of bolts in each leg of web angle)
number of interior flexible sections in the web angle
(s = 2 when 3 bolts are used)

(s = 1 when 2 bolts are used)

thickness of flange angle

thickness of web angle
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'  __ _____ COMPUTER PROGRAM TO CALCULATE RIS

i0

DIMEMSION T(7)

REAL LsLCsLF .

READ(AL R)BP+BPC Us DB+ DVWr@s8CsLsLEPCLB. TC

20 2 I=L:7

READCAZ ®)T(I)

E*29000.0

GE=~0.3

A=-DR/2.0=T(1)/2.0

BR=BP-T(I)/2.0

BPCBPFC-TC/2.0

3C=QC~DB/2.0-TC/2.0

Disp+T(I)/2:0

LF=L-2.08DM

IF(3.EQ.1.0)80 TO 10

IF(8.,EQ.2.0)00 TO 20

DF1=D/2:0

DF2=0.0

DE1sDF14LC/2,0-4E/2.0

DE2=DF 1=LC/2.048E/2.0

DR1=UFI4LC/2.0-8E~DN/2.0

DR2=0F 1-LC/2,.048E+DN/2.0 .

ORk3=0.0

go TO 30

DR2=0/2,0

DE1=DR24LC/2.0-GR/2.0

DEZ~DRT-LC/2.040E/2.0

PR1=DR24LL/2.0-8E~-DN/2. 0

DRI=DR2-LLC/2.04CE+DM/2.0

DF1=URZ4PC/2.0

DF2~OR2Z-PC/2.0

I=2,0/3.0

ASR=132.0%0MET(])

AEF=1BLFERT(I)

ASCF=IR(PC-DN)RTC

ASCR=ITDVETC

i=1,0/12.0

BIR=KE2.ODWE(T(I)ER, D)

PIFaXELFR(T(L)EX3.0)

BICE=XEUER(TCEE3.0)

BICF=X2(PC-DU)B(TCE23.Q)

BICR=X2DWE(TCZEI.0)

Ww(12.0%E)/11000.0

Phw (WERIR)/(ASRERERD. )

PF=(WERIF)/(ASFREBEE2.0)
PCF=(MERICF)/(ASCFERECEE2.0)

PCR«(WEBICR) /{ASCRERCEE2.0)

TRA1=( (4. 0OZEXBIRBDD) /(BINR(1.04PR) ) )IS(2EDD/B41.0)
TRAZ= (4. 0REXIIFSDD/(IBZRI . OR(1 . 04PF) )21 .0=({2.0-PF)/(44PF)))2{(DD
C+am)
THM3I=(12.08E/(BBCERI. OR(1.04PCF ) ) )IB(1.0=((2.0=PCF )/ (A4PCF)))
MMA4+(DELSDEL+DE2SDEZ)SBICE+(DF1EDF1+DF2SDF2)ERICF
TRAS=(24.08EERICR/(PCERI.0N(1.04PCR)))IS(DRICDR]1+DRITDRI+DRITDRI)
SLP=TRMLI+TRMZ+TRMIZTRMNA+ TRAS
WRITE(AZ:IS)BPyBPC,Or LBy DWeBrBC/LILC/PCsS¢TCr1(I)
FORRAT(///8F10.59:/15F10.5) .
WRITE(A2r40)8LP

FORMAT(/F12.2)

CONTINUE

sTOom

END
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SAMPLE INPUT

1.0 4,00 12.00

-5123
«373
<4373
- 50
42
73
«B73

SAMPLE OUTPUT

4.00000
8.50000

72417.28

1.00000
8.50000

113047,34

4,00000
8.350000

149237.11

4.00000
8.50000

242881.27

4.00000
8.50000

4470135.75%

V. 00000
8.30000

729740.50

4.00000
8.50000

1090222.63

4.00000
3.Q0000

4.00000
3.00000

4.00000
3.0000Q

4, 00000
i.00000

4.00000
3.00000

4,00000
J.00000

4.00000
3,00000

0.750

12.00000
2.00000

12.00000
2,00000

12.00000
Z.00000

2.00000
2.00000

12.00000
2,00000

12.00000
2.00000

12.00000
2.00000

1.%0 2.50

0.73%000
0.2%000

0.73000
Q.23000

0.73000
9.235000

o, 735000
0Q.235000

- 0.75000
0.25000

0.735000
0.23000

0.75000
0.23000

68

2.59375 8.0

1.350000
0.31250

1.350000
0.37500

1.350000
Q.43750

1.350000
9.350000

1.50000
0.633500

1.50000
0.735000

1.30000
0.87300

2.30000

2.30000

2.30000

2.30000

2.30000

2.50000

2.30000

8.3 3.0 2.0

2.39373

2.39373

2.59373

2,393I7%

2.39I73

2.392I73

2.59273

- 23

4.00000

#.00000

8.00000

8.00000

8.00000

8. 00000




Appendix C

Frame Design

Gravity Loading - AISC Checks
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SEMI-RIGID FRAME - SERVICE GRAVITY LOAD

