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ABSTRACT 

The strength and drift characteristics of unbraced multi-

story steel frames subjected to combined gravity and wind loads are 

studied with special emphasis on the effect of overall frame insta-

bility. Seven frames having dimensions and working loads typical of 

-
- II those commonly found in apartment and office structures were selected 

for detailed study. Four designs were made for each frame: three 

stress-controlled designs and one drift-controlled design. The stress 

designs were all based on the allowable-stress provisions of the AISC 

Specification; the main difference is in the design columns. In two 

of these designs, the effect of frame instability was not considered 

and the columns were proportioned as if the frame had been laterally 

braced. In the third design this effect was included by. following the 

AISC provisions for columns in an unbraced frame. The drift design 

was made to satisfy approximately a drift limitation of 0.002 at 

working load. 

The frames were then analyzed for their response in the 

elastic and elastic-plastic range under proportioned and non-propor-

tioned gravity and wind loads. The latter involved constantly gravity 

load and increasing (or decreasing) wind. In most cases, the levels 

of gravity load used in the non-proportional analysis were the work~ 

ing load and 1.30 times the working load. Both first-and second-

order analysis were carried out to determine the various character-

istic loads, including maximum loads and the first plastic hinge 

load, and the characteristic drifts, including drifts at working 
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and factored loads. In the second-order analysis, the reduction of 
. -- . ·---

member stiffness due to axial force and effect of frame instability 

were included. 

The results show that even though the strength of the 

structures is reduced considerably by frame instability, all stress 

de.signs are sufficiently strong to achieve a wind load factor equal 

to. or greater than 1.40 under proportionalloads, 2.06 under non-

proportional loads with gravity load maintained at the working value, 

and 1.66 with gravity load maintained at 1.30 times the working value. 

Also, the stress design having ~olumns proportioned in accordance 

with the AISC provisions for unbraced frames do not show significant 

increase in load-carrying .capacity when compared with the designs in 

which frame instability effect is neglected. The drift design frames 

have large wind. load-carrying capacity, with load factors ranging 

from a low of 1.45 for proportional loading condition to more than 

4.0 for non-proportional loading condition, depending on the gravity_ 

load on the beams. 

Based on the results obtained, a simple design procedure 

is recommended for unbraced frames with geometry, loads, and drift 

characteristics similar to those of the frame studied. This pro-

cedure recognizes tha~ adequate strength and stability can be as-

s~red when the working load drift is held to within a certain limit. 

-'\" 
J. I·· 
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1. INTRODUCTION 

When allowable-stress method is used in designing unbraced 

multi-story steel frames, the columns are usually proportioned as 

isolated members utilizing the "effective length concept". The ef-

fective column length, always greater than the actual length, is de-

termined from an elastic buckling analysis of the frame under gravity 

load. The analysis assumes that the frame buckles in the sidesway 

mode at the critical load. Strictly speaking, the effective length 

thus determined can be rationally used only in the design of frames 

which are loaded by gravity load that causes no bending moment in 

the members (load acting along the axes of the columns).(l) When 

the gravity load is applied to the beams, or when, in addition to 

the gravity load, lateral load is also applied, bending moment occurs 

in the frame. The columns must therefore be designed for the com-

bined effect of axial thrust and bending moment. The effective column 

length approach becomes inadequate when bending moment, as well as 

axial thru~t, must be considered in the design process. 

For the case of combined gravity and lateral loads, frame 

drift occurs as soon as the lateral load is applied. At a given level 

of the applied loads, each story of the frame has a definite value of 

drift 6 (delta). Due to this drift, an additional secondary bending 

moment, known as the P-·6 (P-delta) moment, is developed in each story, 

where P is the total gravity load above the story. This moment in-

traduces the effect of frame instability into the structure. At high 

levels of the applied loads the bending moment due to the applied t.. 

loads together with the P-Delta moment causes yielding in the critical 

parts of the frame. Eventually the structure fails by the combined 



r 

2 

influence of frame instability and yielding. The behavior is similar 

to that of a beam-column. Thus, the problems, which must be care­

fully considered in developing design method, is the effect of the 

P-Delta moment at both the working load and the maximum load levels. 

Also, the ultimate strength of a multistory frame can be closely 

evaluated only when both effects of yielding and instability are taken 

into account. Any elastic analysis, regardless how refined, can not 

give a realistic assessment of strength of the frame. 

1.1 Limit Loads of Multistory Frames 

Figure 1 shows the lateral load vs. drift relationships of 

a frame subjected to proportionally increasing gravity and lateral 

loads, the proportionality constant being equal to a. Two types of 

frame analysis can be performed. The first-order analysis in which 

the effect of P-Delta moment is ignored, and the second-order analysis 

in which this effect is included. If the frame is perfectly elastic, 

the first-order analysis gives a linear relationship, shown as (a) in 

Fig. 1. The second-order analysis leads to the non-linear load vs. 

deflection curve (b) which approaches the elastic stability limit load 

of the frame when the drift becomes very large (equal to infinity in 

theory). It has been shown that the gravity load represented by the 

elastic stability limit load is equal to the elastic buckling load of 

the frame. (2) That is, the presence of the lateral load does not re­

duce the gravity load carrying capacity of the structure. This load 

can therefore be determined simply from a frame buckling analysis for 

the sidesway mode, and it has an engineering significance only if the 

structure remains entirely elastic. A study of the yield stress levels 

of the structural steels and the dimensions and loads commonly en-
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countered in building design has indicated that for frames of prac-

tical proportions this load is usually several times higher than the 

load which will cause initial yielding in the structures.(3) The 

elastic stability limit load, therefore, gives only a qualitative in­

dication of the stable (or unstable) characteristic of a structure, 

and the effective column length determined from this load obviously 

has only limited significance in frame design. 

When the effect of yielding is included in the analysis, 

the load vs deflection relationships shown as curves (c) and (d) in 

Figure 1 are obtained. The first-order curve becomes horizontal at 

the plastic limit load. This is the load at which the frame will de­

form continuously as a kinematic mechanism if the effect of deforma­

tion and the associated P-Delta moment is not present. The "real" 

behavior of the structure is closely representated by curve (d) ob­

tained from the second-order elastic-plastic analysis in which the 

combined effects of yielding and P-Delta moment are taken into ac­

count. (4) The peak of the curve corresponds to the inelastic stability 

limit load (or simply the stability limit load), and it usually does 

not coincide with the formation of a plastic mechanism. The strength 

of multistory frames designed hy different approaches can best be 

studied using this load as the basis of comparison. 

1.2. ·Current Approach in Allowable-Stress Design 

The effect of frame instability is taken into account in the 

current practice by modifying the basic beam-column interaction form­

ulas. The basic formulas given in the AISC Specification for propor­

tioning columns in a braced planar frame are: (5) 
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f c fb a m < 1.0 (1) + 
F fa a (1- ~ ) Fb F 

e 

and 

fa fb 
< 1.0 (2) + 

0.6Fy F 
b 

in which fa and fb are, respectively, the computed axial and 

bending stresses, and 

F = allowable axial stress if axial force alone existed a 

Fb= allowable compressive bending stress if bending 
moment alone existed 

F~= elastic Euler buckling stress divided by a factor 
of safety. It is·always computed for the in-plane 
case of buckling. 

C = 0.6 - 0.4 Ml 
m 112 

>.0.4 where Ml is the ratio of the 

M2 
smaller to the larger moments applied at the ends 
of the member. It is positive when the member is 
bent in reverse curvature. 

The first formula takes into account the member instability effect 
: 

occuring within the individual beam-columns, and the second is to 

safe guard against yielding at the ends (or braced points) of 

the members. The use of these formulas in column design is dis-

cussed more fully in Chapter 2. 

