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ABSTRACT 

~he purpose of the investigation has been to use the 

moment-rotation relationships ~eveloped from a study that has 

been undertaken at the University of South Carolina to formulate 

design aids which may be applicabJe to the direct utilization of 

semi - rigid connections in building systems. Several series of 

moment- rotatlon (M- 0) curves have been generated herein for 

connections of varying stiffness , within reasonable limits of 

extrapolation bevond the connections studied experimentally . 

A proc edure has been remonstrated for the design of a beam 

which utilizes semi - rigid connections attached to non-rotating 

supports. The over'.oad capaci.ty of this beam ''''as then comoared 

to the overload capacity of a beam whlch uti\ized fully rigid 

connections . A procedure has also been developed for a 

preliminarY ~election of member and connection sizes for a single 

story , single bav 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 . L;mlt 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-~ curve of a 

connection in determining the response of the beam and of the 

frame studied hereln , an aoproach w~ich utilized only the initial 

stiffness of the connection tn the analyses was a\so considered . 
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~o predict the initial stif~ness of the semi-rigid connections, a 

revised initia\ slope IRIS) For the M-d curves of the connections 

was developed . For the example beam, the connection moment 

predicterl by the RIS was consinerablv greater than the connection 

moment predicted bv the complete M-d curve . Conversely , for the 

example Frame used in this paper, the RIS q1ves a very close 

anproximation to the behavior. OF the connections nredicted bv the 

complete M-0 curve, at '.east up to and includinq service load 

conditions. 

3 
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A PROCEDURE FOR THE PRELI~INARY DESIGN OF BUILDING STRUCTURES 

USING SEMI -RI~ID BEAM- COLUMN CONNECTIONS 

I . INTRODUC"'ION 

The Ameri c an Institute of S t eel Construc tion endorses the 

use of Type 2 construction in building design. III The 

beam- column connections are considered , for design purposes, to 

behave flexibly unner gravity loading , ann are required to 

de'/elop only enough moment capacitv to provide resistance to 

lateral forces . It is evident , however , that such framing 

systems may be appropriatelv considered as being comprised of 

" semi- rigid" connections , which continuously transfer both shear 

and moment as '.oading progresses . Semi - rigid, or AISC 't'ype 3 

construction is not commonly used for design , however , because of 

the comolexity o~ the non - '. ~near frame analyses required of such 

systems, and the need to auantifv the static an~ reoeated- load 

behavior of the semi - rigin beam- column connections . 

A orogram has oeen undertaken at the University of South 

Caro i na , sponsored in part by the National Science Founnation, 

to investigate the static a nd cyclic moment-rotation 

characteristics of semi - ri.gi~ connections consisting of bolted 

top ann bottom beam flange angles together with stan~ard bolted 

web ang es . The obiectives of this investigation have been to 

exoerimentally d~termine the effect of varying the top and seat 

angle stiffness on the statlc response of the connections, and to 

obtain a measure of their ~ysteretic ener9v aosorption under 
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controlled displacement cyclic loadings . 

~he results , to date, arp. 

National Science Foundation . 

presented 

[ 21 

i.n 

To 

a report 

determine 

to the 

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 respec tively . The tests enabled the identification of 

the significant material and geometric parameters reauired 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 . Co~parisons of the predicted 

stiffnesses wi.th the experimental data from t~e static test 

investigation are presented in the NSF reoort . Further , using 

the results of the oarametric study, a semi-empirical analytical 

mOdel was aeveloped to generate complete non- linear 

moment - rotation curves for the connections . This model has 

offered the gr.eatest immediate promise as a practical means of 

describing the non - linear static response o~ the semi-rigic 

connections . Additionally , computer programs are available which 

apply the analytical moment-rotation descriotions of the 

semi.- rigid connecti.ons to the analysis of complete structural 

Frameworks . 

Q 
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II. MOMENT-ROTATION CURVES AND PREDIC~ED INITIAL STIFFNESS 

FOR ~HE SE~I -RIGID C.ONNECTION 

The ob;ect 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 varying stiffness, within reasonable limits of 

extrapolation bevonc t,e connections studied experimentally, and 

used to frame beams of varying 0eoth. Momp.nt-rotat~on curves, 

For beams ranging in depth From 8 in. to 16 in., are presented 

tn 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 ~or 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 

;n., and angle thicknesses ranging €rom 5/16 in. to 7/8 in. For 

example, Fig. AIO 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 

ranginq 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 ad0ressed first. Using the 

semi-empirical - moment-rotation relationship which was develooed 

10 
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in the NSF reoort, the static moment-rotation (M-0) curve for a 

specific connection was olotted. The initial sti fness of the 

semi-rigi~ connection (the initial slope of the semi-empir\ca1 

moment-rotation curve) was then superimposed over the complete 

non-linear M-0 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 lengt~ of 20 feet (the specimen examined in the 

experimental investigation) was considered . The standard beam 

Jine for the W14X38 section, using the 20 ft . test length and an 

allowable stress of O.~~ Fy (24 ksi), was then plotted over the 

M- 0 curve and initial sti~~ness line for the connection used to 

frame the beam to a stub column \n 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 leg mounten to the stub column. It was 

found that the beam line intersected the non-linear M-0 curve at 

a rotation consi~erablv larger than the rotation predicted by the 

intersection of the beam line with the initial 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 establish whether or not the 

initial slope line for a semi-rigid connection could be used in 

place of the full non-l.inear M-0 curve in the design process. 

For the range of member sizes and connection stiffnesses used in 

this investigation, it was found that the "nitial st"ffness 

11 
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provided unconservative predictions of the connection moment 

transfer capability and corresponding beam rotations at working 

load for a beam that is connected to fixed supports by these 

semi - rigin connections . 

An additional, analytically predicted linear initial slope, 

developed in conjunction with the ISF sponsore1 stur.y, was next 

cons(dered . 13] This slope was generated by modeling the flange 

and web angles as segmental beams and computing their 

contributions to the initial connection stiffness. ~he 

assumption was made that elastic analysis is applicable . After 

com?uting the contribution of all elements , these were acded , 

resulting in a revised prediction for the initial sJ_ope of the 

moment- rotat~on curve . ~~is revised initial slope (RIS) closely 

predicts the initial slopes of the M- 0 curves obtained from the 

actual test data . Initial slopes obtained by this procedure have 

been calculated for each of the ~-0 curves that are shown in 

Appendix A. The values are tabulated in ~able 2 . 1. A copy of 

the com? uter program which calculates the RIS and a list of its 

input variables are shown in APpendix B. A sample of the 

computer input ann output nata is also shown . 

III. BEAM DESIGN EXAMPLE 

3 . 1 lise of the Revised Initial Slope (RIS) 

The next consideration was to nesign a beam that utilizes 

semi-rigid connections of the type that are examined in this 

12 
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study, and then to analyze this b~am bv use nf the ~ull M-0 

curve, and by the use of the RIS for the connection~ predicted 

behavior. Shown in Fig. 3.la is a beam with semi-rigid 

connections attached to fixed suoports. ~he beam was designed 

for a maximum moment of w1 2/12, the same as the design moment 

for a fully fixed-fixed beam, Fig. 3.1b. For this example the 

beam supports a uniform service loading of 2.25 k/ft over a span 

feet , resulting in a design moment (w1 2/l2) of of 24 

l296 in- k . A w14X38 section of A36 steel , with an allowable 

(.~6 Fy.Sx) of 1297.3 in- k , was selected for the beam. mo",ent 

with the section thus selected, its beam line was thus defined. 

The intercept of the beam J.ine on the moment axis corresponds to 

the fixed-end moment, wI 2/12, while the rotation axis intercept 

corresponds to the simole beam rotation of wI 3/24EI.[41 

~he beam line was then used to select the semi-r'gid 

connecti.on that would deve'.oo a moment of w1 2/24 at the 

k 2 .25 /ft. service load. As seen in Fig. 3.la, the connection 

moment of w1 2/24 corresponds to the beam midspan moment of 

w1 2/12. For the proper connection to be selected, the beam 

line was drawn through the family of semi-rigid M-0 curves for 

the 14 in . beam depth. Thi.s procedure is shown in Fig. 3.2. 

For a 14 i.n . deep beam and a gage of 2-1/2 in . in the flange 

angles, a connection with a flange angle thickness of 1/2 in . 

was selected . As shown in 

closest to develooing a moment 

(~48in-kl at service load. 

13 

the figure, this connection comes 

capacitv of at least w1 2/24 

Note that the actual moment the 
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connection wi) develop is 

ntersection of the beam 

connection. 

70' in-kios, corresponding to 

line with the M_~ curve for 

the 

that 

Por the connection se~ected above, the revised inlt!al. slope 

(herelnafter nesignated nRI~·) has a value 0 3~8,'00 

in-klos/rad, as shown in Table 2.1 . The connection moment which 

would be in~icated if the RIS were used ~or the predicted 

be~avior Of the connection was comoared to the connection moment 

ored i cted by the M-~ curve. A graoh Of these two plots s shown 

'n pig. 3.3, w~ere the beam lin~ at service load is drawn over 

both OI.otS . As shown in the fi.gure , the connection moment 

ored'cted by the RIS is l04Q in-kips, which is a 48 percent 

increase in the moment predicted by t~e M-0 curve, 707 in-kips. 

~he variation in the connection moment that is prenicted by 

the RIS in a beam with semi-r'gld connections attached to fixed 

supnorts suggests the l i M'tS within wh'ch the FIS can be used in 

the analvsis of a frame. The beam that has ;ust been ana yzed is 

analagous to a beam that is connected to infinitely st i fe co umns 

in a frame , Ie this were indeed the case, t~en for this beam and 

loading t~e RIS oredicts a moment t~at (s 48 percent greater than 

the actual moment developed at the connecti.on. However, the 

other extreme must also be considered . For example, a 

simolv-supported beam would be analogous to a beaM in a Frame 

which is connect~n to columns that are very f .exible; i.e., 

COlumns that hav~ n0 stiffness , In this case the moment caoac'tv 

at the connections WOllld be zero. Thp~ef0re It does not ~ake anv 

14 
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difference if the behavior of the semi-rigin connection is 

predicted by the RIS line or the M-0 curve because the moment in 

the connection will essentially always be zero. 

~he above two examples of beams in a f.rame 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 suggestinq bounds within which 

the RIS may be used in place of the full M-~ curve to predict the 

behavior of semi-rigid connections 1n frames at working loa . 

Later i.n this paper, an example frame which utilizes semi-rigid 

connections wi\l be examined in greater detail, in which the 

connection moments predictec by t~e RIS will be comparer to the 

moments predicted by the full M-~ 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-load" capacity was ~etermined. 