w= 1,877 k/ft

N TR - ) L E
{ W14X38

L= =] (>«
™~ o~
5 >
f: =
sl e

S3eam Moment Diagram

. "\
7 4 L N J | 2 L reY /%
2.6k —_—— £ «~=2.6k W14X38 Properties
& 2
A=11.2 in

Ix = 385 in'

Sx = 54.6 in3

rx = 5,87 in

zx = 61.5 in3

AISC Check - Section 1.6

2 g% : 1 247172
by oo Sl ' 237 Wi Xt o 228028%12) _ 49.06
15210 = 3.87
£ s |
Fa = 18.43 ksi £, & 3222 o 0126 < .18
£a 18.43
; an 230=K
Fbx = 24 ksi fox = - = 222210 2 22,39 xat
54.6%
719 a9
eqn. [1.6-2] £5?13 + :;j539 = .0126 + .933 = 945

Deflection at midspan = .885 inches




SEMI-RIGID FRAME - SERVICE GRAVITY LOAD

Column Moment Diagram

ra
r
.

w
P

397.3 in-k

2.6k

W8X28 Properties
2
A= 8.25 in~

/

Ix = 98.0 in"
2.6k Sx = 24.3 in3
b4 -]
| rx = 3.45 in
22.5k
2% = 6.63 in°
AISC Check
o 2
£y = i - 2230 — = 2.73 ksi
8.25in
Bt SLI/E)C 98/12
GBoc 0 Top Ce L(I/L)g 22 T ARE 1L g
.532(385/24)

Ce 1s a modification factor which takes into
account the stiffness of the semi-rigid connections.

Kx = 1.88 (from alignment chart - sway permitted)

-
L

ra
'

= 15.53 ksi

ex = 24,25 ksi

Since Kx2 _ 1.88(144) - 78.47 < e
rx 3.45 2 c inelastic will be used
. Fa 19493 =
G. ol B )G, ® —m——e (,96) = ,615 Ex. = 1,82
Yisatsacic ex’ T 26,45 inel
Kx, : il ey
ioel . 1.8201%%) _ 45 97 Fa = 15.79 ksi F'ex = 25.
rx 3,45
Ca = .85 (as specified by AISC)
» in=-k
fbx = S; = 397.3 3 = 16.35 ksi
24.34in
- ¢ = - -~ ] = o]
sqn [1.6=1a) ]2.3:,;.4 .35(13:.‘;;) 173 + .648 = ,821
Wy 2
’
eqn [1.6-1v] 222+ 2222 - 104 + 681 = 805

~J4
[




RIGID

Beam Moment Diagram

FRAME - SERVICE GRAVITY LOAD

w= 1,877 k/ft

L ) 4 L

W1l4X38

Ww8x28

467.758%

AISC Check = Section

TV i

.6

wBxX28

W14X38 Properties
A= 11.2 i.n2
Ix = 385 in
- 3
Sx 54.6 in
X 5.87 in
X BilcS in3

D % -, 24ewl?
fas 2.2 o 236 kst ok L 2.02202) L 49,06

S L gt s

Fa = 18,43 ksi
fa —— = a
- 015 € .15 use aqn l.6-2
Fa .
v 112 in=k

fox = —max . ib2.3 = 21.1 ksi

Sx -

J%.01n
Fbs = 24 ksi
.286 e b !

=7 - &S + 8790 = ‘@9
eqn [1.6-2] 8.3 + 3% 0155 .879 895 < 1.0
Deflection at beam midspan = ,834 inches

~J
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RIGID FRAME ~ SERVICE GRAVITY LOAD

Column Moment Diagram

—422.5k =
3.2k L \ My W8X28 Properties
p— ) -
A= 8,25 in
:S Ix = 98.0 :Ln'/4
Sx = 24.3 in3
3.2k— o
T rx = 3.43 in
'22.5k 3
Zx = 6.63 in
AISC Check = Section 1.6
25 ok
fa=te 222 02,73 kst
; 8.251in"
" - E(I/C)ec _ 98/12 P
80c = 1% Spop ™ I(I/D)s - 385725 - 5L