Two modifications are required when the frame under consider-

action is not laterally braced. The first is the use of an in-plane 
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effective column length factor K in computing Fa and F~ and the 

second is to assign a Cm value of 0.85 (instead of the much smaller 

values given by the formula above). The validity of these modi­

fications has long been questioned and a need therefore exists for 

a systematic evaluation of the strength of unbraced multistory 

frames designed according to the current approach. More broadly, 

a need also exists for a comprehensive study of the behavior of 

unbraced frames in the elastic-plastic range and near the maximum 

load. A thorough understanding of the significance of the P-Delta 

effect appears necessary in an effort to develop alternate methods 

for frame design. 

1.3 Frames Designed For Drift Control 

In addition to the stress criteria, the design of most 

practical unbraced frames must also satisfy a working load drift 

criterion which is imposed by the designer and found from experience. 

For frames more than ten to twenty stories in height the drift cri­

terion usually would require an increase in the member sizes over 

those selected to satisfy the stress requirements. Since the amount 

of P-Delta moment existing in each story is a direct function of 

frame drift, increased frame stiffness results in a reduction of the 

P-Delta moment and, consequently, leads to an increase in the load­

carrying capactiy. A relationship therefore exists between frame 

strength (as determined by the stability limit load) and frame 

stiffness. A thorough study of the strength of frames designed for 
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drift control is needed in order to establish such a relation­

ship. 

1.4 Objectives and Scope of Study 

The objectives of this study are: 

6 

1. To select a small group of seven unbraced multistory 

frames for investigation. This group of seven frames is to be 

representative of a much larger group of similar frames commonly 

encountered in apartment and office type structures, with respect 

to geometry, loading and performance parameters. 

2. To study the streng.th and drift characteristics the 

selected frames where the columns are proportioned to meet the 1969 

AISC allowable-stress criteria but with no consideration being 

given to the effect of frame instability. The frames are therefore 

designed as if they were laterally braced. An evaluation of the 

load-carryine capacity of these frames due to frame instability 

effect is also made. 

3. To investigate the strength and drift characteristics of 

the frames where the columns are proportioned to meet all AISC al­

lowable-stress criteria (that is, using K in computing ·Fa and F~ 

and em= 0.85). 

4. To investigate the strength and drift characteristics of 

the frames which are designed to meet drift as well as stress criter­

ia. 
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5. To evaluate the P-Delta moment in a story in relation 

to the moment due to the applied lateral load. 

6. To develop new method of column design in unbraced 

frames subjected to combined loads. 

In this study, seven different unbraced frames, ranging 

from lQ-story, 5-bay to 40-story, 2-bay, were selected for de-

7 

tailed design and analysis. Included are two apartment and five 

office type frames. These frames differ in height-to-width ratios, 

bay widths, story heights, number of bays and stories, and level of 

working loads. The frames are designed to satisfy either the 

stress provisions of the AISC Specification or a drift index cri­

terion of 0.002.* The columns are designed as discussed above. 

A large number of first-order and second-order proportional and 

non-proportional load analyses are then carried out using com-

puter programs developed for this purpose at the Fritz Laboratory. 

All second-order analyses det·ermine the strength and drift character­

istics of the frames in the elastic and elastic-plastic range. 

* This value is in accordance with the recommendation made in Ref. 6. 
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2. DESIGN OF FRAMES 

2.1 Selection of Frames and Working Loads 

Figure 2 shows the dimensions and working loads of the seven 

unbraced multistory steel frames selected for the study. The 

selection drew heavily upon the experience and judgment of the 

members of a task committee which was organized by the AISI to 

provide technical advice to this study.*·. The main consideration 

was to assemble a small number of different unbraced frames for 

design and analysis which would represent a much larger class of 

unbraced frames commonly encountered in the design of many office 

and apartment type structures in the United States. 

The parameters consi.dered sigr.ificar..t in the selection of 

the frames were: (1) overall height-to-widths ratios, (2) indi­

vidual bay widths, (3) individual story heights, (4) number of 

bays and ·stories for a given frame, (5) spacing of the frames, and 

(6) magnitude of the working loads. 

Frames 1 and 6 represent frames found in relatively low apart­

ment type structures. The story heights, bay widths and working 

loads are considered to be fairly representative for such structures. 

Frames 2, 4, 5 and 7 represent frames found in low-to-medium height 

office type structures. Again, the story heights, bay widths, and 

working loads are considered to be representative. 

*The names of the Committee members are given in the Acknowledgement. 
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Frame 3 represents a medium height office type structure having 

slightly larger working loads. 

Specifically, 'Frames 3 and 4 were selected to study the effect 

of variation in gravity loads. Frames 1 and 6 were selected to 

provide a comparison of the effect of the number of bays on the 

behavior of a relatively low frame. Also, Frames 4 and 7 were 

selected to provide a comparison of the effect of number of stories. 

Two loading conditions were considered: (1) gravity loads 

alone, and (2) gravity plus wind loads. The gravity loads con-

sisted of the dead and live floor loads (including partitions), 

dead and live roof loads, exterior wall loads and the parapet 

load (3-ft. high parapet assumed). The gravity loads on the beams 

are uniform and symmetrical about the frame centerlines. The wind 

loads are constant over the entire height and can act from the left 

or right.* 

2.2 Design Assumptions 

1. A36 steel is used for beams and columns. 

2. All members are oriented with their web in the plane of 

the frames and are subjected to strong-axis bending. 

3. The frames are braced in the out-of-plane direction at the 

joints. In one of the three stress designs of each frame, the colum-

ns are also assumed to be braced against weak-axis buckling. 

*A moderate wind load intensity of 20psf is used throughout this study. 
It is believed that in frames designed for higher levels of wind the 
influence of P-Delta moment (and the effect of frame instability) 
would be less critical. 
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4. Lateral-torsional buckling of the beams is prevented by 

the floor system. 

5. Local buckling of flanges and webs does not occur. 

6. Member lengths are defined by their centerlines. 

7. The ANSI live load reduction formula is used to compute 

the beam and column loads. (7) 

8. Wall and parapet loads are applied as concentrated loads 

at the exterior joints. 

9. Wind loads are applied as concentrated loads at the ex-

terior joints. 

10. No composite action occurs between the beams and the 

floor system. 

11. Behavior of frames is assumed to be linear and elastic, 

and p...:nelta effect is ignored. (See Art. 2.5). 

12. Stress-controlled designs are in accordance with the 1969 

AISC Specification; exceptions are as explained in Art. 2.3.1. 

13. Drift-controlled designs are as described in Art. 2.3.2. 

2.3 Design Procedure and Criteria 

The design of the frames is based on the procedure described 

in the book "Structural Steel Design"(8) and the selection of mem-

ber sizes is in accordance with th~ AISC Specification. The design 

of the frames was partly done by hand and partly carried out on the 

computer using a program prepared in the course of the investigation. 
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2.3.1. Stress~controlled J)esigns 

Stresses for the gravity loading condition are computed 

using the loads shown in fig. 1. For the gravity plus win (com-

bined) loading condition both loads are multiplied by 0.75, instead 

of increasing the allowable stress by one-third as prescribed by 

the AISC Specification.(S,S) 

The maxim~ calculated bending stress in the beams is 

compared with the AISC allowable stress, for both loading conditions. 

The basic AISC interaction equations for beam-columns are used in 

the design of all columns for both loading conditions. However, for 

the combined loading case the selection of effective column length 

K and the method of computing the coefficient Cm leads to three dif-

ferent stress-controlled designs for each frame as follows (Table 1): 

Design I: For both the in-plane and out-of-plane (lateral)· 

directions K is assumed to be unity (Kx = 1.0, Ky = 1.0). Lateral 

bracing of the columns is provided only at the beam-to column joints. 