That is, the factor of safety with respect to collapse (based on 

a standard plastic hinging ann 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 

cond'tions, as ~etermined from the beam-line analysis described 

Because the connection M-0 curves did not flatten to a 

horizontal slope, an iterative procedure was used to establish a 

15 
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conservat I ve esttmate 0" the plastic moment capacity of the 

connection . ~~e approach used was as fo110ws . A connect i on 

moment 20 percent larger than the working load moment was 

selecteil and used as the ava i l.able moment at the connection at 

the formation of a co lapse mechanism for the beam . From the 

corresponding collapse loao , the beam line at ultimate l.oad 

(assuming elast i c behavior to prevail to the point of plastic 

hlnqe "ormation) was plotted over t~e ~-0 curve of the 

connec ti on . I~ t~e intersection of this beam line wi th rhe M-0 

curve was wi. thi.n 1 or 2 percent 0" the assumed "pl astic " moment 

Of t~e connection (i. . e . , moment 20 percent l.arger. than the 

work; nq ' .oad moment) , t~e ca l.CU l aten l oad was cons ire red to be a 

reasonable estimate of the overload capacity Of the beam . If the 

assumen and "i.nal moments were not close , the above procedure was 

reDeate~ until coincidence was achieved . 

For the beam in F i g. 3 . la, u~ i ng the analysis techn i que 

~escr i bed above , collapse is calculated to occur at an overload 

Of 1 . ~8 times the service loan Of 2 . 25 k/ ft . 'l'he load was 

neterm t l'en as follows . 'l'~e "ul.l v p l asti.c moment for t~e J14X38 

sectinn , Fv . Z, is 36 ksi X ~1 . 5 in 3 = 22l4 in- k . 'l'he assumed 

707 i.n- k, in- k connect i on capac'ty was taken as 1.2 X or. 848 . 4 . 

Summi.nq these values , the totaJ static beam TIIoment , 2 
1011. / 8 , i s 

306? . 4i n- k from w~i. ch w=3 . '54 k/ ft. 'l'he beam l i ne at this 

esti.maten u timate l oad was t~en drawn over the M-0 curve of the 

connection, predicteo a connection moment Of 860 i n- k • 

~ecaus e t~e assumed connecti o n capac i ty of ~4R.4'n-k dtd not 
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equal the capacity predicted by the beam line, an 'ncreased 

estimated connection capacity of 1.22 X 707 in- k or 864 in- k 

was used. This resulted in a ultimate load of 3.56 k/ft. The 

beam line at this load predicted a connection moment of 

864 in- k . Thus collapse was calculated to occur at 3.56 k/ft. 

or 1 .S8 times the 2.25 k/ft service load . 

The 3.~6 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 u1,timate load together with the beam line 

at service load , both of which are plotted over the M-~ curve of 

th~ connection. The beam line at ultimate load intersects the 

~-~ curve on that portion of the curve which exhibits a very 

sma slope (low connection stiffness). Note that in going from 

workinq load to ulti~ate 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 analvt\ca\ orocedure was use~ to calculate the 

overload caoacitv for several of the beams ann semi-rigid 

connections studied in the experimental investigation; the 

factors of safety with respect to collapse ranged from 1 . 5 to 

1 .~ 5 . (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 wou d 
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decrease to approximately 1.47). 

3.3 Comparison With Fullv Fixed Beam 

At this point it was thought appropriate to make a 

compar ison between the example beam, wh ich utilizes semi-rigid 

connections, and a beam which utilizes fulJ.y rigid connections at 

its ends (a ~ixed-fixe~ beam), s~own in Fig. 3.1b. ~he same 

beam section (W14X38) wtth a length of 24 feet and a service load 

of 2.25 k/ft was used. A comoarison between these two beams, 

showing the variation in connection moment with an increase in 

uniform gravity load , is 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 overJ.oad ratio of 1.71. However, total 

co~lapse at this beam does not occur until a third plastic hinge 

forms at midsoan of the beam, which occurs at a load 2.275 times 

the service loa~. ~hus 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 Des·gn 

In this phase of the 

developed for preliminary 

lnvestigation, a procedure was 

selection of member and connection 

18 
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sizes for a frame~ structure utilizing semt-rigid connections . A 

single story, single bay frame with a uniform gravity load was 

used . It was ~ecidee that, as a first trial, the beam would be 

designe~ for a maximum moment of w1 2/10, less than the w1 2/8 

simple beam gravity load moment current~v used in Type 2 

constructton. 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 ~ig!~ connections (sUP90rt moment 2 

W1 2/12; mid-span moment = w1 2/24) or with semi-rigid 

connections that would develop w1 2/24 at working load (for 

which the beam mid-span moment would be w1 2/12). 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-span of the beam , thereby increasing the moment at that 

point above w1 2/12 (W1 2/10 estimated). 

After selecting a beam section of adequate capacity for the 

wl 2/10 moment, its standard beam line was defined. This beam 

line, combined with the estimated required connection stiffness, 

was used to select the appropr iate connect!.on c1etails from the 

family of semi-rigid connection moment-rotation curves for that 

oarticular beam depth, as shown in Fig . 4.1. As noted above, 

the ~esign moment for the selection of the connection was taken 

as wI 2/ 24 , s1 ightlv l.ess than one-half the allowable moment for 

the beam (-w1 2/10) . 

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 

2 as wI. /24 . 

The example €ra~e that wa~ stu~ied is shown in Fig. 4.2. 

It consisten of a 24 ft. Jong w14X3A beam framed to 12 ft. long 

W8X28 columns . The beam was to carry a un\form service load of 

1 . 88 k/ft. Normally, too an~ seat angles hav'ng a length OF 6 

i.nches wouJn be used for framing i.nto the NRX28 column fJange. 

However, since the experimental program used 8-:n. angles to 

generate the M-~ curves for the w14X38 beam sections, 't . was felt 

hat this combination wou'~ be most consistent with the test 

nata. Further, it was found that the length of the top and seat 

angl.es had a relatively minor effect on connect'on stif€ness 

compared to the angle thickness and gage. ~herefore, the 

~emi-r'gid connections consisted of LfiX4X1/8XO '-8" top and seat 

angles with a gage of 2-1/4 in. in the leg mounted to the 

column, and two L4 X 3 1/2 X 1/4 ~ 0'- 8 1/2" in. web angles. 

With all o€ the trial members and the details of the connection 

selected , the frame could now be analyzec'! . A program develooed 

in con~unction with the I~F soonsored study was used For this 

analys'~. [3J ~he orogram ana yzes a plane frame by the 

stiffness methoc'!, incoroorating the comolete non-linear M-~ 

relationship €or the connections usec'!. ~he orogram uses an 

Iter~tive tec~niaue, the details of which are explained n the 

reference. 

From this non-' inear anaJ.ysis, i. t was found that t~e actual 

moment carrie~ by the connection at service load was less than 
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the trial moment for which it was designed. As noted previously, 

t~e design moment for the select~on of the semi-rigid connection 

was taken as w1 2/24, but the analysis showed that it only 

developed a moment of w1 2/32.7. Also, the analysis showed that 

the actual beam mid-span moment was w1 2/lO.6 compared to the 

w1"2/l0 originallv assumed. Therefore, selecting a beam section 

for a capacity of wl 2/lO was a good appr.oximation for the 

example chosen. 

4.2 Compari.son of Semi-Ri.gid Frame with Riqid Frame 

4.2.1 Gravitv Loading = AISC Specification Requ"rements 

Using t~e non-linear analysis program, a comparison was made 

between the frame with semi-rigid connections and one utilizing 

fully rigid beam-column connections. (~he frame which utilizes 

semi-rigid connections hereafter will be referred to simply as 

the "semi-rigid frame .") ~he rigid frame consisted of the same 

memoers 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. ~he results showed that, 

for the particular frames studied, the semi-r igid frame developed 

84.9 percent of the 467.7 "n-k"ps moment of the rigid frame at 

the connections, with i.ts beam mi.(!-span moment being 106 percent 

of that In the rigi<" frame (1152.2 in-k ips) . The complete 

benr.ing moment diagrams at service load for the two frames are 
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presented in APpendix C, PP . 70 to 73 . 

The colu~ns 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 is, the beams and columns were 

assumed to be fully laterallv supported so that the laterally 

unbraced length of the compression flange of the beams was taken 

to be zero, as was the slenderness ratio of the column about the 

minor axis (kvl / rv) . On~v in-plane behav i or was considered 

to confine the ana!.vsis of each system to a comparison of the 

effects of the connection AttffnesA on the response of the frames 

in the plane of loaoing . 

~he rigid frame was checked by the standard procedure 

specified bv AISC in Part 1. ~he column effective length factor, 

k , was found nirectly from the alignment chart in the AISC 

Commentary . For the se~i - r;gin frame , the AISC Specification was 

used , but adiustments to the k factor were made. [51 This 

ad;ustment takes into account the initial stiffness (RIS) of the 

se~i-r'gid connection . However, the unmodified alignment chart 

can usually be used directly for frames with semi-rigid 

connect'ons because the flexibil i t ' es Of such connections do not 

s i gnificantlv reduce the effectiveness of the girder stiffness. 

~he slight tncrease 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 in the 

frame with semi- rigid connect i ons were 1.80 and 1 . 88, 

1. 2 
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respective1v. However, because the in-plane slenderness ratios, 

kx1/rx' of the semi-rigid frame and the rigid frame were both 

] ess than Cc the i.nelastic k values \~ere used, as recommended 

by AlSC. 

~he inelastic k factors for the columns in the rigid frame 

and t~~ 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, Fbx for the beams and 

columns, whi.ch are compact secti.ons, was taken as .66 Fy (24 ksi 

for the A36 steel.) . The coefficient, r m, applied to the 

bending term in the interaction formula 1.6-1a of AlSr. Section 

1 . 6 , was taken as .85 ~or the columns, as specified for an 

unbraced frame. 

From checks of the 

Section 1.~, all members 

a1?propriate 

of both 

interaction formulas of 

the rigid frame and the 

semi -rig id frame satisfi.ed the requirements. ~hese checks, and 

the bending moment diagrams for both frames under the uniform 

gravity service load are shown in Appendix ~, np. 70 to 73 . 