Rx = 1.80 (from AISC alignment chart =-

b o Z20UAS8) o 75,18 < € 1263
EX 3.45 c
(Fa = 15.89 ksi F'ex

- o F L X 15,89
qup(inelastic) Flex Top 26.46
xxinelastic = 1.7
- L ) . s

inel - l.f?_(l4u) = 73.04

o 4 3.45

Ca = .85 (as specified by AISC)

sway permitted)

use inelastic Kx

= 26.46 ksi)

(.31) = ,306

Fa = 16.12 ksi
F'lex = 27.49 ksi

0 .,"- ..in—k
fix & 2w 2877 = 19.25 ksi
- 24,31in
2.73 , _.85(19.25)
eqn [1.6-1a] 1295 + 7-3.73727.34)2%
- A 1 1 < |
eqn [1.6-1v] =212 + 2B

73




SEMI-RIGID FRAME - 1.7 SERVICE GRAVITY LOAD

Column Moment Diagram Beam Moment Diagram
! 38 3k
3.9k — 298.3 da=k 3.19 k/ft
' l-&k
\)Ps 3K 38. BRT/

2169.3 in-k

= m
—
A \ -

38.3k \\U

588 in-k 588.3 in-k

AISC - Check Part 2

Column: Py = A.F, = 297%

2 N
Peg = 1.7 AFa = 1.7(8.25 1n”)(15.79 ksi) = 221.45"

23/12 A*Fle= 409.14%

Pex ™
M?c = 979.2 in-k
X : 38.3 .85(588.3)
B 2. 4= — = =
Bqn [2.4-2] 391745 * (1-36.3/409.16)979.7 = +173 + .563 = .736
) . 38.3 588.3 E . .
Eqn [2.4&-3] 357 - 1.180079.) .129 + .509 = ,638
L O
Beam: Py = Ry - 403.2
Pog = L.7AFa = 1.7(8.25in%) (18.43ksi) = 350.9%
- k
Poy = 28/12 F'a= 1331.9
M?b T
. 3.9 1.0(2169.3)
Eqn [2.4=2] + ~ = 011 + .983 = .
o LSBT T TS AL g e 90 e A
S 2169.3 ) o
Eqn (2.4 31403.2 + 1.18(2214) .01 + ,830 .840

Delection at Beam Midspan = 1.39 in




e e et e e e e A . e it

Rigid Frame - 1.7 X Design Gravity Load

Column Moment Diagram Beam Moment Diagram

38.3k ix iin-k
= gy / 3.19k/ft \
3.9k 4 \ / ok | x : ; "h\
- (; T38.3k 38.3kTe/'
./ .
5.5k | |
— / | i
A \
138.3k \ ‘\\
795.2 795.2

AISC Check Part Two

Column: PV = A-Fy = 297k

PCR = 1.7 A*Fa = 1.7(8.25)(16.12) = 226k

P_., = 23/12 A-Fe' = 442.62k

EX
M C = 9792107k

38.29 _ .85 (795.2) = .169 + .756 = .925
226 T (1-383/442.6) 979.2

T R - Y

4=2]

—

aqn

2.4=-3] : — = ]2 .0 = 817
eqn(2.4-3] 357 1.18(379.2) 129 + .588 = ,817
Beam: Py = A.Fy = 403.2k
ch = 1,7 A+Fa = 1,7(11.2)(18.43) = 350.9k
M, = 2214107F
eqn(2.4=2] s e + 1.0(1961.6) = 016 + .890 = ,906
qnié.58l 350,89 © (1-5.5/1331.G) 2216
ok aan S S 1961.6 = E5 L s
eqn[_.4—3]403-2 - 1.18(221%) 014 + .751 .765

Deflection at Beam Midspan = 1.418 in.

5.5k

in-k

-4

wn




Appendix D

Frame Design

Gravity Loading - Behavioral Checks
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SEMI-RIGID FRAME - GRAVITY LOAD - FIRST DISTRESS
w = 2,918 k/ft

_5_1_ 3 i £ -’ \-;j
i |
Column Moment Diagram Beam Moment Diagram
. 35.0k o
3.7k L 554.7 in=-k
— ‘/ E / 2.918 k/ft \
¥ | 3.7 AP V7 o » g:: 1 3.7k
i T /
b , .
35k 1965.31n k 35k
t |
I ? 4& |
—), f'\\ . N |
A
35.0° ;;77 N\
584,730k $s4, 7307
First Distress Response
P Ca M <
Column: (1) 5 - (l-?#?_. ). 3 -1.0
\_r ——ah ‘:
b 4 >
35.0 = .b 554.7 S L2 - .
743.10 T TT35/509.14) “Bis.8 - 144 + 416 = 560
- P M <
(2) 5y +_:-1 - 1.0
3 -
35 256,7 5 . k
397 + 374.8 .118 + .634 W 4
B R -2r 0
eam:; (3) T'_ - 1.
1965
1965 1.0