All columns are proportioned to satisfy both Formulas (1) and (2). 

( ) h ' h . In Formula 1 Fa is computed using~ , Fe using- , and the coef-
y rx 

ficient Cm is determined as if the frame was braced. The effect of 

frame instability is therefore completely ignored in this design • 

Design II: For the in-plane direction K is computed using 

the AISC alignment chart for the sidesway permitted case. For the 

out-of-plane direction K is assumed to be unity {~ = 1.0). The 

frames are again assumed to be braced at the beam-to-column joint 

only. The Fa term is computed using the larger of the two slenderness 
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and h and F' is based on Kh - e 
ry r 
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The coefficient of 

em is equal to 0.85 as recommended by AISc.(5) This design complies 

with all the AISC Specification requirements with reg~rd to frame 

instability. 

Design III: For the in-plane direction K is assumed to 

be unity (Kx = 1.0). In the out-of-plane direction the columns are 

considered to be braced continuously against lateral-torsional buck-

ling. Therefore only the effect of in-plane strong-axis ben~ing is 

considered in the column design •. The slenderness ratio h is used 
rx 

in computing both Fa and F~. The AISC formula for braced frames is 

again used to obtain the coefficient Cm. 

2.3.2 Drift-Controlled Design 

The criterion for drift used in this investig~tion is the 

working load drift index for the frame as a ~hole. That is, the re-

lative roof to base drift at combined working loads, divided by the 

total frame height. One drift controlled design is performed for 

each frame as follows: 

Design· IV: The member sizes determined in Design I are mod-

ified using a simplified optimization procedure (9) to achieve a 

working load drift index of 0.002 (1/500). This procedure leads to 

member sizes which are close to those required by a theoretical min-

imum weight design. In most instances this requires an increase in 

beam size but no change in column size. For Frames 4 and 7 the col-

lumn sizes are also increased slightly. 
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2.4 . Prelilllirtary, ~es;t.~n ProFedure 

The ben4ing -IIlo~ents. in each bean). dpe to the grayity loads alone 

are c~pute4 taking th~· end restraints into account in an approxima­

te manner. - The Wind 11ia~ents in the beaiiiS and coltlll!Ils a:re determined 

using a conventional Portal analysis.(8) ~ial thrusts in the cal.;. 

umns due to gravity loads are computed using tributary column areas, 

and axial thrusts in the columns due to wind are determined from a 

conventional Cantilever analysis. (8) No P-Delta effect is considered. 

The preliminary design procedure is illustrated in Appendix A 

using ·Fran).e 1 - Design I as an example. (A more complete explana-

tion of the procedure is given in Ref. 8). 

Step 1 in Appendix A shows the assignment of loads for Frame 1. 

Also shown are the live load reduction factors for the beams and the 

columns. 

Step 2 shows the Portal analysis of the frame assuming that 

wind load is applied as a concentrated load at each level. The dis-

tribution factor for column shear due to wind is assumed to be pro-

portional to the aisle width. 

Step 3 shows a typical beam design at Level 10 of Frame 1. Cal-

culations 10 and 11 determine the positive and negative bending -mo~-

ents due to gravity load, considering the effect of elastic restraint 

provided by the adjacent columns. For the computation of stress un-

der combined wind and gravity loads (Calculations 12 to 18), the 

stress resultants (IJioments, etc.) are taken as 3/4 of those produced 

by the working loads to account for the 1/3 increase in allowable 
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stress pertllittecl by AISC. Calculations 17 and 18 give th.e ·value o~ 

poslt.iye anq ~egative b.enqing IIIOment in a l).e~rg 'Under th.e c~bined 

loads. 'J,"ina,l beaiq sizes a-re chosen according to the la:rgest bending 

mqment given in calculations 19 or· 20; 

Step 4 shows the gravity load thrusts in the columns at every 

other story. Note that the live load -reductionfactors computed in 

Step 1 are us.ed here. 

The bending mo~ents in the columns due to gravity. load alone are 

shown in Step 5. The column moments are obtained by dist-ributing 

the beam moments equally above and below a joint. 

Axial thrusts in columns due to wind are computed in Step 6 

using a Cantilever analysis. 

In Step 7, the bending moments in the columns due to wind are 

computed using a Portal analysis. 

In St"ep 8 the axial thrusts and bending mo.ments in the columns 

are summarized. Axial thrusts due to combined loads are obtained by 

multiplying the summation of those due to gravity load and to wind 

load (Step 6) by 0. 75. 

Step 9 illustrates the design of an exterior column between 

levels 10 and 11 for both the gravity and the gravity plus wind 

loading conditions. A column section W8x58 is chosen for the first 

t·rial; and section prope-rties are shown in Calculations 5 to 10. 

Note that K is assumed to be unity. . Stresses caused by axial thrust 

and bending moment are given in Calculations 11 and 12. The allowable 
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bending ~t·ress is equal to 60% of the yield stress as shown in Cal-

culation 16. The· allowable st~ess ~o~·th~ axi&l.thrust i~ given in 

Calcu1ation19.. 

20. 

COI!lputation of the interaction.f6I'Ii!.ulas starts frQJIJ Calculation 

Note that the fo·rinula to compute C glyen in Calculation 23 is 
1I1 

for a braced f~~e. 

2.5 Flrta1 St~ess Design Protadure 

Th.e f·rames obtained in the prelilnina·ry design are analyzed· on 

a first-order basis, under both gravity and combined gravity and 

wind loading conditions. For the beams the computed st·resses are 

compared with. the AISC allowable stresses. These stresses are kept 

to within '!s% of t-he allowable stresses (about ± 1.1 ksi for A36 

steel) consistent with the availability of sections. The columns 

· are checked using the appropriate modified AISC interaction equation 

as discussed in Art. 2.3.1. Computed values are within the range of 

1.05 to 0.80 for the sum of the interaction equation terms. Most · 

columns, however, this sum is maintained within 1.05 to 0.9. 

A second-order elastic-plastic computer program (based on pro­

portional loading condition and using the load increment approach(lO)* 

is em~loyed to obtain the approximate first-order wind load versus 

drift curve of all seve! frames. This curve is generated in each 

case by a linear projection of the response obtained at a load factor 

of 0.25. Stress resultants at 75% of the working loads for the com-

bined load condition are also based on a linea·r projection of the 

results at the 0.25 load factor level. A small error is introduced 

* A description of this program is given in Appendix B 
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due to the s~all se~ond~;rde,:- ef-~ects. actually p;t:'esent Clt the 0.25 

l,oad ~a,ctQ-:r.:· 1eyel· find -,;e,;1ected in the ~i:rst-ol:'der l:'esults, · Thi.s 

el;'ra:.; was ~ine4 howeye):' ~nd .eeurid to be cml,y a, bout 2 to 3%. In 

addition, d~if.t c~putations for Fr~e 4 based on this program and 

the STR,ESS p:rqgi'~s indicated a negligible difference, 

This second-o·rder progra.Ill is also used to ftnd the stress re­

sultants under.gravity load alone byspecifying zero wind load. 

A computer program (COLCHK) was developed specifically to design 

the columna of the frames used in the study. It ~kes use of the end 

moments and axial force obtained from the first-order analysis. The 

program provides several possible shapes and allows the final selec-

tion to be made by the designer. 

2.6 Drift Design Procedure 

Fleischer's pl;'ocedure by which drift and material-optimized drift 

adjustments for unbraced frames can be closely estimated is used to 

achieve drift-controlled designs{g) In all cases Desi~n I is used. 

as the initial design. Whenever the calculated column adjustment 

factor is close to unity the column sizes are unchanged. 