~oth frames, having sati.~fied the provi~j. ons of the AlSC 

Specification, Part 1, for service load conditions, were then 

checked in accordance with the strengt~ requirements (factored 

load provisions) of Part 2 of the Specification. Both frames 

were sub4ected to a factored load equal to 1 . 7 times the service 

gravity 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 j.nteraction formulas 

23 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

of Part ? checker.. Again, both the rigid frame and the 

semi-rtgin frame passed the Specification requirements. Cm was 

taken conservatively as 1.0 for the beams of both frames in 

checking formula 2.4-2; Eor the cotumns, Cm = 0.85 was used as 

in the Part 1 checks. The specification checks, together with 

the ben<''!i.ng ",oment oi agrams for both frames at Factored oads, 

are shown in Appendix r. , po. 74 to 75 

4.2.2 Gravi.ty Loading -- Yie)_d, r.ollaose Ana yses 

In th's part of the study, the behavior of the rigi.d frame 

and of tl1e semi-rigi.d Frame was compared as the gravi.ty 'loads 

I~ere i.ncreased beyond the service '_oad conditions. In the 

analyses, the condition of initial distress has been defined as 

the toad at which either the column or the beam 1ust begins to 

yteld (based on an elastic analYsis, and excluding residual 

stress const~eration). In ad~i~50n to estabti.shing the load at 

F rst distress , limit state analyses were performed For the r'gid 

and semi-rigid frames to 0btai.n a measure 0: the overload 

caoacity assoctated with each frame. 

mo determine the state Of first distress and the lim-t state 

caoacity of tl1e two frames, only ~n-ptane behavior was 

considered. 'T'he fo1.'_ O\~i. ng set of equations was useil to determine 

the oad at first distress n a particular member of a Frame: 

p 
+ On 

(-l~--';;P /p~--) 
EX 

oC 
1.0 
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If 
Mb 

Y 
"'he 

1.0 

1.0 

eauations used to estimate 

[3] 

the ultimate load-carrying 

capacity ~or the members o~ each frame are as ~ollows: 

P + On 
) MC 

< [4 ] Pcne 
( 1-P/P

EX M c 
1.0 

p 

P + MC 
< MC < 1.1 C [sj Py 1.18 M 1.0; 

p p 

If <: [6] 
Mb 

1.0 

P 

First nistress, and the 'imit state strength along the length of 

the column are ~etermined by Fquatlons (1) and (4), resoectively . 

First ~Istress, and olastic hInge formation are determined by 

Equat'ons ( 2) and ( 5) , resoecti '/ely , for the column 

cross-section , and by Equations (3) and (6) , respectively tor the 

beam cross-section . Note that Equations (3) and (6) do not 

include the axial load e~tects on the beam which, for the cases 

studied, are relatively small. 

In EquatIons (1) through (6) above, P is the apolied axial 

'oan tn the column, MC is the maximum moment in the column, an~ 

"Ib is the maximum mo",ent In the beam, a'.l o~ which are d'rect y 

re'ate~ to the external loading . P i~ the buck'ing 'oad - crx 
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(inelastic) o~ the column; p~x is the Euler buckling load of 

the colurnn; "Iv 5 the yield I'\ol'\ent of the member 

cross-section; " is the ~u IV plast'c moment of the member p 

cross-sect i.on; and Py i.s the oroduct of the vielil stress and 

the nomtnal area of t~e column . 

~he terrn rm requires furt~er exolanation as used in 

~quatlons 1 ane 4 above. '~en used in Formula l.~-la of the AISC 

Soecl~lca ion, C~ was taken as . qS for the column~. However, 

when the actual be~avior Of the ~rames is considered, a more 

appt'oori.ate va l.ue of em should be used . For the case in which 

on l v gravitv load is aoo li ed, the single stot'y unbraced Frames, 

w~ether utilizing rigid or semi-rtgid connections, tnitia J.v 

~isplaces in a manner i~entical to that of ' a braced frame due to 

he SVTTll'\etrv Of the structure and of the loadi.ng. [4J "'here~ore, 

"or this loading con,'H.tion, ,...", was taken to be .Ii - .4 ~'l/~2' 

'n which the ratio ~t/M2 becomes zero because the columns 

utilize non-riqid base plate connections. 

"'able 4.1 oresents a list of the values Of the various terms 

that are us~~ In Equattons (1) through (Ii). Note that the values 

~or P P and the slenderness ratio difFer for the . crx' EX' 

column in the semi-rig'd frame and t~e column in the rigid frame. 

~~is is due to t~e difference in the tnel.attc K factors, as 

d'scussed earlter. 

~~e analvses at first distress and at the lim't state were 

oer~ormed for both t~e ri.gid frame and the semi-rigid frame for a 

uniform gravity loan. "('he cQl.umn and beam moment rHagrams and 
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the appropriate response equations for these analYses are shown 

in APpendix D. 

For the frame with semi - rigid connections the initial 

di stress occurs as first yielding at the midspan of the beam at a 

load 1 . ~6 times the service gravity loan . Note that the 

summat·ons of' the term!'; i.n interactlon formu1.as (1) and (2) on 

page 77 of APpendix D are consi~erably less than one at that 

loa~ . ~~i!'; sugge!';ts that the columns can supoort greater 1.oads 

bef'ore they experience first distress . 

~~e rigid frame experiences f'irst ~istress at a Joad of 1 . ~4 

times t~e serv·ce gravity oad . However t~is distress occurs as 

f'irst vie ding at the top of' the columns due to the presence of 

the Ful ly ~ig;d connections, wh·ch attract more moment to the 

~nds of the beam (relatiYe to that of the semi-rigid frame) . It 

!'Iav be noted that the F.quation (3) on page 78 of Appennix n has 

a yalue of 0 . 96, which indicates that Yi.e1d i ng at the beam 

'!Iidspan is a so imminent at the same 1 . n4 load factor. 

~he semi - rigid f'rame exhibits first plastic hinge formation 

at t~e beam midsoan at a load of' 1 . 73 times the gravity service 

load . "'he li.mi. t c;tate interacl:ion f'ormul.as, Equations (4) and 

(5) , indicate that the col.umns haye sufficient capacity to resist 

add· ional load at this time . Howeyer , it was assu~ed that t~e 

semi-rig· connect·ons had essential y reached their Full 

capaci y ~t t~e 1 . 73 loan Factor, thereby creating a collapse 

"mechanism" for the beam, and negating the possibility of 

applying addi~;ona' load to the Frames . 
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The iustification for this assessment of the limit state is 

as follows. Fig. 4.3 shows the M-0 curve for the connection 

used in the semi-rigid frame. Also shown in the figure is the 

point along the M-0 curve that corresponds to the moment in the 

connection when plastic hinge formation occurs at the beam 

midspan. Note that this point lS on the flattened portion of the 

M-0 curve, suggesting t~at rotations are becoming large and that 

the connection has little additional reserve capacity. 

~herefore, the loa~ correspondinq 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 f.orms at 

the midspan of the beam, but at a load of 3.6 k/ft, 1.q2 times 

the service gravity load. Because this frame utilizes fully 

rig id connecti.ons, however, total COl. lapse does not occur unt il 

additional plastic hinges form at the tops of the columns, 

creatinq a collapse mechanism. (The analysis is shown on page 

81 of Appendix OJ. Collapse of the rigid frame occurs at a load 

of 3.7 k/ft, an overloan factor of 1.q7 times the service load . 

Fiq. 4.4 shows a comparison between the behavior of the 

rigid frame and that of t~e semi-riqid frame . ~he fiqure 

illustrates the relati.onship between the connection moment and 

t~e ratio of the applied gravity load to the servlce 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 correspon~s 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 

Aeflectlons 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, 

particularly under service load conditions. 

4 . 2.3 Combined Gravity plus Wind Loading 

AISC soecifies that, for frames subiect to combined gravity 

plus wind loading, the al owable stresses may be increased by 1/3 

(or the combined loaning mav be mult~plied by a factor of 0 . 75). 

~herefore the nesign load for combined gravity plus wind was 

taken to be 0 . 75 times the service gravity load plus 0.75 times 

the wind load . This resulted in the ~rame being subjected to a 

uniform gravity load of 1.41 klft and a lateral wind load of 1.8 

k applied at the top of the windward column. ~his load 

combination will be referred to as Load Case 2, while the 

orev iou~ oad case Involving the full gravity load alone will be 

referred to as Load Case 1. 

The results of the analyses of Load 

rigid and semi-rigid fra~es, together 

Case 

with 

2 for both the 

the AISC checks 
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~pec~Fied in gection 1 . ~ , are presented n Appendix E . Both 

frames passed the AISC requirements for this Load rase 2 as they 

did For Load Case 1 . The beam of the rigin frame again carries 

less moment in the span than the beam tn the semi-rigid frame . 

Correspondi ngl v , the col.umns of the semi.-ri.gid frame carry less 

!!loment than the col.umns OF the rigin frame , wi.th the leeward 

connecti.ons experiencing larger moments than the wlnnward 

connections . ~he axia eFfects in the leeward columns of both 

frames were sma' .l cOl'lpared to the oending effects; thus, 

i.nteraction formula 1 . ~ - 2 was checken instead of formulas 1 . ~-la 

and 1.~-lb. For the leeward column OF the rigin frame, the 

interacti.on forl'lu1a sUl'lmation was O. Q58 , compared to Load r.ase 1, 

For Which the interaction summa~ion was 0 . Q2fi . This suggests 

that the gravity and wi.nd l.oad combination represents a more 

cri.~jcal loading condit on for this ri.gid frame . For the 

semi-rigid fral'le, the leeward column also was the more critical 

member under combined gravity pluS wi.nd loading . However , for 

the semi- r"gid fral'le, if the values of the interactipn formulas 

are consinered, the beam of Load Case 1 had a higher Formula 

l.h-2 summation (0 . 'l45) than the 1 eeward col.umn OF Loan Case 2 

(summation = 0 . ~53) . It is of interest to compare the va ues of 

the AIsr interaction formulas of at members of both frames for 

~oad rase 1 and ~oan r.ase 2 . Accordinq to the formulas, the most 

critical member at service loa~ ;s the leeward colul'ln of the 

rigin Frame unrer Load Case 2; however , the beam of the 

semi-rigid Frame under. Load rase 1 foll ows very closely, with the 
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va' ues 0" the i r i.nteracti on i'ormula summati.ons bei.ng 0 . 958 and 

O. Q45 , respectively . 

Both i'rames were then checked i.n accordance with the 

strength requirements in Part 2 of the AISC Specification for the 

comb!ned effects oi' gravi. ty p' us wind loan. Loads oi' 1. 3 times 

t~e service gravity \oad plus 1 . 3 times the wind load were 

appeied to the rigid and semi-rigio frames . The members of both 

rames were then checked accor~ing to the interaction formulas of 

Part 2 of the AI5C Specii'ication ; all members passed the 

requi~ements . ~he results of these analyses and checks are shown 

'n Aooendix E . As innicated by interaction formuJas 2 . 4-2 and 

~ . 4-1 , the leeward column Of the rigid frame is more critical 

than any Of the members Of the semi - rigi.n f.rame . However , this 

s~oued not be construe~ to {nolcate that the semi-rigid frame 

exhibits better perfo~mance under the gravity plus wind load than 

does the rigid frame . The maximum drift for each frame is a 

facto~ that must be taken into consideration . F{g . 4 . 6 shows a 

comparison between the maximum drift oi' the rigid frame and that 

of the sem'-rig~d frame . ~he abscissa is non-dimens'ona\{zed as 

the ratio oi' the appeied gravity PeUS wind load to t~e 

combination of gravity ann wind at service load . ~t factored 

load (L . P . = 1 . 3), the drift at the top of the coeumns for the 

rigid i'rarne is O.~q inches, while the drift i'or the semi-rigid 

frame is 1 . 31 inches . 'hile the 1eewar~ column of the semi-r{gld 

frame is "a>: i'rom reaching ·a 1 i.mi t state (jnteracti.on summations 

oi' O . ~44 and 0 . 663 in formulas 2 . 4-2 and 2.4-3, respectivelv), 
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the extent of swav is qo 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 rigtd 

Frame and 0.55 inches for the semi-rigid ~rame, an increase of 

only 37.5 percent For the structure utilizing. the semi-rigid 

connections. 