(First Distress Occurs at Beam Midspan)

Deflection at Beam Midspan = 1.43 inches




RIGID FRAME - GRAVITY LOAD - FIRST DISTRESS

w= 3,072k/ft

Column Moment Diagram Beam Moment Diagram

First Distress Response

P Ca M <
Colummn: (1) B - (l-?/?_ ) Ny 1:8
crx EX
36.86 .0 . 165.61 -

347.18 T 1°36.86/442.62) 874 61

= 124 + .

(¢ 7]
b |
o
L}

=
o

s occurs at top of columm)

Deflection at midspan of beam = 1.365 in.
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SEMI-RIGID FRAME - GRAVITY LOAD - LIMIT STATE

w=3, 6 247k/ £t
v
| |
- A
Column Moment Diagram Beam Moment Diagram
39.0k
-h so5_olnk s 3|.247k/ft 1N
4.0k J \<}\’ - 4.0k—3 : —— 4.0k
Y
/
| { Y .
| N \ ' \ )
5.0k —! ‘j, ! — - n |
T39.0k r/
595in-k 95in-k
Linit State Response
P Ca . (O
Column: (4) — + (————)— = 1.0
S ?crx 1 ?/PEK Mp
39.0 .6 595.0 _ z 402 = SEI
243.10 © 1-39.0/209.140479.2 © +160 + .402 = .562

P M < <
- - . - M
Py | l.1oMp ~ 1-0s M-Mp

39.0 595 o Yol .
297 T 1.18(979.2) 31+ 310 + .642

(Plastic hinge formation at beam midspan).

Midspan Beam Deflection = 1.62 inches




w = 3.6k/ft
s o
ST zl’"
Column Moment Diagram Beam Moment Diagram
43.2k
897,238~k ' 3.6k/ft
. 2 i ,’f L L " o |
o g » 6.23k——> = .
\, [43.2k ] 43.2k| ¢
' 4 2214""7%
. |
. N ‘ \\\ !
| t y, Sl
5.23k — £ LA N
143. 2% 857, 220" T/ \%89
Linit State Response
Colum: (4) 7— + (1-?33 ) o 5 1.0
crx ‘ex P
43.2 .6 897.2 _ ..« e
2%7.18 * T23.27%2.0 979.2 - 173+ 609 = TR0
. P M < <
(5) By - T 16 - 1.0; M = Mp
P
43,2 897.2 "
BY TT.UGR.D A I T
. a3
Beam: (6) o 1.0
2214 ’ , .
3914 1.0 (Plastic hinge formation at beam midspan)

Deflection at beam midspan = 1.60 inches
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RIGID FRAME - GRAVITY LOAD - COLLAPSE OF FRAME
w=3,7k/ft

nin-k

Column Moment Diagram Beam Moment Diagram

44,35k
%

| /

3.7k/f¢ !

PR ) e e e e e A W

6.8k ¢ 979.2177K E\:? . o T v
E | | D PP aa.ssJT
|

6.8k___ |

— —
-
X

9792107k

Limic State Response of Column at Collapse

. P Ca M <
(4 = . - =
(&) B - (l-P/?.. ) o Mp 1.0
erx EX
44,35 .6 .2 - o3 ) RO
3%7.18 = T=az 35744262 ) 9792 - +179 + .667 = .845
. y : .
G Py i 1.18Mp ~ =<4 oo M
44.35 979.9 & e
R w1 7o 7 ) P i LR - -

(Additional plastic hinges have formed at the tops of columns - the
frame collapses)

and M= 979.2°%7% = wp
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Appendix E

Gravity Plus Wind Loading - AISC Checks



SEMI-RIGID FRAME - .75 (Gravity Plus Wind Loads)

w=1.408k/ft
Wom 18K ey Gk L

( )
7 & =/

1
\
\
i
Pa
2 L

Column Moment Diagram Beam Moment Diagram

17.8k
; w=1,408k/f¢
417 _:.in-K. ;/ | st . v v

_J‘,\\

L -

T‘/ 2-9k

2.9%k— NN 2.9k 7.
I Q§Sy \* I.l!':.Ok 932. in=k 17.8k
o N
2.9k qume | / — O Y, N
1 : tn-k Y