2.7 Member Sizes Selected 

The member sizes selected for the seven frames designed four 

different ways are shown in Tables 2 to 8. All frames are symmetric-

ally proportioned since geomet·ry a·ud gravity load conditions are 

SYJllllletrical and wind loads can occur fromeither direction. An attempt 

was made also to follow accepted design office rules of standard prac-

tice when proportioning each frame. The following rules apply to the 
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selection of member sizes for all frames: 

1) All beams on the same level have same member size. 

2) A~l exterior columns in t~e two consecutive stories have same 

member size (that is, exterior columns in the first and se-

cond stories have same member size etc.) 

3) All interior columns in the two consecutive stories have same 

member size. 

As shown in Tables 4, 5, 6, and 8 Designs I and III for 

Frames 3, 4, 5, and 7 are identical. This is because in both designs 

the column sizes are controlled by the stress formula 0~~Fy + :: ~ 1.0. 

Since the stress design of Frame 6, Design I, already met the working 

load drift criterion of 0.002 discussed in Art. 2.3.2, Design IV for 

Frame 6 was not performed. (See also Fig. 20.) 
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3. ANALYSIS OF FRAMES 

The complete analytical results of this study for all frame 

designs (23 separate designs and 99 analyses) are shown in Figs. 3 

-- through 25. The figures show the relationships between wind load 

·· . 
factor W/W and drift index ~/H (W is the applied wind load, W the 

0 0 . . 
working wind load, ~ the roof level drift, and H the total frame 

height). Each frame design is subjected to as many as five separate 

and different analyses. The lateral load versus drift results are 

shown by numbered curves in the figures~ The analysis procedure used 

to obtain each curve will be described in detail in Art. 3.1 The 

first occurrence of a plastic hinge is indicated on each curve by 

the open or solid circle, triangle, or square. 

In all the figures, the load-drift curves for stress-con-

trolled frames begin at zero wind load factor. The curves for all 

drift-controlled frames begin at a wind load factor of one. 

3.2 Analysis Procedure 

Following the final design of each frame, as described in 

Chapter 2, up to five additional independent analyses are then per-

formed by computer to obtain the load vs drift relationships of each 

-_It .• frame under proportional and nonproportional combined gravity and 

wind loads. A summary of these analyses is given in Table 9. Two 

computer programs (SOFRAN-LIN and SOFRAN-DIN) previously developed 

at Fritz Laboratory and significantly improved during this irivesti-

gation are used for this purpose. These programs are briefly des-

cribed in Appendix B and C. 
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3.1.1 Second-Order, Proportional Load Analysis (SOFRAN-LIN) 

The analysis of each frame is initiated at a load factor of 

0.25 as described in Appendix B. {These results were previously used 

in the final design stage as described in Chapter 2). Subsequent 

analyses are obtained at 0.25 increments up to the working load level 

~ . {L.F. = 1.0). Between the working load level and the maximum load 

level increments of 0.05 in load factor are used. The load-drift be-

havior of each frame under proportional loads is shown as Curve 3 in 

Figs. 3 through 25. 

3.1.2 Second-Order, Non-Proportional Load Analysis (SOFRAN~DIN) 

The gravity loads are first applied to the beams and 

plastic hinges, if any, noted. Lateral wind loads are then applied 

following the drift increment technique developed in Ref. 11 and 

briefly described in Appendix c. The load-drift behavior of each 

frame under non-proportional loads is shown as Curves 1, 2 and 5 in 

Figs. 3 through 25. In each of these cu~es the designated load 

factor for gravity loads GLF is 1.3, 1.0 and 1.2 respectively. For 

Curve 5 the yield stress level of the steel beams and columns is 

assumed to be 90% of that for A36 steel or 32.4 ksi. Curve 5 there-

fore includes the effect of a material strength factor as well as 

load factor. This analysis is carried out only for the Frame 2 de-

signs and for the Frame 5 designs. 

3.2 Analyses Performed 

The complete investigation of each frame required the fol-

lowing major analyses, performed in the following order {Table 9): 
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Analysis 1: A second-order elastic-plastic analysis is 

performed for non-proportional loads with a gravity load factor of 

1.3 (Curve 1, Figs. 3 through 25). Depending on the refinement of 

the final design a complete load-drift curve (with ascending and de-

scending portions) may or may not be achieved. In a few cases, no 

descending portion of the curve is obtained because the axial load 

in the critical column exceeds the axial yield load, that is, P>Py• 

When this happens, the analysis is terminated and corresponding load 

is recorded as the maximum load. 

Analysis 2: This is also a second-order elastic-plastic 

analysis for non-proportional loading condition but with the gravity 

load factor reduced to 1.0 (Curve 2). Since the loading condition is 

less severe than in Analysis 1, a higher maximum wind load is always 

obtained. 

Analysis 3: A second-order elastic-plastic analysis is 

performed for the proportional loading case and the results are shown 

as Curve 3. 

Analysis 4: This is a first-order elastic analysis and 

makes use of the results of Analysis 3 for a load factor of 0.25. 

As described in Art. 2.5, the first-order analysis results were used 

to check the adequacy of the trial member sizes in the final stage 

of frame design. The elastic load-drift relationship is given as 

Curve 4. 

Analysis 5: This analysis is made for the non-proportional 

loading condition using a gravity load factor of 1.2 and a yield stress 

/ 



21 

level equal to 90% of the specified yield stress, as discussed in 

Art. 3.1.2. The results are shown as Curve 5 in Figs. 7, 8, 9, 10, 

17, 18, and 19. 

A first-order elastic-plastic analysis is also made under 

proportional loads for all the Design I frames. The results of this 

analysis may be compared with those of Analysis 3 to assess the re-

duction in the load-carrying capacity due to frame instability. 

· In all the analysis performed a modulus of elasticity E 

equal to 29,000 ksi is used and all members in the frames are as-

sumed to be free of residual stress. Appendix D contains the results 

of a study made to examine the effect of changing E values on the 

load-drift relationship. The influence of cooling residual stress 

has also been studied and the results are given in Appendix E. 

r . 
I 3.3 Summary of Results 

A summary of the analytical results is presented in Tables 

10 to 13 inclusive. Tables 10, 11 and 12 contain a summary of the 

results of the three stress designs of each frame. Table 13 is a 

summary of the results of the one drift design of each frame. 

Column 2 of each table shows the working load-drift index 

of each frame (roof top drift at wind load factor of one divided by 

frame height) resulting from the first-order elastic analysis 

(Analysis 4). Columns 3, 6, 9 and 12 show the working load-drift 

index of each frame as determined by Analyses 3, 2, 5 and 1, re-

spectively. Similarly Columns 4, 7, 10 and 13 show the values of 
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the wind load factor at the formation of the first plastic hinge in 

each frame, and Columns 5, 8, 11 and 14 show the maximum load 

(stability limit load) factor achieved for each frame, as determined 

by the various analyses performed. 

Table 14 shows a comparison between the maximum load 

(plastic limit load) factors of the Design I frames from the first­

order elastic-plastic analysis and those from Analysis 3. 
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4. DISCUSSION OF RESULTS 

4.1 Identifying Parameters of Frames 

AS previously stated in Art. 1.4, the small group of seven 

frames selected for this study is considered to be representative of 

a much larger class of similar frames commonly encountered in apart­

ment and office type structures. It may be assumed that any unbraced 

steel frame, designed for use in such structures and within the 

general geometric, loading and performance parameters of the frames 

investigated in this report, will have analytical characteristics 

similar to those presented in this report. Geometric parameters in­

clude: (1) number of stories, (2) number of bays, (3) frame height­

to-width ratio, (4) story height, (5) bay width, and (6) panel aspect 

ratios (story height divided by bay width). Loading parameters in­

clude: (1) roof and floor dead and live loads, (2) wall and parapet 

loads, and (3) wind loads. Performance parameters include: (1) 

frame drift index (roof top drift divided by frame height) and (2) 

story drift index (story drift divided by story height). 