A behavi.oral analysis for first distress an~ for the limit 

state (co".apse) ''''as attempteil For the combined loading of' 

gravi.ty plus wind. However, it was not possible to obtain this 

limit state analysis for the semi-rigid Frame. ~his was due to 

the sensitivitv of the computer program in its abil. ity to achieve 

convergence I.n the ca 1.cu ation of connect' on moments 'n the 

region where the slope of the M-Z curve is verv Flat. ~hi. s was 

indee~ the cas~ For the leeward column in the semi-rigid frame at 

loads well bevond service loa~ condit 'ons. ~hus, in this 

presentation, t~e eFfects of combined gravitv plus wind loading 

have been 1. imi ted to Sect ion 1 . .; and 'Part 2 of the A,It:C 

~peci ficat ion in the ana).yses of the two Frames. 

4.1 Tse OF the Revi.sed Initial Slope -- ----
4.3.1 Monotonicallv Applied Loadings 

In Section 3.1, a comparison was made between two analyses 

perf'ormed on a beam attached to fixed supports by semi-rigid 

connecti.ons. One anal ys' s used the Full M-j;r cu~ve of the 

connection while the other used the revised initial slope (RIS); 

the resu ts were shown in Fig. 3.3 . The RIS predi.cted a 
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connecti.on mOTl1ent at worki.ng J.oad which was 48 percent greater 

than the moment prenicted by the full M-~ curve. 

Because the above beam example is analogous to a beam that 

is connecten to infinitely stiff columns in a Frame, this 

sugqest~ an upper ltmit to which the RIS could be used in the 

ana'.vsis of frames at service 'na~ conditions. Note that the 

beam used in the exaTl1ple was a ~14X3A section wi~h a span of 24 

Feet, which ~s the same beam section and span that was used tn 

the example frame which utilizes semi-r'gid connections. 

Comparisons were made of the analyses of the semi-rigid 

~rame in which one ana'.vsis incorporated the full M-~ curve of 

the connections while the other analysis used the RIS for the 

connections. ~he RIS For the connection used in the semi-rigid 

frame is 205,800 in-kips/rad,as shown In ~abJe 2.1. ~he analvses 

were perFormed for gravity loading and for the combined gravity 

plus wind loading. Shown in Fig. 4.7 are two curves, one which 

pre(Hcts the connection moment on the bas i s of the RIS, and the 

other, '~h ich pred i cts the moment on the basi s of the complete 

nnn-l. inear connection behavior. Both curves represent the moment 

at the connection that is pr.oduced upon the application of a 

speci. Fi.c proportion of the service or working grav i ty ' .oad. As 

shown in the Figure, the RIS and non-'. inear M-Z curve orediction 

are nearly identical. up to and somewhat pas~ the service load 

range. ,t work\ng gravity load, the RIB predicts a connection 

moment OF 402.2 in-kips, while use ' of the full 101-.0' curve oredicts 

a moment of 397.3 i.n-kips. 

33 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

A compar i. son ot: the t:r.ame connecti.on moment precHcted by the 

RIS with that p~enicted by t~e complete M-0 curve is shown in 

Figures 4.8 and 4.9 for combined gravity and wind loading. 

(Figure 4.8 reoresents the moment at the windwarn column of the 

frame, while· Fi.gure 4.9 corresponds to the leewar co'.umn 

morrtent.) As with the case of gravity load alone, these 

oredtcttons are verv close for loads up to and including the 

service loads. Note that the absc'ssa in these Figures 

represents a specif'c proportion of the comb!ned service gravitv 

plUS service wInd load. Therefore, a ratio of 0.4 reoresents the 

load state at which 40 pe~cent of the service gravity load plus 

40 percent of the wi nd '.oad are aOl?' ied to the t:rame, and a rati.o 

of 1 represents the comb!.nen grav! ty plus wi.nd loan at the 

reduce1 load t:actor permitted by AIsr (i.e., 0.75 times full 

gravity ' .oad p'.us 0.7S times t:u'. ' wind 10ad). '!;'he moments 

oredicted bv the RIS for the windward and leewarn connections at 

service load are 159.9 in-kios and 419.0 tn-kips, respectively, 

whU e the connection moments precHcted usi.ng the fu1.l ",-Ri curve 

are 158.3 in-kips and 417.4 in-kips, respectively. 

From the preceding analyses, it can be seen that, For the 

Frame and serrti-rigin connections exarrtined, the RIS ofFers a 

reasonable and close approximation to the moments neveloped under 

both gravity loading alone, and under combined gravity and wind 

loading, at least up to service load conditions. Additiona~ 

r 
stunte~ are required, however, to determine whether the same 

closeness of predicted behavior woc : d hO'n For Frarrtes with more 
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complex configurations and contai.n'ng a variety of semi-ri.gid 

connections . 

4 . 3 . 2 Loadi.ng and Unload '.ng EHects 

TO further veri.fy that the RIS closely predicts the behavior 

of the semi-rigid connect~on For the subiect Frame at working 

load, t~e frame was subiecten to nifferent combinations of 

oading an~ unloaning OF the gravi.tv and wind Forces . For this 

frame examo'e , the dead loan was taken as 40 percent, and the 

live loaa as 60 percent of the total service gravity load . (In 

the Followi.ng discussi.ons, t~e total gravitv working loan will be 

denoted G, while the dead load and the gravi.ty live load will be 

referred to as D and L, respectivelv . ) 

T~e structure was next loaded in the following order. "'he 

total dea~ load (D= . 4~) was apolied; t~en only enoug~ gravi.ty 

live load was anne~ so that the final gravity l,oad , present on 

the Frame was O . 7~ times t~e tota service gravitv load (0.75G). 

"'hen , '5 percent of the wjnd load (~) was added to the gravity 

load so that the final loan consisten of the combined gravi.tv 

olus wind load specified by AISe . Hereafter , this final load 

case wilt be nesignated as 0 . 7S (G+~) for ease of reference . 

"'he i.mposed loaning sequence ~escribed above was analyzed by 

three different methods, each of which took into account a 

different representation OF the connection's stifFness . 

The first method (Method 1) usen the complete M-0 curve 

throughout the entf~e loading sequence, which resu ten in 
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windward and leeward moments of 158 . 3 in-kips and 417 . 4 in-kips, 

respectively , at the final loac1i.nq of 0 . 75 (G+W) . "'he moment vs . 

load relationships for the windward and leeward columns of the 

frame are shown tn Figs . 4 . 10 and 4 . 11 , respectively . The 

analysis used to generate these curves bears further explanation. 

For example , to obtain the point on the moment- load curve of the 

windward column corresponding to 0.75G + 0 . 4W, the computer 

progr.am t~at was used, actua11v loaded the frame proportionally 

in increments until the final load combination was achieve1. 

Thus , the windwarn connection was not actually ]oaded to the full 

gravity load moment and then unloaded (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 stif~er M- 0 slope (resulting 

~rom reversal of moment) than that used to obtain the line from 0 

to 0 . 75W in Fig. 4 . 10 . As seen subsequently, however, this 

error was not appreciable and the entire loading history 

corresponded to moments in the nearly '_inear portion of the /o4-Qj 

c u rve for the connection . 

In order to account for the moment reversal in the windward 

connection upon application of wind load, a second analytical 

procedure was used . This second method (~ethod 2) utilized the 

M-~ curve for the application of the gravitv load from zero to 

0 . 7SG ; however , as the wind load was applied , di~ferent 

stiffnesses were used for the windward and leeward connecti.ons in 

the analysis procedure . "'his was ~one to account for the fact 
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that, as the wind load was applied following the application of 

the total gravity load, the leeward connect"on continues to 

follow the loading curve while the windward connection begins to 

unload (sense of the moment reverses). For the frame be"ng 

consi.deren , the moment in both connections was 297.7 in-kips 

before the wind load was applied. Fig. 4.12 shows the point on 

the M-~ curve of the connection which corresponds to this moment. 

~ecause the structure is alrea~v lo~~e~ an~ eac~ cnnn~ction ts 

experiencing a moment of 2~7.7 in-k{p~ , thev are no longer as 

stiff as what they were initially . ~herefore, a more appropriate 

reducen stiffness Of 87l~O in-kip~/rad (shown in ~ig. 4.12) was 

use~ on the leeward connection since i. t continued to load upon 

the application of wind force. The renucen stiffness of t~e 

eewar~ connection was calculated by first estimating the value 

OF the leewarn connection moment at the final load of O.75(G+W). 

~he first estimate was taken to be 417 in-kips (the value 

obtainen from the analvtical procedure in ~ethod 1). ~~is point 

was then plotted on the full "'-0' curve a ong with the poi.nt which 

correspon~s to the moment in the connection (2Q7.7 tn-kips) 

before the w"nn load was aOPlied (O.75G) . Referring to Fig. 

4.12, a straight line was then drawn between these two points, 

the sl.ope of which was taken to be the reduced st Uf.ness in the 

leeward connection. ~h{s reduced stiffness for the leeward 

connection was used in the analysis for the aoplication OF the 

wind loa~. The final moment in the connection at the total load 

of 0 . 70; (;+1-7) (!i n not agree with the estimated moment (417.0 
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in-kips); therefore, a new estimated moment was used ann the 

above orocedure was repeated until convergence was achieved. 

This corresponded to a final moment of 415.9 in-kips, which 

resulted ~n a reduced stiffness in the eeward connection of 

87,160 in-kips load as shown in Fig. 4.12. 