17.8 158.3

AISC Check - Section 1.6
P 17.8k

Column: fa = 2T a2 " 2.158ksi Kx = 1.82 -
(leeward) : :
Fa = 15.79 ksi F'ex = 25.87 ksi
fa 2.158 _ - e a
Ta L) 13F 2 .15 Use Eqn. [l.6-2]
- ,in=k
fbx = SH - i T— = 17.18 ksi Fbx = 24.0 ksi
. 24,34in
: A T R T e L
Eqn., [l.6-2 1559 T 3.0 137 + .716 853
p) 7
Beam: o= 223k . o 250 kei Kx = 1.0(besms) 3La49.06
11.24n° s
fa .259 , - . E
T2 343 LG € 15 Use Eqn. [l.6-2)
fox = 23227 & 17.09 kst Fbx = 24.0 ksi
54.6

iy 17.09
E 1 - -+
Eqn., [1.6-2] 1843 3% 0

= 014 4+ 712 = 726

Deflection at Beam Midspan = 0.677 inches.

Maximum Drift = .548 inches.

\Ql v= ,in=k
{ g

Fa=18,43ksi
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RIGID FRAME - .75 (Gravity plus Wind Load)

w=1,405k/ft

Wel gk = —u .

A
/fL Y s

Column Moment Diagram Beam Moment Diagram

1.408 k/ft

: in-k " | einll N |
480.31 2.3 L L . 1 3.34k
3.34k -——»I\\D = “576: = <
o] I
17.79

AISC Check -~ Section 1.6

Fa = 16.12 ksi
. - sM:" kai X E':Ez-'-a s

Column: fas T~ 210 ket =105 SRR e 97.99 ket
(leeward)

fa 2.156 > P 5

T 1 ] kol £ .15 Use Eqn. [1.6-2]

fbox = — = 290.3 _ 19 77 ks Fbx = 24.0 ksi

S 24.3

2.156 19.77

Eqn. [l1.6-2] it 13 - T o, .134 + 824 = 958
Bean: fa = ii3§k « ,298 ksi Ex = 1.0 —=£ « 49.06 Fa = 18.43
fa .298 = =
T~ 1843 ° .016 - .15 Use Eqn. [1.6-2]
$ aaa s L SR = :
fbx = —E— = EZTE—-- 15.91 ksi Fbx 24.0 ksi
.298 |, 15.91

Eqn. [1.6=2] = .016 + .663 = .679

18.43 =~ 24.0

Deflection at Beam Midspan = 0.616 inches.

Maximum Drift = .397 inches.

ksi




S e A DR ——— e ———eee—

SEMI-RIGID FRAME - 1.3 (Gravity Plus Wind Loads) = AISC Part 2

s Li 1 e
= .44 X/T°CE
(/.-
o -

T

¥ - 7.

3.12k )

W
B

4

P -
Column Moment Diagram Beam Moment Diagram
30.8k
. ’ 2,44 k/fr
645,40 - J —— T e
032, 4 L —— 1
<::33 4.5K7 T — ] 4.3k
S N 277 too 308K ¢/
o 1690.5
A
4. Sk o= A ! O\ \S:><§\
. . O, N b Y
Jin-k \
30.8k 196.4 ' 645 4ink
AISC Check = Part 2
-~ ~ ‘r‘ 7 in"k
Column: Eqn. [2.4-2] 732‘?§k ¢ 22206934 ) — =139 +.606 = .744
(leeward) P (1-30.8k/409.14k)979.2 7"
- ,in=k
, 30. 45 . 4
Eqn. [2.4-3] 287§k o 238 = = 104 + .559 = 663

4,5k

1.18(979.2%07%,

in=-k
.85(1690.5 ) = 013 + .649 = ,662

Beam: Eqn. [2.54-2] 350 9K -

5.5k

(1-4.5k/1332k) 2214 0K

-in-k
1690.5 = 011 + .647 = _658

fqn. (2.4=3] 7838

Deflection at Beam Midspan =

Maximum Drift = 1.305 inches

1.18(221477°%

1.243 inches.