4.2 Comparison of Proportional and Non-Proportional Load-Drift Curves 

Figure 26 shows qualitative load-drift curves of an un­

braced frame subjected to combined gravity and wind loads. Each 

numbered curve represents the results of one of the four analyses 

explained in Art. 3.2 (Analyses 1, 2, 3 or 4). The location of the 

first plastic hinge in the figure is represnted by an open or solid 

circle or a solid triangle as also shown in Figs. 3 through 25. 
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Figure 26 will be used to explain the relationships between the load-

drift curves as determined ~y proportional and non-proportional load 

analyses. 

.. - .. _ 
In the figure the first plastic hinges for Analysis 2 (non-

proportional, gravity load factor of 1.0) and Analysis 3 (proportional) 

are both assumed to occur above a wind load factor of 1.0 (working). 

In this case Curves 2 and 3 must coincide at a wind load factor of 1.0 

(point (a)). 

Curve 3 must be initially tangent to Curve 4 (first-order) 

and lies to the left of Curve 2 prior to the working load level. Be-

yond this point Curve 2 must lie above Curve 3. 

The same observation also holds if the first plastic hinges 

for Analysis 1 (non-proportional, gravity load factor of 1.3) and 

Analysis 3 both lie above a wind load factor of 1.3. Referring to 

Curve 3 and Curve 1 in Fig. 26, these curves must coincide at a wind 

load fac~or of 1.3 (point (b)). In this case Curve 3 lies to the 

left of Curve 1 prior to the 1.3 load factor level. Beyond this 

point Curve 1 must lie above Curve 3. 

The followinS:general observations have been found valid 

with regard to frame strength under proportional and non-proportional 
- f.._ 

loads: 

1. For each consecutive non-proportional load analysis, 

as the level of the constant gravity load factor is increased the 

maximum wind load factor for the frame (maximum strength) is reduced, 

due to increased P-Delta effect and earlier plastic hinge formation. 
I 
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2. If the maximum load factor for a proportional load 

analysis equals or exceeds 1.3 (say) then the maximum load factor 

for a non-proportional analysis with 1.3 gravity load factor must 

also exceea a wind load factor of 1.3 and will tend to be larger than 

the maximum achieved under the proportional load analysis. This re­

sults from the fact that above a load factor of 1.3, the gravity load 

in a proportional load analysis exceeds a 1.3 load factor thus re­

ducing the maximum strength of the frame under the proportional load 

analysis. 

3. Conversely, if the maximum load factor for a propor­

tional load analysis does not achieve 1.3 then the maximum load factor 

for a non-proportional analysis with 1.3 gravity load factor cannot 

achieve a wind load factor of 1.3 and will tend to be lower then the 

maximum achieved under the proportional load analysis. This results 

from the fact that the gravity load in the non-proportional load 

analysis (1.30 times work value) is higher than that in the propor­

tional load analysis, thus reducing the maximum strength of the frame 

under the non-proportional load analysis. 

4.3 General Behavior and Load-Drift Characteristics 

4.3.1 Analyses 1, 2, and 3 

The results of Analyses 1, 2 and 3 performed on the seven 

frames are shown in Columns 3 to 8 and 12 to 14 of Tables 10 to 13, 

and the load-drift curves are labeled 1, 2 and 3 in Figs. 3 to 25. 

These results can be examined in the light of the discussion pre­

sented in the previous article. 
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Columns 4 and 7 of these tables indicate that no plastic 

hinges occur prior to the working wind load. The corresponding values 

of drift index in Columns 3 and 6 should therefore be identical. An 

examination- of the values given shows that they are nearly the same. 

The small differences which do occur can be explained as follows. 

First, two different computer programs (SOFRAN-LIN and SOFRAN-DIN) 

are used to generate the load-drift output. Small differences can be 

expected as a result of variations in program execution such as con-

vergence criteria adopted, round-off errors, etc. Secondly, SOFRAN-

DIN generates load-drift output data only at the formation of plastic 

hinges. Therefore the values in Column 6 of the tables are computed 

using a linear extension of the load-drift curve from the origin to 

the point corresponding to the first plastic hinge. The criterion on 

achieving identical drift values as stated above was used, in fact, 

as a check on the accuracy of the results of the two computer programs. 

Values of drift index corresponding to a wind load factor 

of 1.3 are not shown in Tables 10 to 13. However, examination of 

Figs. 3 to 25 indicate that where plastic hinges do not occur prior 

to 1.3 load factor, the corresponding values of drift index as deter-

mined by Analyses 1 and 3 are essentially the same. 

Further examination of Figs. 3 to 25 shows that the load-

drift behavior of the frames by Analyses 1, 2 and 3 are nearly the 

same up to a wind load factor of about 1.3. Beyond 1.3, there is a 

marked separation of the curves. For all frames, the highest 

wind load factor is achieved by Analysis 2 (gravity load 
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factor= 1.0), followed by Analysis 1 (gravity load factor= 1.30). 

The lowest maximum wind load factor occurs for Analysis 3 (propor­

tional). The maximum wind load factors achieved under the three 

loading conditions are shown in Columns 5, 8 and 14 of Tables 10 to 

13. 

A characteristic of the load-drift curves in Figs. 3 to 25, 

for the non-proportional loading conditions (Analyses 1 and 2) is the 

relatively large values of drift index at the maximum wind load factor. 

Considerable ductility (deformability) is also evident beyond the 

maximum capacity as shown for the stress-controlled design of Frames 

3, 4, 5 and 7. In a non-proportional load analysis, the load-drift 

behavior of the frame after attainment of the maximum load is a func­

tion of the load-drift behavior of the individual stories. If plastic 

hinges concentrate in one or two stories in the lower portion of the 

frame, the load-drift curve of the frame will reach a peak and suddenly 

drop or even reverse direction as shown for example in Figs. 5, 14, 

19, 21 and 22. This behavior is the result of instability failure in 

the one or two lower stories. In these stories drift increases even 

under reduced wind loading. However the remainder of the frame re­

sponds elastically under the reduced wind loading. Under certain 

circumstances the drift at the top of the frame can reverse direction 

after attainment of the maximum strength. In a well proportioned 

frame (that is, with respect to the plastic strength of each story of 

the frame) plastic hinges will be distributed throughout the frame and 

the non-proportional load-drift curve can be nearly horizontal at the 

maximum load and considerable ductility can be achieved as shown in 
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Figs. 9, 12, 14, 15, 17, 18, 23 and 24. 

4.3.2 Analysis 5 

Analysis 5 is a non-proportional load analysis in which 

the gravity load factor is 1.2 and the yield stress level of the steel 
. 

beams and columns is assumed to be 0.9 F (Art. 3.2). This analysis 
y 

was performed only for Frames 2 and 5. The results are summarized in 

Columns 9, 10 and 11 of Tables 10 to 13. The load-drift curves shown 

in Figs. 7 to 10 and Figs. 17 to 19 as Curve 5 are similar to those 

obtained from Analyses 1, 2 and .3. 