While the leewar~ connection continues to load upon 

aopl"ications of wind load the windward connection follows an 

unloading path. The RIS (205,800 in-kios/ra~) was used F.or the 

a~iusted stiffness of the windwarn connection; t t was shown in 

the NSF studv f21 that the initial stiffness closelv predicts the 

unloading behavior of these semi-rigid connections. Using these 

newly defined stiffnesses for the windward and leeward 

connections, the frame was then sub;ecten to a wind force OF 

0.7SW and the analysis performed. The moments at the final load 

of 0.7S(G+W) were 156.8 in-kips for the windward connection and 

415.9 in-kips for the leeward connect i on. It should be noted 

that the values oredicted bv Method 2 are nearly identical to 

those predicted by Methon 1 (158.3 in-kips and 417.4 in-kios, 

respectivelv), wh"ch incorporated the full M-0 curve throughout 

the entire load"ng sequence. 

A thir~ procenure (Method 3) was used to analyze the frame 

For the same loading sequence used in Method 1 and ~ethod 2. 

Method 3 utilized only the RIS for each load increment, which 

resulted in windward and leeward connection ~oments of 160.0 

in-kios and 419.1 in-kips, respectively. Again, note the 

closeness of these values to those obtained bv Method land 
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~ethod 2. 

The ' loading sequence for each of the three methods detailed 

above is shown in Figures 4.10-4.16. To summarize, Method 1 

utilized the full M-~ curve for each load increment: Method 2 

utilized the M-~ curve for gravity load increments but 

i ncorporated adiuste~ stiffnesses upon the addition of wind 

loading : and ~ethod 3 emplove~ the RIS for each load increment. 

For the three wetho~s, the moments at the windward connection for 

the final loading of O.75(G+W) were 158.3 in-kips, 15~ .8 in-kips, 

and 160.0 in-kips, and for the leeward connection, the moments 

were 417.4 in-kips, 415.~ in-kips, and 41~.1 in-kips. 

The next consideration was to compare the residual moments 

in the connect'ons after unloa~ing of the wind load and the 

gravity live load. ~he frame was loaded according to the 

sequence described above, in which the connection behavior was 

predicted by each of the three methods iust 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 gravitv live load was removed, 

leaving only the dead load on the frame. When the connection 

behavior for the loading 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 gravity live load and the wind 
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, . 
load were reduced proportionately. Using this sequence, each of 

the three methods yielded the same value as it did wtth the first 

unloa~ing sequence. Figures 4.10, 4.11, 4.13-4.16 illustrate the 

response of the connections for each of the loading and unloading 

sequences iust described. Separate curves are presented for the 

windward and leeward connection for each of the three loading 

methods. ~he 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 r.igorous 

analvtical approaches (Methods 1, 2). 

The same closenes.s of response predicted by each of the 

three methods was also evident when the frame was subiected to a 

sequence of ~ull gravitv load application, followed by removal of 

the gravitv llve load onlv. Fig. 4.17 represents the connection 

moment vs. load response when it is described by the full M-0 

curve in the loading process, and Fig. 4.18 corresponds to the 

connection moment-load behavior when the RIS ~s used to define 

the connection stiffness in the loading process. (Both analyses 

employed the RIS for the unloading path) . The residual moment in 

the connection was found to be 156.0 in-k ips when the ~-~ curve 

was used, and 160 .9 in-kios when the RIS was used. This again 

illustrates that, for this frame example and the loadings 

considered, t~e RIS gives a verv good aporoximation to the 
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behavior of the connections orenicted using the ana ysis based on 

the non-linear moment-rotat'on curves, at least at service load 

conditions. ~his suggests that the RIS may be used n place of 

the full M-S curve to describe connection be~avior at service 

loans, thus permitting the use OF simpler analytical procedures 

in the design of Frames which utilize semi-rigid connections . 

Furt~er work {s needed, however, to determine if similar 

correlations can be found for structures with more comp ex 

geometries and load'ng histories . 
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S~~RY AND CONCLUSIONS 

Semi-empirical moment-rotat{on relationships deve oped from 

an experimental investigation r21 were used to formulate 

preliminary nesign aids which may be applicable to the direct 

utilization of semi-rigid connections in building systems. 

Several series of moment-rotation (M-0) curves were generated for 

connections of varying stiffness, within reasonable limits of 

extrapolation beyond the connections tested in that 

investigation. 

The initial slopes 

moment-rotation curves were 

predictions of the connection 

to the empiricallv netermined 

Found to provine 

moment transfer 

unconservative 

capability and 

corresponding beam rotations. However, a revised initial slope 

(RIS) was considered ann found to closely predict the initial 

stiffness of the ~-~ curves obtained from the actual test data. 

~he values of the RIS were tabulated for all of the connections 

for which moment-rotation curves were generated. 

A procedure was demonstrated ~or the design of a beam which 

utilizes semi-rigid connections attached to non-rotating 

supports. ~he procedure involved superimposing the beam line at 

working load over a series of M-~ curves to select the 

appropriate semi-rigid connection. This beam and semi-r i gid 

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 ut'lized semi-rigid connections. The over loan 
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capacity 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 \ittle reserve capacitv; i . e . , t~e beam line at that load 

intersecteo the ~-~ curve of the connection in a region of very 

low stiffness. 

A proceoure was also ceveloped for a preliminary selection 

of member and connection sizes for a simple framed structure 

uti\izing 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 utilizing fully rigid connections; both frames 

consisted of the same members and had the same loan~ngs 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 

r~gid 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 (Loac Case 1) and 

for combined gravity plus wind loading (Load Case 2) . There were 

some interesting results obtainec in comparing the values of the 

interaction formula summations for the members of both frames for 

Load ~ase 1 and Load Case 2. According to the formulas, the most 
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c~\tica] ~ember at service na~ was tie leew~rn column OF the 

rigin frame OF Loac Case 2, while the beam of the semi-rigid 

Frame 0<: Load ("ase 1 followed closely; the values of thei.r 

interactl.on Formu1a summations were 0.958 and 0.Q45, 

respect i vely. Roth frames were also checked accorcHng to the 

strength and stab!. i ty requirements specifien in Part 2 of the 

~IRC Specification For gravitv loading and for gravity plus wind 

oading. Aqa'n, <;imilar re!lu'ts were found i.n the summations of 

the interact'on formulas - the leeward column of the rigid frame 

under combined gravity plus wind loading was Found to be the more 

critical member. However, t was noted that, unner the combined 

gravity plus wind loadinq , the story drift in the frame with 

semi-ri.gid connections was 90 percent greater than the driFt in 

the Frame whici utilized rigid connections. 

A , ' ~It-state analvs's was performed For the rigin and the 

semi-rigi.d Frames to obtain a measure OF the over oad capacity 

associated with tie Frames under gravity load. For the 

seml-r'gid Frame the first plastic hinge formation, at the beam 

midspan, was cons;~ered to correspond to the total collapse OF 

the FraJl'e (For the same reasons as di.scussed above with. the beam 

example). A collapse mechanism which invo ven three plastic 

hinges deFined the collapse load for the rigid frame . ~hese 

ana'vses resulted n overtoa~ Factors of 1.73 and 1 .Q7 t'mes the 

service loads For the semi-rigid ann the rigid frames, 

respecti.velv. 

~he use of the Revised Initial Slope (RIR) in the analyses 
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of the beam and frame which utilized semi-rigid connections was 

studied . A beam attached to ~ixed supports by semi-rigid 

connections was analyzed ftrst by using the full ~-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 f.rame, it represented an upper 

limit for which the RIS can be used to or.edict the behavior of an 

actual frame at service toad conditions. 

Two analytical compar{sons were then made of the behavior of 

the semi-rigid f.rame; one incoroorated the full M-~ curve Ot the 

connections and the other utilized the RIS. ~he semi-rigid frame 

was subiected to ~ifferent combinations of the loading and 

unloa~inq of gravitv ' .oad and wind load. It was shown that, ~or 

th's frame example and the loadings considered, the RIS gives a 

verv goon approxi~ation to the behavior of the connect'ons 

predicted using the analyses based on the non-linear 

moment-rotation curves, at least at service load conditions. 

This suggests that the RIS mav be used in place ot the full M-0 

curve to describe connection behavior at service loads, thus 

permitting the use of simpler analvtlcal orocedures in the design 

of frames wh'ch utilize semi-rigid connections . However, further 

work is needed, to determine if sim' ar correlations can be found 

~or structures with more complex geometries and loading 

histories. 
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Further work needs to be completed in the area of comouter 

analysis of structures utilizing semi-rigid connections. More 

sophisticated computer .programs which incorporate the non-cinear 

M-. relationship of the semi-rigid connections need to be 

neveloped . ~I , l ., 
Lastlv, additional studies shou'.c be performed to compare 

the behavior of the simole, singce-storv 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 investigation have served to illustrate 

preliminary procedures that could be usen to incorporate 

semi-rigid connections directl.y in future designs. 
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Nomenclature for M-~ Curves 

Symbol 

d = depth of beam 

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

L - overall length of flange angle 

t = thickness of flange angle 

t = thickness of web angle 
c 
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I Fig. A1 )1-(6 Curves for Connections Used to Frame Beam Depth of 
8 in. with a 2~ in. Gage in the Flange Angles 
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Fig . A2 M- 0 Curves for Connections Used to Frame Beam Depths of 
8 i n . with a 21,; in. Gage in the Flange Angles 
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M- 0 Curves for Connections Used to Frame Beam Depths of 10 in . 
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Fig . A5 M-~ Curves for Connections Used t o Frame Beam Depths of 

I 10 in. with a 21,; in . Gage in the Flange Angles 
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Fig . A7 M-~ Curves for Connections Used to Frame a Beam Depth of 

I 12 in. with a 2~ in. Gage in Flange Angles 
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M-0 Curves for Connections Used to Frame Beam Depths of 
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Nomenclature for Variables, Used in RIS Program 

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

BPC overall leg length of web angle adjacent to the column face 

D - depth of beam 

DB z diameter of Qolt 

DW diameter of washer 

G 

GC 

L 

LC 

PC 

S 

T 

TC 

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) 

z 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 = I when 2 bolts are used) 

= thickness of flange angle 

- thickness of web angle 
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COMPUTER PROGRAM TO CALCULATE RIS 

DI"UalU. T(7) 
It£AL L,LC,L, 
~AO(41,.).~,.re,U,'.,DV,¥.8CIL,Lc.~.a,TC 
OQ '2 1-1.7 
1tE..DC 4:1,,, T (U 
'-'2YOOO.O 
Olao.5 "8-"./7 . o-f( 1 )/2.0 
...... "-TCI)/2.0 
lec-..-c-TC.J2.0 
ac-ac-DI/2 .o-Tc.t2.0 
DlJ-D+TC 1 )/2. 0 
LF-L · 2.olaw 
J~(S.'Q.l.0J'O TO 10 
1,(,.[Q.2.0)00 ra 20 