0o




RIGID FRAME = 1.3 (Gravity Plus Wind Loads) - AISC Part 2

1A

A 4

Column Moment Diagram

Beam Moment Diagram

2. 44 k/ft
(/‘*\30 84k ., Sin-k x>, = 1 BT

5.78k ——? T T - 78k
9 127.72¢ 30.84k
1506.1"
e « \\\\\ NN '
130.80k 375 gio-k ¥
332 54t
AISC Check=-Part 2
in-x
Column Eqn. [2.4-2] yeciok 4 —83(832.3 ) — = .137 + .777 = 913
(leeward) (1-30.84k/442.6k)979.2° 7%
30.84k , 832.54
[2 = 7 =
Eqn. [2.4- 3]797k 1.18(379. ) 104 + ,721 .825
Seam:  Eqn. [2.4-2] 3006 4 228US08.09) . 0165 + 581 = L597
: (1-5.78/1332)2214"
& e in=-k
con, [2:4-3] ek #2081 . 014 4+ .576 = .590
S "¢ 1.18(2214)

Deflection at Beam Midspan =

Maximum Drift = .689 inches.

1.073 inches.
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Table 2.1

Connection Properties Revised Initial

Slope (RIS)

Flange Angle Flange Angle (in.-k/rad)

Gage (in.) Thickness (in.) !
5/16 | 29800
3/8 ‘ 48300
7/16 | 74000
f 2% 1/2 w 107700
| | 5/8 \ 201300
. - 3/4 1 331000
i 7/8 \ 496200
Beam Depth = 8 in. : ; 5/16 [ 40200
; , 3/8 ; 66200
, Web Angle Thickness = % in. 1 : 7/18 ’ 101800
2% | 1/2 148000
Length of Flange Angle = & in. : 5/8 | 273100
. 3/4 441800
7/8 ! 650800
3/18 37800
| 3/8 , 95800
| | 7/16 147300
| 2 1/2 [ 212600
| - 5/8 384600
3/4 | 608100
7/8 578600
5/16 45000
3/8 : 73000
7/16 i 111700
- 23 ‘ 1/2 f 162500
| | 5/8 i 303200
, ‘ 3/4 . 497500
{ 7/8 i 744200
Seam Depth = 10 in. ; 5/186 81000
| 3/8 | 100300
Web Angle Thickness = ¢ in. i ! 7/16 [ 154200
! 23 1/2 224000
Length of Flange Angle = & in. i 3/8 412600
{ 3/4 665800
7/8 978800
5/18 87900
i 3/8 145700
7/16 223800
2 1/2 . 322800
5/8 582700
3/4 919300
T7/8 1325400 __J
5/18 72600
! 3/8 | 113100
| 7/16 169200
2% 1/2 | 242900
5/8 447000
3/4 729800
7/8 | 1090200
Beam Depth = 12 in. 5/16 ! 25200
| i 3/8 | 151800
Web Angle Thickness = } in. ‘ 7/16 | 229500
2% ‘ 1/2 329900
Length of Flange Angle = 8 in. 5/8 | 601900
‘ ‘ 3/4 967500
7/8 i 1421500
5/186 133400
3/8 216400
7/16 | 328300
2 1/2 | 470200
5/8 843000
3/4 1326700
7/8 1911700
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Table 2.1 (Cont.)

Connection Properties

Flange Angle

rlange Angle

Revised Initial
Slope (RIS)
(in.-k/rad)

Gage (in.) {Thickness (in.)
’ ‘ ' 5/16 98000
' j 3/8 152900
‘ 7/18 229000
- ; 2% 1/2 328700
f 5/8 - 804700 -
5 3/4 | 986400 -
i ‘ 7/8 i 1472100 }
1
|Beam Depth = 14 in. | l 5/16 : 128900 y
| \ | 3/8 ; 205800 |
/Web Angle Thickness = % in. \ | 7/16 . 311200 {
' i 2% ! 1/2 : 447400
|Length of Flange Angle = 8 in. | 5/8 | 815800 |
| | 3/4 1310200 |
‘ 7/8 1922900
; . 5/16 ' 181200
‘ % 3/8 294000
7/16 446200
2 1/2 £39000
5/8 1144700
L ; 3/4 | 1799700
| 7/8 I 2590400 |
; 4 5/16 ! 124400
| | 3/8 ! 194200 -
1 | 7/16 i 290900 5
\ 23 | 1/2 , 417800
& | 5/8 | 768000 .
| 3/4 | 12519200 ‘
| 5 7/8 : 1867000
|Beam Depth = 16 in. | | 5/16 [ 163900 ‘
- r ; 3/8 261800 r
Web Angle Thickness = 3 in. 7/16 ! 396000
2% 1/2 ' 569200
Length of Flange Angle = 8 in. 5/8 | 1037400
| ' 3/4 | 1864900
7/8 ' 2441700
1 5/16 | 230700
‘ ; 3/8 \ 374600 .
‘ r 7/186 ‘ 368500 .
1 | 2 ; 1/2 | 814000
| 5/8 l 1457500 |
| | 3/4 | 2289800
\ 7/8 3293300
88