This analysis was undertaken to explore in a preliminary 

way the effect of variations of both load and resistance factors on 

the load-drift behavior of unbraced frames. The gravity load factor 

of 1.2 and resistance factor of 0~9 were selected arbitrarily. It is 

apparent from an examination of the load-drift curves for Frames 2 

and 5 that the choice of resistance factor has a significant effect 

on the maximum strength of the frames. If no reduction in yield stress 

level were considered, Curve 5 for both frames would lie between 

Curves 1 and 2 and probably would be a little closer to Curve 1 than 

Curve 2. 

4.3.3 Lower Bound to Frame Strength 

For the discussion to follow in Art. 4.4 on the strength 

characteristics of the frames included in this investigatic;m, strength 

must be defined. A study of Figs. 3 to 25 indicates that the least 

maximum wind load factor is always achieved under a proportional load 

analysis (Analysis 3). This is true even for the non-proportional 
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load analysis with a reduced yield stress level. A conservative esti-

mate of frame strength can therefore be made by using the maximum load 

obtained from the proportional load analysis. This strength will be 

used frequently as the basis for strength comparison in Art. 4.4. (See 

also Art. 4.8 and Fig. 47.) 

4.4 Strength Characteristics of Frames 
/ 

4.4.1 Maximum Loads from First-and Second-Order Analyses 

As mentioned in Art. 3.2, in addition to the several types of 

second-order analysis, first-order elastic-plastic analyses have been 

performed on all the Design I frames and the results are given in Table 

14. The load (plastic limit load) factors achieved under proportional 

load range from 1.60 for Frame 3 to 2.05 for Frame 5 with an average of 

1.71. The corresponding load factors of the second-order analyses vary 

from 1.40 for Frames 3, 4 and 7 to 1.60 for Frame 5 (Table 14 and 

Column 5, Table 10), the average being 1.45~ These results show that 

the reduction in strength due to frame instability effect amounts to 

about 15.2% for the seven frames studied. 

When the results of all the stress-controlled designs (De-

signs I, II and III) are considered (Columns 5, Tables 10 to 13), the 

range pf the load factors from the second-order proportional load ana-

lyses is from 1.40 to 1.75. 

For the non-proportional loading condition with gravity load 

factor of unity, the wind load factor ~chieved is in the range of 2.06 

and 3.06 with an average of 2.40 (Column 8, Tables 10, 11, 12). This 
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means that under working gravity loads the frames are capable of re-

sisting a maximum wind equal to 2 to 3 times the working wind. When 

the gravity loads acting on the frames increase to 1.30 times the work-

ing values, -the range of load factor reduces to between 1.66 to 2.45 

with an average value of 1.92. These values are substantially higher 

-. 
-'t - than the recommended load factor of 1.30 given in the AISC Specification. 

The drift-controlled frames (Design IV) always achieve load 

factors higher than those achieved by the stress-controlled designs. 

The range load factors achieved is from 1.45 to 2.05 for the proper-

tional loading condition. These frames are modifications of the De-

sign I frames. For Frames 1, 2, 3, and 5 only the beam sizes are in-

creased to reduce the working load drift index to the desired value of 

about 0.002. For these frames a drift reduction of up to 41% results 

in an ·increase in strength of up to 19%. For Frames 4 and 7 some 

columns.also required_ increasing in size as well as the beams. For 

these frames a drift reduction of up to 46% results in an increase in 

strength of up to 47%. 

The results of Frames 1, 2, 3 and 5 indicate that the sta-

bility of an unbraced frame may be improved by increasing its beam sizes, 

with column sizes unchanged. In the current AISC procedure (Design II) 

-. -·- the increase is usually in the columns. 

• .r. 4.4.2 First Plastic Hinge Load 

The load factor corresponding to the formation of the first 

plastic hinge is summarized in Column 4 of Tables 10 to 13, for the 

proportional load case. For the three stress-controlled designs, this 



.-~ 

31 

load factor falls in a narrow range from 1.20 to 1.35. With the ex-

ception of Frame 3, the first plastic hinge load is the same for all 

the three designs. The relative uniformity of the load factor at the 

formation or the first plastic hinge is a consequence of the allowable-

stress design requirements, and the fact that the first plastic hinge 

almost always occurs in a beam. 

In the drift-controlled designs, most beams are selected 

based on stiffness considerations, and usually have different maximum 

stresses for the same factored load. The load factor corresponding 

to the first plastic hinge therefore tends to vary over a wider range. 

For the seven selected frames, this range is from 1.35 to 1.80 with an 

average of 1.52. 

4.4.3 Design I Versus Design II 

Figures 27 and 28 compare load-drift curves for stress-

controlled Designs I and II of Frames 5 and 6 under proportional load-

ing (Analysis 3). No significant difference in strength and in load-

drift characteristics can be observed between these two designs. 

Similar results are obtained for all other frames included in this 

study. The conclusion is that the use of K factors larger than one 

and a C factor equal to 0.85 in column design does not lead to sig­
m 

nificantly stronger frames. The same conclusion was first reached by 

Lu(l2) and,subsequently, in an independent study by Liapunov. (l3) 

These results, when compared with those given in Table 14, indicate 

that the current design method is not fully effective to account for 

the P-Delta moment in an unbraced frame. 
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Column 5 on Tables 8 and 9 shows that Design I frames always 

achieve a slightly lower load factor than Design II frames. The dif-

ference is due to the larger sizes required for some of the.columns 

in Design II. It is significant that the load factor for all Design 

I frames always equals or exceeds 1.40 which is higher than the value 

of 1.30 given in the AISC Specification. 

4.4.4 Design I Versus Design III 

Tables 2 to 8 show that beam and column sizes are identical 

for Designs I and III of Frames 3, 4, 5 and 7. The reason for this 

will be discussed in Art. 4.9.1. Design I of Frames 1, 2 and 6 has· 

a few columns whose sizes are larger than those of Design III. But 

these changes do not effect the maximum loads of the frames (Column 5, 

Tables 10 and 12). Figure 28 compares the load-drift curves of De-

signs I and III of Frame 6 (Analysis 3). The curves are nearly the 

same. This is because the drift characteristics of a frame are in-

fluenced more significantly by the beams than by the columns. 

4.4.5 Frame 3 Versus Frame 4 

Frames 3 and 4 were selected partly for the purpose of pro-

viding a comparative study of load-drift characteristics for two 

levels of working gravity loads which are commonly encountered in the 

design of office structures. The two frames have identical. geometry 

and wind loads. However, the gravity loads for Frame 4 are smaller 
2-

than those for Frame 3, as shown in Fig. ~· The resulting beams and 

columns for Frame 4 are smaller than for Frame 3 as shown in Tables 

4 and 5. Since both frames are designed to satisfy the same allowable-
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stress requirements the maximum loads of the frames should be approxi-

mately the same, except for differences introduced by the P-Delta 

effect and different plastic hinge patterns. With the same exceptions 

the first plastic hinge in each frame should also occur at about the 

same load. Examination of Figs. 11 and 12 and Figs. 14 and 15 show 

that the above is indeed correct for the stress-controlled designs. 

Therefore, within the variations in gravity loads considered in this 

study, there is very little effect of the level of gravity loads on 

the maximum strength of frames designed by the allowable-stress method. 

4.4.6 . Frame 1 Versus Frame 6 

The two frames are identical except that Frame 1 has three 

bays and Frame 6 five bays. They were selected to study the effect 

of the number of bays on the strength and drift behavior of a relatively 

low apartment type structure. The beam and column sizes are mostly 

smaller in Frame 6, because each member in this frame is designed for 

a lesser amount of the applied load. The maximum loads of all the 

designs for both frames, however, are essentially the same under pro-

portional loads (Column 5, Tables 10 to 13). The drift is considerably 

less for Frame 6 and, because of the smaller working load drift, De-

sign IV was not carried out for this frame. 