10 D"1-0/2.0 
0."2-0.0 
b[laO'ttLCJ2 . 0-8EJ2.0 
DL.~",1-t.C/2 .0+8&/'1.0 
DRl·~1+LCJ2.o-a£-DM/2.0 

Da2·~1-LC/~.O+&£+OM/2.0 

Pl-o.o 
aD TO 10 

~o U.2-D/2.0 
D'1 · D.2+LC/~.o-al/2 . 0 
D£2·D.~-LC/2 . 0+0£/2.0 

'~1·DR2+LC/2 . o-8€-DW/~ . o 

g.3·0.2-LC/2.0+G'+~/2.0 

C"J-LlR2"I'C.l2 . o 
D"2"D.'l-~2 .0 

10 z-z .o/z.o 
_1._tIZ.olowarc!) 
AU-llL.'ll(I) 
~.~·lt'~-DM)'TC 
_acJt-UDVlrt: 
le-t , 0/12.0 
'J.·X.2.0.DW.CT(1) •• ~.O) 
'l'·X&L'IIT(l)I.~.O' 

'lel-'lurlcTC •• J.O) 
.lCF.X'('C-D~).(TC •• 3.0) 
'IC.·X.DW.(Tca.~.O) 

V·C12.0a£)/11000.0 
~(v.'I.)/(*.R.' •• 2.0J 
~·CW.'lF)/(*.F •••• a2.oJ 
~C'·'W.'IC')/'*,c, •• mC'S2.oJ 
~·(V •• tCR)/(A'CM.'C.~.O) 
~"s·,",o'["I •• DD)/("'.(1.O+~.J)J.(2'DD/.+l.0J 
T.ft2·('.O.£.JIF.D./( •••• ~.o.(1 . 0+PF»).(1 . 0-(C2.o·PFJ/(4+~')"'(DO 

c+ •• , 
T~J·(12.o.~/(aac..~.~(1.0+rC' ) J).(1.0-«2.0-rC1)/(4~») 

""4·(DC1'D£1.DE2.DC2) •• tCE.(D'1'D'1.D'~D'2) •• tC' 
T."~.(24.0'E"ICM/(lCa.l,o'(1.0+~C.')'(DM1'DRI+D~D.2+g.3&DR3) 

SLP·T."1+TM"~+T."l.TR"4+T."S 
w.ITE(42,l5)~,J~.O'~',DV,.,.C,L,LC,'CrlrTCrlCl ) J' FOMMArc///UFIO.S,/,SFIO . 5) 
"'.lTr("2,40)SL~ 

~o FOM"*TC/F12.2J 
:: CON1IMUi. 

ITO'" 
END 
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I 
'" 

I SAMPLE INPUT 

I 1.' 4.00 12.00 0.1:)0 1.~O ~.:50 2.39J1~ 0.' I.' ••• 2.' .2~ 

I . . U::s 
.J75 
.1~7:S 

I ••• 
• • 2:5 

." . 17' 

I 
I SAMPLE OUTPUT 

I 1.00000 4.00000 12. 00000 O.1~OOO 1.50000 2.50000 :::.:5'37:1 111.00000 
'.:s0000 J.U()OOO 2.00000 0 .2'000 O. J1250 

I 
1:61',:51 

1.0000(1 " .(Joono 12.oonoo 0 .7:5000 1 • ~OOOO 2 . 50000 2."37:1 Y.OOOOO 

I 
•. SOOOO 1.UOOOO :::.00000 0.:::s000 0.37'00 

IJ30,,7 . 3 .. 

I ". 00000 4.00000 12.00000 O.~ooo 1.'0000 2.'0000 2."375 '.00000 
'.:10000 3.00000 2.00000 0.2:S000 0.437:50 

ljY2J7 . 11 

I 4.00000 4 .00000 12.00000 0.7'000 1.:50000 2.:S0000 2.:S'J7~ '.00000 
'.50000 J.ooooo 2.00000 O.~OOO 0.:s0000 

I :1:421'1.21 

4 .00000 4 . 00000 12.00000 .. 0.75000 1 .~OOOO 2.::50000 2."Z', '.00000 

I '.:SOuoo l.ouuoO 2.00\0100 0.2:i000 O •• ~:sOO 

4"' 70 1:s .7~ 

I •• 00000 4.0ClOOO 12.00000 0.75000 1.~OOO 2.~oOOO 2.'.:75 ,.0000. 
'.'0000 3.00000 2.00000 0.25000 o.nlooo 

I 
7~"760.,O 

".baooo 4 . 00000 12.00()00 0.7'000 1 • :SOOOO 2.50000 2.~.l7' '.00000 
'.:50000 ;1.00000 '2.00000 0.2:50(JO 0 ."'00 

I 10110222 .'3 

I 
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Gravity Loading - AISC ChecKs 
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SL~I-RIGID =~~ - SERVICE GRAVITY LOAD 

w· 1.877 k/ft . 

W14X38 

Beam ~oment Diagram 

1. 8il k/ft 

ex> 
N 
>< 
ex> 
::.: 

2 6 ' ( .. ~ ;;;;;;;;;- ;;;;;;;;;;.~~. <~~<~~I ~ 2.6 k . ,(-c; 1 ; ~n!>X38 Properties 

22.5k 22 . 5k 

P 
fa - - -

A 
- . 232 ksi 

Fa • 18.43 ksi 

A • 11.2 

397.3 in- k 

Kxl 
rx 

• 

Ix -

Sx • 

rx-

zx -

1.0(24X12) • 49.06 
5.87 

~ a .232. 0126 I" Fa 18 . !>3 · < • ~ 

385 

54.6 

5.87 

61.5 

in
2 

in4 

1n
3 

1n 

in3 

~ 
a-a 

S 
Fbx • 2:' kSi fbx 

1222 . 7in- k 

i 3 
"4 6 n ~ . 

a 22.39 ks! 

• 232 ... 22.39 
18.43 24.0 eqn. (1.6-2 ] •. 0126 + .933 3 .945 

Deflection at midspan = .885 inches 
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S2U- RIGID FlU}!E - SERVICE GRAVITY LO.\D 

Column ~omen' ;: Diagr= 

-1\.5 k 
2. 6k I J. 

2. 6k - t 

~2.5k 

.USC Check 

fa P a --
A 

G a 10 
30t 

""'""'-c-t 397.3 in- k 

~ 

• 

22 . SOk 
- 2 . 73 ksi 

8 . 25in 2 

G a ~(I / L)C z 

rop Ce E(I / L) g 

W8X28 Prooer t1es 

A a 8.25 i n 2 

Ix a 98.0 in 

Sx :z 2t..3 in 

r.< • 3. 45 in 

Zx ,. 6 . 63 in 

98/ 12 
.-.::..:~=--- = .96 

.532(385/24 ) 

4 

3 

3 

Ce i s a modificat ion facto r which takes into 
account the s t iffness of the semi -rigid connec t ions . 

K..,< a 1.88 ( from alignment chan - sway permitted ) :a a 15.53 ksi 
F'ex - 24 . 25 ksi 

Since Kxi 
--a 

rx 

Gr . 
inelascl.c 

< 1 . 88 (144) _ 78.47 
3 . 45 - C 

c 
Kx inelas t ic will be used 

"a 
- (-'-) G -Flex r 

15 . 53 ( . 96 ) _ . 615 
24 .25 K..'<inel - 1. 82 . 

K.,< inel :. 

rx 
1.82 (144) 75.97 
3 . ~5 - Fa a 15.79 ksi F'ex - 25.87 ksi 

Cm - . 85 (as specified 

fbx 
~ 397.3 in- k 

a - a 
3 Sx 24 . 3in 

2.73 eqn (1. 6- 1a] 
15 . 74 + 

eqn (l.6- 1bj 22~3 + 

by AISC) 

- _6 . 35 ksi 

. 85 (16 . 35 ) - .173 + . 648 

(1_ . 2 . 73 
25.87 

) 24 

16 . 35 
24.0 - . 1:4 + . 681 a .805 
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RIGID FR.\.'!E - SERVICE GRAVITY LOAD 

ex) 
N 
>< 
ex) 
3 

Beam ~oment Diagram 
. W 

/ w ~ 1 . 877 klft 
3.2k ....--7 • ( 

\ ) 2?·· _.J« 

1152.3in- k 

w - 1.877 kl ft 

,U':'X38 

k }+-3.2k 

22.5k! ; 

r~14X38 ProEenies 

A a 11.2 in
2 

Ix - 385 in 
4 

Sl( a 54.6 in3 

rx - 5.87 in 

467 .7 in- k 
67 . 7in- k 

-x • 

.USC Cleck - Section 1.6 

" 3.:!k 
fa • .286 kSi a - . a 

A 2 
:(,'(2 •. 1.0(24:<12) ~ 49.06 
rx 5.87 1l.2in 

:a -. 
Fa .0155 < .15 

fbx:II ~:':1a:s: 
Sx 

Fbs • 24 ksi 

[ 6 2J .286 eqn 1. - 18.43 

Fa - 18.43 ksi 

use eqn 1. 6-2 

,,-, 3 in- k __ J_. 

-4 6 ' ) J • 1n 

+ 21.1 
24 

a ~1.1 ksi 

a . 0155 + .879 •. 895 < 1.0 

Deflection at beam midspan· . 834 inches 

72 

61.5 in) 
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RIGID F~~ - SERVICE GRAVITY LOAD 

Column ~oment Dia~ram 

22.5k 
I 

3.2kf--¥ 
467.7 in- k 

\o/8X28 Propenias 

3.2k~ 

22.5k 

? :a _ - a 

A 

G - 10 Bot G -Top 

• 

E(I / r:)c 
.:;.: ~(I:":"/ =!L ):..::.:; -

98/12 
385 / 24 

A • 8 . 25 in 2 

Ix - 98.0 in 
4 

Sx .. 24 .3 in3 

rx 2 3.45 in 

Zx - 6.63 in 
3 

:. . .51 

~~ .. 1.80 (from AISC alignment chart - syay permitted) 

1<;<.2. 1. 80 (144) 
75.13 < C .. 126 . 1 inelastic K.~ --= = use rx 3.45 c 

(Fa" 15.89 ksi F'ex .. 26 . 46 ksi ) 

Fa 
=--G 

rop (inelastic) F.!.ex 

!<:<inelastic .. 1.75 

:\.x. 12 lne 
rx -1. 75 (144) 

3.43 

G 15.89 -rop 26.46 

- 73 . 04 

Cm - .85 (as specifiad by AISC) 

:! 467. 7in- k 
fbx .. S- - 3" 19.25 ksi 

x 24 . 3io 

[1.6- lal 2 .73 ... .85 (19 .25 ) eqn 
16 . 12 (1-2.73/27.44)24 

[1.6- lb] 2.73 19 . 25 
. 124 eqn ,. .. 