Table 4.1

Values of Terms Used in Equations 1-6

Column (W8X28)

Rigid Frame

Semi-Rigid Frame

Area, A 8.25 in° 8.25 in°

Kx (inelastic) 73.04 T75.97

Py = Fy[l-&(le/Cc)zlA 247.18 kips 243.10 kips
Ppy =[72E/(Kx2/rx)2]A 442 .62 kips 409.14 kips
Py = Fy-A 297.0 kips 297.0 kips
UyC = Fy-S 874.0 in-kips 874.0 in-kips
MpC = Fy-Z 979.2 in-kips 979.2 in-kips
Beam (W14X38)

Area 11.2 in2 11.2 in?

My P 1965.6 in-kips 1965.6 in-kips
Mp,P 2214.0 in-kips 2214.0 in-kips
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06

Wi12X58X 1-1012"

L. size variable

J--

e

2L-4 X 32 XwaX0'-5i12"

-
-~

W8 X 21

(é 374" Plate  21/4” 21/72”
'Y b
'3
] -
- 4
y
4
11/2"
Y
f4 - »
2"
Fig. 1.

L, size variable

var.

25/8"

"

P R

var.

-——-r—-p-.-———q.-—

;
I

|
e I:.'_';
|

Note: Bolts are A 325-3/4" ¢

1 DETAILS OF CONNECTION FORW 8 X 21 BEAM




HE - N N B N B B B B B B B B B B B e e

1~0-1/8"
<4 - it [
B " " 612"
‘I’. 34 " Plate 2174 21172 4 --_:_‘ __/._;.,_.
Y M ¥ o115,
'S | L6X4X 08" —- —
’ LA .
: /llucknu:;s vanable . i
I — O
" L
e ; l
R = &
©
2L-4 X 312 X 0-B12" _-;
4 thickness variable
¢ " 19 >
:E 6 é ] :")
o {—di- W14 X38 7 ol Ao &>
x o
S
x —(i ) I - -
p. "3
411227 =
= 2
: . e ] 1
i E i iy
r_NI

J T i i
v rhj \ L-6 X4 X 0-8" @ 1 P

thickness vanable

- (i Note: Bolis are A 325-3/74" @

Fig. 1.2 DETAILS OF CONNECTION FOR W 14 X 38 BEAM
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w= 2,25 k/ft

@G_LLLL;LL@J%

W14X38
- -
24 ft
.2
Wi
12

5
sz L//, \\\J wh®

ra
o

Connection Properties
Flange Angle Gage = 2% in.
Flange Angle Length = 8 in.
Flange Angle Thickness = % in.
Web Angle Thickness = % in.
Beam Depth = 14.1 in.

Fig. 3.1a BEAM WITH SEMI-RIGID CONNECTIONS
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w= 225 k/ft

a1 1 1 1 1 1|

N\

?

W14X38
La - |
€ |
24 ft
2
wik
24
Wiz ‘«-’,Q,z
12 12

Fig. 3.1b BEAM WITH FULLY RIGID CONNECTIONS
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==
c
(-
%-—
3
L Series of M- connection curves £ 1
S o beam.depth = 14 in.
g3 & flange angle gage = 2% in.
~ D flange angle length = 8 i t = 3/4
o —
2
=
=
s 21 N t=5/8
5 N-
g —
3
3 '/
= t
g t =7/16 __
=N t = 3/8
w2l %
N t = 5/16
c
o
-
- Beam Line for W14X38 section
24 ft. span
2.25 k/ft. uniform load
o 1 | I T T 1
0.0 4.0 8.0 12.0 15.0 20.0 24. 0

Rotation, radians (x 1000)

Fig. 3.2 SELECTION OF BEAM CONNECTION
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Connection Moment (Inch-kips)
400.0 800.0 1200.0 1600.0 2000.0 2400.0

0.0

1

i |
"\_\

I

-=== (1049 in-k) RIS Prediction

1

_____ (707 in-k) M-@ Prediction

|

—=— Beam Line for W14X38 Section
24 ft. span
2.25 k/ft Uniform Load

[ t £

0. 0 5.0 10.0  15.0  20.0  25.0

Rotation, radians (x 1000)