This study indicates that when two frames of same height 
. -
. ·- and bay width are designed by the allowable-stress method for identi-

cal working loads, their strength is not affected significantly by 

the number of bays in each frame, although the stiffness of the frame 

with more bays is higher. 
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4.4.7 Frame 4 Versus Frame 7 

The only difference between the two frames is in the number 

of stories; Frame 4 is a 30 story office structure and Frame 7 a 40 

story office structure. The results of these frames can therefore be 

used to study the effect of increasing the number of stories. The 

member sizes of Frame 4 as shown in Table 5 are almost identical to 

those of the upper 30 stories of Frame 7. Tables 10 and 11 indicate 

that the load-carrying capacities of the stress-controlled designs of 

the two frames are nearly the same, but the working load drift of 

Frame 7 is about 12% larger. 

The drift-controlled designs of the two frames have some-

what different member sizes, and, consequently, different max;f:J:irum 

loads and drift indexes. For both frames the beams as well as 

the columns have to be substantially increased in order to satisfy 

the drift requirement, and the maximum loads of these frames are there-

fore much higher than those of· Frames 1, 2, 3 and 6 (Table 13). 

4.5 Drift Characteristics of Frames 

4.5.1 Working Load Drift of Stress-Controlled Designs 

The second-order working (wind) load-drift index for each 

stress-controlled frame design is summarized in Columns 3, 6, 9 and 

12 of Tables 10 to 12. Values obtained vary from a low of 0.00226 

for Frame 6, Design II, Analysis 3 (frame with the smallest height-

to-width ratio) to a high of 0.00478 for Frame 7, Design I, Analysis 

1 (frame with the largest height-to-width ratio). If only proportional 



35 

loading (Analysis 3) is considered, as in Art. 4.4, the range reduces 

slightly from a low of 0.00226 for Frame 6, Design II, to a high of 

0.00460 for Frame 7, Design III. The range, considering only propor-

tional load~ng and Design I, is from 0.00237 for Frame 6 to 0.00460 
- J' -- - - for Frame 7. 

Considering that the frame height-to-width ratios differ by 

by a factor of over eitht and considering the differences in frame 

configuration and maximum strengths the range of second-order working 

load-drift index is quite small. In fact, this range is probably 

centered around accepted values of frame-drift index used by designers 

with an upper value close to the practical upper limit. 

4.5.2 First-Order Versus Second-Order Drift 

The first-order drift index for each stress-controlled de-

sign is summarized in Column 2 of Tables 10 to 13. A comparison of 

these values with those shown in Column 3 of the same tables indicates 

that second-order drift is from 7.2% (Frame 5,-Design I) to 10.8% 

(Frame 3, Design III) larger than the corresponding first-order drift. 

Considering only Design I, the range is from 7.2% (Frame 5) to 10.6% 

(Frame 7). 

4.5.3 Design I Versus Design II 

-- Referring to Columns 2 and 3 of Tables 10 and 11 it is evi-

dent that very little difference exists in the working load-drift 

index between Design I and the AISC Design II. In fact, Design I 

drift values exceed Design II drift by a maximum of only 4.9%. 
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4.6 P-Delta Moments in Frames 

4.6.1 Development of ~ and~ Factors 

The $ factor is defined as the ratio of wind plus P-Delta 

moment to wind moment in a story. That is, 

cp. = EW•h + EP· ~ 
EW•h (3) 

in which EW is the cumulative wind shear, EP the cumulative gravity 

loads, h the story height, and ~ the story drift. This factor can 

be generated by introducing a fictitious .wind increment oW at each 

flo,or level. That is 

cp = EW•h + EcW"h 
EW·h (4) 

for the case of constant W and P applied at all stories, combination 

of Eqs. (3) and (4) gives 

(5) 

or 

W(!P-1) = oW (6) 

The increment of wind load CW can also be expressed in terms 

of the gravity load P per story used to generate Eq. 3 as follows: 

w Ls 
g 

(7) 

where w is the uniformly distributed dead plus live gravity loads in 
g 

a story (assumed constant), Lis the total width of the frame in its 

plane and s is the tributary width perpendicular to the frame. Since 

W = w hs 
w (8) 

where w is the uniformly distributed wind load, substitution of Eqs. 
w 
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7 and 8 into Eq. 6 yields, 
w w 

~ = w- ~ (~ - 1) 
g 
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(9) 

The factor ~ represents the amount of wind increment oH per 

level in terms of the gravity load per story P required in a first-

order analysis to yield the same story moments as those obtained from 

a second-order analysis. 

4.6.2 P-Delta Moments at Working and Factored Loads 

Figures 29 to 35 show the calculated ~ factors at factored 

loads (GLF = 1.30) for all the stories of each stress and drift design 

of the seven frames (the design number is shown circled). These 

factors are determined using Eq. 3 from the results of a proportional 

load analysis (Analysis 3). The figures show the amount of second-

order P-Delta moment in each story as a ratio of the wind moment. 

The figures can also be interpreted in a different way. 

For constant values of wind loading, story height and gravity loads 

over the height of a frame the ~ factor is proportional to the story 

slope, that is the story drift divided by the story height. Thus the 

profile of the frame at factored loads can easily be visualized from 

the ~ factor information by starting at the bottom of the frame where 

the slope is zero. 

The main observations from Figs. 29 to 35 are as follows: 

1. The story P-Delta moment ratios (or story slopes) are small-

est near the top and bottom of each frame as expected. 
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2. The story P-Delta moment ratios for the three stress designs 

of each frame are nearly the same. 

3. For all the seven frames, the P-Delta moment ratios for De-

.r - sign II are generally slightly .smaller than those for Designs I and 
.. ~ .. .. • III. 

-i --
4. The P-Delta moment ratios for the drift-controlled frames are 

substantially less than those for the stress-controlled frames. This 

correlates _with the higher load factors achieved by the dr-ift-control-

led frames. 

Table ·15 summarizes the calculated average and maximum ¢ 

and~ factors for Design I (stress) and Design IV (drift). The average 

¢ factbr ¢ shown in Columns 5 and 9 are calculated neglecting the ave 

bottom one or two stories and top three to ten stories of a frame de-

pending on the height of the frame. The selection is based on the 

' results of the individual frames·shown in Figs. 29 to 35. For example, 

the bottom two and top ten stories were neglected in computing ¢ave 

for Frame 3. The ¢ and ~ shown in the table are the maximum max max . 

values attained in an individual story. 

Figures 36 and 37 compare the ¢ factors at working and 

factored loads of Design I, Frames 1 and 7. The results show that 

the distribution of the ¢ factors throughout the height is quite 
""' .-

similar at working and factored loads, and that the ratio of ¢ factors 

at factored loads to ¢ factors at working loads is about 1.30. 

It is customary in.some design offices to add a small per-

centage of the gravity loads in each story to the wind loads when 
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calculating working load frame drift on a first-order basis in order 

to compensate for the P-Delta effect. It is not uncommon for designers 

to add 1 or 2 percent of the gravity loads to the wind loads. Columns 

7 and 8 of Table 15 indicate that for the Design I frames less than 
E • 

one percent is acceptable. The range varies from about 0.4 to 0.7 

... - percent. For the Design IV frames (drift designs) the range is from 

about o.~ to 0.4 percent. 

4.7 Plastic Hinge Patterns 

Figures 38 to 41 show the locations of the plastic hinges 

for selected frames, and design and analysis conditions. In each 

case the wind loads are assumed to act from the left. 

The plastic hinge patterns shown in Fig. 38 are those existing 

in Design I, Frame 1 immediately after reaching the maximum loads. 