22 2:' 

73 

( .51 ) - .306 

Fa - 16.12 ksi 
F'ex • 27 .~9 ks1 

Fb:-~ """ 24 ks1 

.. .169 + .755 .. 
... .802 .. . 9~6 

.924 
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SEMI-RIGID FRAl.'1E - 1. 7 SERVICE GRAVITY LOAD 

Column ~ment Diagram Beam ~ment Diagram 

3.9k 
~ ~8. 3k ---.,....,.., "'-r./. '" 588.3 in- k 3.19 

3.9k*~8.3kC 
k/ft 

, k v 'l9k 
38.3kT T 

2169.3 in-k 

3.9k 
~ 

38.3k 

• • 

588 in-k 

AISC - Check Part 2 

Column: Py - A.Fy - 297
k 

2 k 
PCR - 1.7 AFa - 1.7(8.25 in )(15 .79 ksi) - 221.45 

, 
PEX - 23/12 A'F'e- ~09.14lt 

~c _ 979.2 in-k 

Eqn (2 . 4- 2] 38.3 .85 (588 .3 ) 
.173 + .563 + (1-38.3/~09.16)979 . 2 -221. t.5 

E:qn (2,t .. -3 ] 38.3 ... 588.3 
.129 + .509 .638 = -297 1.18(979.2) 

Beam: Py - A'~ - 403 .2
k 

• .. Y 

PCR - 1.7AFa - 1.7(8.25in
2
)(18.43ks1) - 350.9k 

"::x - 28 / 12 F'~ - 1331.9
k 

)t" b _ 2214 in-k 

-

Eqn 
3 9 1.0(2169.3) 

(2 .:'-2] 350.9 + (1-3.9 /133L9 )221t. - .011 + .983 - .994 

::qn 
3 9 2169.3 

(2 . 4-3 ] 403.2 + 1.18(2214) - . 01 + .830 - .840 

Delection at Beam ~tidspan - 1.59 in 

74 

.736 

588.3 in-k 
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Rigid Frame - 1.i X Design Gravity Load 

Column ~ment Diagram Beam ~menc Diagram 

1)
38 . 3k 

t-- ' 
5.5k IL 

5 .5k 
~ 

'" !38.3k 

795.Z in- k 

5. 5k L ! . , 3 . 19,~/ f t " 

\; 38 . 3k 

795.2 

AlSC Check Part Two 

Column: P a A'Fy - 297k 
Y 

PCR - 1.7 A'Fa - 1. 7(8 . 25)(16.12) - Z26k 

23/12 A'Fe' - 442.62k 

9i9.2 in- k 

38.29 . 85 (795.2) - . 169 + .756 - . 925 
eqn(Z.4- 2j 226 + (1- 383/442.6) 9i9. 2 

eqn(2.4-3 j 38 .3 + 795 . 2 1'9 + '88 817 
297 1.18(979.2) - . - .0 ~. 

Beam: P a A.Fy a 403 . 2k 
y 

PCR a 1.7 A·Fa - 1.7(11.2)(18.43) a 350.9k 

~ a 2214 in- k 

(2 I ?j 5 .5 1.0(1961 . 6) - .016 + .890 a . 906 
eqn .".,.- 350 . 9 + (1-5. 3/1331.s) 2214 

5 5 1961.6 
eqn(: . 4- 3j~O; .2 + 1.18(2214) - .014 + .751 - . 765 

Deflec tion at Beam ~dspan a 1.418 in. 

75 

! 5. 5k .. "--

38.3k ' t/ 

795.Zin- k 
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S~II-RIGID FRANE - GRAVI7Y LOAD - FIRST DISTRESS 

,-'..:...' _-_'-7'-' ..:...91::.;:8 kl f t 
~ (~. 
~ '-V 

1 

Column ~!oment Diagram 
35.0k 

I 

Beam ~oment Diagram 

3'!-D 554.7 in- k 
2.918 k/ ft \ _ 

3. 7k ! , '4-__ ,_-=-,~:':::"''::<c!'':'':-!(_--':' <-lJ . 7k 

T 35k 1965 .3 in-k 35kT; 
3.7k 
~ 

'" '35.cf 

554.7 in- k 

First Distress Resoonse 

Column: 

Beam: 

( 1) 

(2) 

p 

" ocr 
x 

35.0 
243 . 10 

+ ( Col ) . 
1-<' Ip .,. .. --, 

..£... +..2!... ~ 0 
Py ~ l. 

Y 
35 554.7 

297 + 874.8· .118 + 

(3 ) ~ ~ l. 0 
~ 

Y 
1965 
1965 - l.0 

< 
- 1.0 

554.7 
874.8 • . 14 ~ + .416 •. 560 

. 634 - .752 

(First Distress Occurs at Beam ~!idspan ) 

Deflection at Beam ~dspan • 1 . 43 inches 

77 

554 . 7in- k 
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RIGID FR&~ - GRAVITY LOAD - FIRST DISTRESS 

w • 3.072k/fc 

_l 
! 
I 
I 

J... 

Column ~oment Diagram Beam Moment Diagram 

36.86k 

S.3k ~f) -6 - 6in- k 
I :>. 3.072k/ft 

S.3ktl .s. I, , 

·f36.86k in-~ 
886 . 6 . 

• i .......i5.Jk 

36 . 86k ; 

5.3k ~' , 
136.86k 

~ if ! ~ I i! 
765.6

in
-

K j 1765 . 6 n-K 

Firsc Distress Resoonse 

Column: (1) 

(2) 

Beam: (3) 

_p_ + ( Cm ) 
? I-P/?EX crx 

< 
- 1.0 

36.86 ... ( .6 ) 765.61. 
2-"7.18 ' 1-36.86/442.62' 874.61 

.149 + .573· . 722 

-P-+~~10 
P • 
Y ~ 

36.86... 765.61 •. 124 + .874 • 1.0 
297 374.8 
(first distress occurs at Cop of column) 