Fig. 3.3 COMPARISON OF CONNECTION MOMENT IN EXAMPLE
BEAM USING M-@ CURVE ALD RIS LINE
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Connection Moment (Inch-kips)

e
=
o
=
o
=
(!
=
D -
=
|
(aw |
o -
— M-@ Curve for Connection
Used in Beam Example
=
(== (864 in-k)
C -
(v 0]
——(707 in-k)
e
o
=
b o
-== Beamline at
Beamline at Ultimate Load,
Working Load, 3.56 k/ft
2.25 k/fc : i
o
ot T [ T { T - !
0.0 5.0 10.0 15.0 20.0 25.0 30.0

Rotation, radian (x 1000)

Fig. 3.4 CAPACITY OF CONNECTION AT COLLAPSE LOAD
(BEAM EXAMPLE)
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Connection Moment (Inch-kips)

Fig, 3.5

Ratio of Applied Gravity Load to Service Gravity Load

Comparison of Rigid and Semi-Rigid Beam Behavior

98

(=
8 First Plastic Hinges 3rd Plastic
- - Form at ends Hinge Forms
N of Beam at beam
midspan
o (. in-k (collapse
. 2214 ) Jof beam)
D |
= l I
= - I |
N | |
| |
o ! '
. | |
= | I
= | |
0 -
vy Beam with rigid | f
Connections ---» | :
(o ' |
. I
- |
o | |
o
N~ i |
| |
= | '
‘ i
o (864, n—k) Plastic Hir{ge for-
) i mation at Midspan
| of Beam
| |
= | l |
= I - i
O- | '
e ¢--Beam with Semi-Rigid | | i
Connections | | l
I
l | |
o e ;
= T L ¥ T T L
0.0 0.4 0.8 1.4 1.6 2.0 2.4



wi
24

Connection Moment (Inch-kips)

o
(|
= |
Q -
N
(o}
Ci Series of M-@} Connection Curves
el Beam Depth = 14 in.
gs" Flange Angle Gage = 2% in.
Flange Angle Length = 8 in. t=17/8
[
e
|
8— t = 3/4
-
(=
—y
=
X =k
o
N —
& t = 7/16
(@) t = 3/8
o
8- t = 5/16
=
(=
0 -
.
o
2 " T J T T | 1
.0 5.0 10.0  J5.0  20.0  25.0  30.0

Rotation, radians (x 1000)

Fig. 4.1 Selection of Connection Used in Frame Example

99



w=1.88 k/ft

}I,LJ,J,LIJI.L%@

W14X38
s
o
= o0 o0
> P
@ o0
= =
ﬂ!X_
S )
L =24 ft

Semi-Rigid Connections:
top and seat angles - L 6 X 4 X 3/8 X 0'-8"

web angles - 2 L 4 X 3% X % X 0'-8%"

Fig. 4.2 Single Story, Single Bay Frame Utilizing Semi-Rigid Connections




Connection Moment (Inch-kips)

1200.0
i’

1

1000.0

800.0
J

|
|

600.0

——————— (595.0 in-kips) Connection Moment Relative to M-9
Curve at Plastic Hinge Formation
of Beam Midspan

400. 0

.

|

200.0

0.0 5.0 J[I]_.U 15.0 20.0 25.0 30.0

Rotation, radians (X 1000)

Fig. 4.3 M-P Curve for Connection Used In Semi-Rigid Frame
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S Em S EEmEmEmEmEmEmEmEE-m-m-m- - - -

[ &=
-
(&
Ea-ﬁ Collapse of Frame———————=—me——————eccee—ee——- (979.2 in-k
!
First Plastic Hinge-——————————mmmmmmmme :
cC at Beam Midspan '
Cﬂ 1
V=15 | Collapse Load, Rigid Frame
(78] First Yield at Top of Columns-—------ (765.6in-k : 3.70 k/ft
I('—l
|
o 1
B ]
- |
gg_" (595 in-k)----—— First Plastic Hinge at
~ ! i Beam Midspan-Collapse
E% (554.7 in-k) -—-—————- First Yeild at Beam Midspan
H
o S | |
X 'é C? (467.7 in-k)---—--—- : |
48 ! '
= A ~—--(397.3 in-k) : :
o | | :
5 | | l
g Rigid Fre ' ' ' l
= 0O Bg: vir?me lk——Serwvice Load, : 1
& Ci o | 1.88 k/fc : Collapse Load, Semi-Rigid Frame
L O | 1 3,25 kit
g OV l . |
e ¢«—Semi-Rigid Frame | |
S Behavior : = I I
: |
| | .
- l i |
o | | l_ | | | |
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
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