M < 
-- - 1.0 
~ 

~~~56 .. 96 ~ 1.0 

Deflection at ~dspan of beam· 1 . 365 in. 

78 
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SL~-aIGID F~~ - GRAVITY LOAD - LL~IT STATE 

Column Moment Diagram 

39.0k 

· ... 3. 247k/ft 

Beam ~oment Diagram 

4.0k t-h 3.247k/ft ( ~I ----~~~~~---'l 
4 . 0k~T· < k c (~ 4.0k 

59S.01n- k ...,...,--
39.0k in-k 

39.0~ I 

I..0k -

T39 . Ok 

1'1 , 

2~13 I ~. 

L~t State ~esDonse 

Column: 

Beam: 

( 4) -p ..:.P-
cn: 

39.0 • (.6 )595.0 a .160 + . 402 _ .562 
243 . 10 1-39.0/409.14 479 .2 

(5) l + .....:.:~'---
Py 1.1:3l1p 

< < 
- 1.0; !i - !ip 

39 . 0 595 
~ + 1.18(979.2) - .131 + .515 + .642 

(6) 
~p 

< 
- 1.0 

2213 
2214 - . 9995 ~ 1.0 

(Plastic hinge formation at beam ~dspan). 

~!idspan Beam Deflection - 1. 62 inches 

79 
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iUGID FRA.'!E - GRAVITY LOAD - FIRST PLASTIC l:!I:lGE 

W a 3 . 6k/:t 
i 

Column ~oment Diagram Beam ~oment Diagram 

43.2k 

6.23k~D 897.2in- k 3.6k/ft , 
6.23k~C!:::Ik:::J\~::i' f:::Jk~~I .-L 6.23k 

I 43.2k 43.2kl! 
~ 2214 in- k 

• 
43 . 2k 897.2 in- k 

Licit State Resoonse 

Column: (~) 

(5) 

Beam: (6) 

~ + 
P 

cn< 

43.2 6 897.2 
247.1S + (1-43:2/442.6) 979.2 a .175 + .609 - .784 

-P~- + -:'1....:. i"'=S"-M-
p 

~ 1. 0 ; 
< 

11 - ~p 

43.2 897.2 1' 6 777 923 
297 + 1 . lS(979.2) a • ~ +. a. 

~! < -- 1 . 0 
l1p 

2214 
2214 - 1 . 0 (Plastic hinge coronation at beam midspan) 

Deflection at beam midspan - 1.60 inches 

80 
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RIGID FRA'IE - GRAVITY LOAD - COLLAPSE OF F!l.A..'IE 

Column ~oment Diagram 

44.35k 

w - 3. 7k/fc 
• t 

Beam ~Iomeot Diagram 

f' 
6.Sk .1 in-k~ 
~ 1(979 . 2 ~ 

( 
3 . 7k/ft 

6 .~ ' " " 

i 44.35 k 

I I 

6.Sk~ 1 7 
44.35k 

Limit State Response of Column at Collapse 

( 4) 

(5) 

~",--._ ", (C:n ) ~ < 0 
P I - P/P

EX
' ~p - 1. 

cr:< 

44 . 35 6 9", 9 2 
( . ). - .179 + .667 - . S45 247.1S + 1-44 . 35/442.62 979.2 

" -"- + 
Py 

~ < 
1.18Mp - 1.0; 

< 
~ - ~p 

44.35 + 979.9 90 6 
297 1.18(979.9) - . 149 + .847 - _. _'_ 

979 . 2in- k 

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

and ~I - 979. 2in- k _ ~p 

8 
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Appendix E . 

Gravity Pl us Wind Loading - AISC Checks 

82 
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SDlI-RIGID F!tA..'!E - .75 (Gravi ty Plus l<ind Loads) 

w = 1.408k/ft 

W a 1. Sk ~ 6~='="=~='~O 
• 

I 
• 
1 

I'. 
""" 

Column Moment Diagram 
17.Sk 

Beam ~loment Diagram 

2.9k~f) 417.4 in- k 

W 
2 .9k~ I 

o 

AISC Check - Section 1.6 

Column: 
(lee'.;ard) 

. P 17.Sk 
ta a A - S.25in2 

Fa • 15.79 ksi 

158 . 3in- k 

- 2.158ksi 

Flex - 25.8i 1<si 

1.408k/ft 
' f • , 

Kx - 1.82 
!<xi 
rx 

fa 
- a 

Fa 
2 .158 
13.79 - .137 < .15 t:se Eqn. [1.6-2 ] 

" i ~ r ~ 2.9k 

17.8k 

.1- , in-k 
... I . ~ 

- 75.97 

'b )1 t X a -. 
Sx 

417.4 in-k 

24.3in3 - 17.1S ksi Fbx - 24.0 ksi 

=:qn. [l .6-2 ] 2.158 17.18 
15.79 + 24.0 - .137 + .716 - .S53 

Beam: fa -
2.9k 

.259 ksi !<x - 1.0(beams) Kxl. • fo9 .06 Fa -18 .!o3 ksi 2 -
1l.2in no 

fa .259 . 014 < .15 t:se Eqn . [1.6- 2] - • -Fa 18.43 

fbx • 932.9 
- 17 . 09 ksi Fbx - 24 . 0 ksi 

54.6 

Eqn. [1.6-2 ] .259 17.09 .014 + .712 - . 726 + • 
18.43 24 . 0 

Deflection at Beam ~!idspan a 0.677 inches. 

~!a:<i;num Drift = .548 inches. 

83 
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RIGID F~~ - .75 (Gravicy plus .ind Load) 

' ... 1.405k/ft 
----::; I I f , ( 

Column ~oment Diagram Beam ~oment Diagram 

17.79k 

3.34k ~f) 480.31in- k 
....... ~y 

1.408 klft 

3 . 34~l::1 =::!==l!:::===:!L==~k ==ll 7 3. 34k 

lS.99k 17.791 

3.34k o 

17.79k 221.1 in-k I 480.3 in- k 

AlSC Check - Section 1.6 

17.79 K.,<1. Fa - 16.12 ksi 
Column: fa 2 = 2.156 ksi K.,< .. 1. 75 -- 73.04 
(lee'.ard) 8.25 rx F'e- 27.99 ksi 

fa 2.156 
.134 < .15 lise Eqn. [1.6- 21 -- -Fa 16.12 

fbx - ~ .. i~~33 .. 19.77 ksi Fbx - 24.0 ksi 

::qn. (1.6-2 1 i6~i~ + ~::b7 ... 134 + .824 ... 958 

Seam: fa - 3.34k _ .298 ksi K.,<" 1.0 Kx! .. 49.06 Fa" 18.43 ksi 
11.2 rx 

fa --Fa 

fbx .. 

Eqn . (1.6- 21 .298 
18.43 

.298 
18.43 

< 
- .016 - .15 Use Eqn. [1.6-2 1 

~ 2 868.9 .. 15 91 kSi Fbx .. 24.0 ksi 
S 54.6 . 

15.91.. 016 663 679 
T 24.0 . +. -. 

Deflection at Beam' ~udspan .. 0.616 inches. 

~axi~um Drift 2 .397 inches. 

84 
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SL~I-RIGID F~~ - 1. 3 (Gravity Plus Wind Loads) - AISC Part 2 

w - ? 44 k!:t 
-. I ' i 

3.12k --) ~..I<....",-~!...I~ 

Column ~oment Diagram 

c:f30.8k 

4.Sk ("-

i30 . 8k 

AISC Check - Part 2 

64S.4in- k 

~ 

o 

1 
Beam Moment Diagram 

( 2
J
44 k/ft 

+--r I .' ), .L 
4.5k i 

27 . 7k 
1690.Sin- k 

196.4in-~ 

,( r 1)( 4 . 5k 
30 . 8k 

64S.4in- k 

Column : 
(leeward) 

Eqn . ( 30 .8k ~ 
2. 4- 2J 221.45k . 

.8S(64S.4
in

-
k

) -.139 

(1-30.8k!409.14k)979.2 in- k +.606 - .;44 

Beam: 

Eqn. (2.4- 31 30.8k 
297k 

64- , in- k 
~ ,.~ .104 + .559 - .663 

1.l8(979.2in- k)-

4.Sk .8S (1690 .S in- k) 
Eqn . (2.!.- 21 3S0 . 9k + ~:..1.:~~~~~-:----;- - . 013 + .649 - .662 

(1- 4.Sk!l332k)22l4 in- k 

4 -k 1690.5in- k 
Eq n • [ 2 . 4- 3 1 '. 03' '. 2k + '::'::'::"::":"'---:i~;-k -

~ 1.18 (2214 n- } 
.011 + .647 - .658 

Def lection at Beam ~!idspan - 1 . 2-"3 inches . 

~ximum Drift 2 1.305 inches. 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

RIGID FRA.'1E - 1. 3 (G raviey Plus ~·and Loads) - AISC Pare 2 

w a 2.44 k/fc 
3.12k -1 ( ( 

1 
Column ~omene Diagram Beam ~omene Diagram 

~0.84k 832.5in- k 
S.78k ~ 

5 . 78k t j.b! ==:::!.k!::=:2 =' ~!::t =k=/ f~f=.:!:k ~t,~_ I ~. 78k 

'> 27.72k i -k 30.84k 

5.7ak ~ 
130.80k 

AISC Check-Pare 2 

• 

1506.1 n 

, 832.54 in-k 

in-k 
Column Eqn. [2.4-2] 30.84k + .85(832.5) _ .137 + .777 _ .913 
(leeward ) 226k (1- 30 . 84k/442 . 6k)979 . 2in- k 

30.84k 832.54 
Eqn . [2.4- 3]297k + 1.18(979 . :) = .104 + .721 •. 825 

Beam: .578k .85 (1506 .09) 
Eqn. [2.4- 2] 350 9k + . k - .0165 + .581 - .597 

. (1-5.78/1332)2214~n- . 

5 . 78k + 1506.1in- k 
[2 4- 3] - .014 + .576 - .590 

Eqn. . 403.2 1 .18(2214)in- k 

Deflection at Beam ~dspan • 1.073 inches. 

~~ximum Drift - .689 inches. 
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I Tab l e 2.1 

I 
Connection Properties Revised IDi ttal 

?l3.oge Angle Flan~e Angle Slope ( RIS ) 

Gas:e ~ in . ) Thi c kness ~ t n . l ' ( i n . -k / nd ) 

5 / 16 ~9ROO 

I 3/ 8 48300 
7 / 16 74000 

2, 1/ 2 107700 
5/ 8 201300 

I 
3 / 4 331000 
7 / 8 496 200 

Beam Cep th • 8 i n. 5/16 40200 
3/ 8 66200 

I ! ';leb Anile Thickness - :t 1n . 7 / 16 10180 0 
21 1/ 2 148000 

Le ngth of Flange .~gle • 6 in. 5/ 8 273100 
3/ 4 441600 

I 
7/ 8 650800 

5 / 16 57800 
3 / 8 95800 
7 / 16 147300 

I 2 1/ 2 212600 
5 / 8 384600 
3 / 4 608100 
7 / 8 578600 

I 5 / 16 45000 
3 / 8 73000 
7 / 16 111700 

2t 1 / 2 162500 

I 5 / 8 303200 
3 / 4 497500 
7 / 8 144200 

I 
aeam Depth· 10 in. 5 / 16 61000 

3 / 8 100300 
"Neb .~gle Tb1ckne s s • :t 10 . 7 ' 16 154200 

2: 1 / 2 224000 
Length ot Flange Angle· a in . 5 / 8 412600 

I 3/ 4 665600 
7 / 8 978800 

5 / 16 87900 

I 
3/ 8 145700 
7 / 16 223800 

2 1/ 2 322800 
5/ 8 582700 

I 
3/ 4 919300 
7/ 8 1J25400 

5 / 16 72600 
3/ 6 113100 

I 
7 / 16 169200 

2i 1 / 2 242900 
5 / 8 447000 
3/ 4 729800 
7/ 8 1090200 

I Beam Depth. 12 in . 5 / 16 35200 
3 / 8 151800 

Web Angle Thickness • : 1n . 7/ 16 229500 

I 
21 1 / 2 329900 

Length o t flange Angle· 8 In . 5 / 8 601900 
3/ 4 967500 
7 / 8 H21500 

I 5 / 16 133400 
3 / 8 216400 
7 / 16 328300 

2 1/2 470200 

I 
5 / 8 843000 
3 / 4 : 326 700 
7 / 8 1911700 

I 87 
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Table 2 . 1 ( COD'. ) 

Conoection Properties Revised Initial l 
~----------------------------f~lr.a~a~g~e~Xci~g~lr.e~~I~'~Ia~a~g~e~A~ag~I~e~-- Slope ( RIS ) 

Beam Depth - l~ in. 

Web Anile Thickaess • : ia. 
I 

! Leoith ot Flaole Angle. 8 in . 

I 

' Oeam Dep,b • 16 ia. 

Web Aai1e Thickness • . 10 . 

Leoitb ot Flange Angle· Sin . 
I 

I 

Ga~e ( la. ) Tblckaess ( Ia. ) ( in . -k / rad ) 

I 

2! I 

2: 

I 
~ 

2, 

2i 

2 

88 

~ / 16 98000 
3/ 8 
7/ 16 
1 / 2 
5 / 8 
3/4 
7/ 8 

~/16 
3/8 
7/ 16 
1 / 2 
5 / 8 
3/4 
7/ 8 

~/16 
3/8 
7 / 16 
1 / 2 
5 / 8 
3/ 4 
7/ 8 

~/16 
3/ 8 
7/16 
1/2 
5/8 
3/ 4 
7/ 8 

5 / 16 
3/8 
7/ 16 
1 / 2 
~ / 8 
3/ 4 
7/ 8 

5 / 16 
3 / 8 
7 / 16 
1 / 2 
5 / 8 
3/ 4 
7/ 8 

1~2900 
229000 
328700 
604700 
986400 

1472100 

128900 
20~800 
311200 
447400 
815800 

1310200 
1922900 

181200 
294000 
446200 
639000 

1144700 
1799700 
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Table 4.1 

Values of Terms Used in Equations 1-6 

Column (W8X28) Rigid Frame Semi-Rigid Frame 

Area, A 8.25 in
2 

8.25 in 
2 

Kx (inelastic) 73.04 75.97 
2 

p = FY[l_~(Kx ~/ Cc) JA 247.18 kips 243.10 kips c rll. 
PEX = [rr 2E / (Kx i /rx)2 JA 442.62 kips 409.14 kips 

Py = Fy . A 297 . 0 297 . 0 kips kips 

MyC = 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 in 
2 11.2 in 2 

M b y 1965.6 in-kips 1965.6 in-kips 

'I b . p 2214.0 in-kips 2214.0 in-kips 
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Fig. 4 . 17 Behavior of Connection Upon Gravity Loading and Unloading - M-~ Loading Curve 
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Fig . 4.18 Behavior of Connection Upon Gravity Loading and Unloading - RIS Loading Curve 
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