The corresponding load factors are 2.4 for Analysis 2 and 1.8 for 

Analysis 1. In each case, loss of strength and stiffness in the lower 

portion of the frame results in failure by inelastic frame instability. 

In Fig •. 39 the plastic hinge patterns of Designs I. II and 

III, Frame 4 corresponding to the maximum loads from Analyses 1 and 2 

are shown. The load-drift relationships given in Figs. 14 and 15 

show no sharp unloading after the attainment of the maximum load. 

Plastic hinges are distributed through almost the entire height of 

the structure, with more forming in Design I and III frame than in 

Design II frame. 

The plastic hinge patterns at maximum loads of Designs I 
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and'II, Frame 5 are given in Fig. 40. The load-drift relationships 

show significant deformability before and after reaching the maximum 

load (Figs. 17 and 18). Again, more hinges form in Design I frame 

than in Design II frame; in the latter.structure on~y 13 hinges are 
f -. -- . ·. found and are all in the beams. 

Figure 41 shows the relatively fewer plastic hinges (107) -

existing in Frame 7 at the maximum load. under a proportional load ana-

lysis. It!.'the non-propo~tional load analysis considerably more plas-

tic hinges (143) are evident. The concentration of plastic hinges in· 

the central columns of tall bay frames (such as Frames 3, 4 and 7) 

was consistently found in this study. 

4.8 Relationships Between Maximum Strength and Working Load Drift 

Figure 42 shows the relationships between the maximum load 

factor of the stress-controlled frame designs and their working load 

drift index. For each frame .the maximum wind load factor attained in 

Analyses 1, 2, or 3 is plotted against the first-order working load 

(wind load factor of 1.0) drift iridex as computed by Analysis 4. 

In the figure the squares correspond to Analysis 1 results, 

the triangles to Analysis 2 results, and the solid circles to Analysis 

3 re~ults. Also shown in the figure are the empirical straight line 

-- relationships for the three groups of plotted points. 

Figure 42 clearly shows that the lower bound frame strength 

is determined by a proportional load analysis (Art. 4.3.3). The range 

of strengths varies from 1.4 to about 1.75 load factor as noted in 
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Art. 4.4.1. The range of working load drift index is small, varying 

from about 0.002 to aout 0.004. The average slope through these 

points show that the frame strength under proportional loads is re-

latively insensitive within the range of geometric, loading and per-

formance parameters of the seven frames (see Arts. 4.1 and 5.1). 

The above result is not unexpected. For the frames studied, 

the P-Delta effect at working loads is not large. Allowable stress 

design of the frames therefore should result in a first plastic hinge 

formation (approximately first yielding) at a load factor of about 

* 1.25 (see Tables 10 to 12). The maximum load cannot greatly exceed 

that value since the combination of plastic hinge formation (reduced 

frame stiffness) and increasing gravity loads and P-Delta moment 

causes the structure to fail rapidly by frame instability. 

In non-prop~rtional load analysis, where the gravity loads 

are constant, significantly higher strengths can be achieved as in-

dicated in Fig. 42. In this case, however, the range of parameters 

describing the seven frames studied has a more pronounced effect on 

the frame strength as evidenced by the wider scattering of the plotted 

results. Combinations of parameters leading to higher frame drifts 

often result in a substantial lowering of frame strength. 

4.9 Comments on Columns in Stress-Controlled Designs 

4.9•1 Governing Column Formulas in Designs I and III and in Design II 

The 1969 AISC Specification requires that all columns in a 

* This value is based.on an allowable bending stress of 0.6F adjusted . y 
for a one-third increase permitted for the combined loading case. 
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frame be proportioned to satisfy the two formulas given as Eqs. 1 and 

2 in Art. 1.2. In unbraced frame design, the use of an effective 

length factor K greater than unity in computing F and F' and a C 
a e m 

value of 0.85 makes Eq. 1 more critical than Eq. 2. In fact, almost 

all the columns in Design II frames are selected based on Eq. 1. 

Equation 1, however, may become less critical than Eq. 2 when the 

actual column length (K = 1.0) is used in computing Fa and F' and 
M e 

1 when a C value given by the formula C = 0.6 - 0.4 --M ~ 0.4 is 
m . m 2 

adopted. For the seven frames studied Eq. 2 governs the selection of 

much more columns than does Eq. 1 in Designs I and III. Figure 43 

shows the loading condition and the column formula that govern the 

size of each of the columns in Designs II and III, Frame 1. Also 

shown is the governing loading condition for each beam. 

As mentioned in Art. 1.2, Eq. 2 is a stress criterion (as 

opposed to stability criterion) and its use is to safeguard against 

yielding at the ends (or braced points) of a column. It becomes the 

controlling design criterion in a situation where the beam-column 

instability effect is not an overriding failure condition. Studies 

on the strength of beam-columns commonly encountered in building 

frame design have shown that this is indeed the case for many beam-

columns subjected to bending moments causing double curvature de­

formation.(l4). The.yarious.analyses.per.fomed.on.the selectedframe~ 

indicate that, under combined gravity and wind loads, the bending mo-

menta in most columns do produce double curvature deformation~ 
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Figure 44 shows the moment diagram and the location of the critical 

section in such a column. The maximum moment that can be resisted by 

the column is equal to its full plastic moment (reduced for the effect 

of axial tlirust). 

In cases where Eq. 2 controls the design, the columns in 

Designs I and III have identical sizes. 

4.9.2 Maximum Axial Stress Ratios and Column Slenderness Ratios 

In Eqs. 1 and 2, the significant parameters showing the in-

fluence of axial force in column design are: (1) the axial stress 

ratios f /F and f /0.6 F and (2) the column slenderness ratios h/r 
a a a y x 

and h/r • Since this study is concerned primarily with in-plane 
y 

stability of planar frames, the h/r ratio is used to characterize 
X 

the column strength. The values of these parametera were recorded and 

their influence on column size selection were carefully examined in the 

final design of the seven selected frames. The largest value of 

f /0.6 F ·value was about 0.75 and occurred in several columns in the 
a Y 

lower part of Frame 7, Design III under combined loads. A maximum 

f /F value of 0.75 also occurred in this frame, but it did not control 
a a 

the column design, because as previously explained, Eq. 1 was not as 

critical as Eq. 2. 

The largest value of h/r was around 42 and occurred in De­
x 

sign III, Frame 2. 

Since Design I columns are on the average slightly larger 

than Design III columns (in some cases they are identical), the 
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corresponding values of f IF , f /0.6 F , and h/r are slightly lower. 
a a a y x 

4.9.3 Relative Column Weights 

Figure 45 shows the relative column weights for the stress-

controlled designs of the seven frames. In each case the column 

weight for the AISC design (Design II) is taken as 100%. The column 

weights for Designs I and III are shown relative to Design IIo 

Design I columns are from 7 to 11% lighter then Design II 

columns. Design III columns are from 7 to 14% lighter than Design II 

columns. Since the beams for all the stress-controlled designs of 

each frame are nearly identical, the difference in weight for a given 

frame is attributed mainly to the columns • 

. -
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.. 5; .. RECOMMENDATIONS 

5.1 Review·af·Results 

i" As stated in Art. 1.4, one of the objectives of this 

I 
study is to develop a new method of column design in unbraced 

frames subjected to combined gravity and wind loads based on the 

information obtained from the seven selected frames. The major 

results that are useful in developing design recommendations are 

embodied in Fig 42 and in the statements contained in Arts. 4.4, 

4.5 and 4~8. The results show that, even though the strength of 

the frames is reduced considerably by frame instability, all stress-

controlled designs are sufficiently strong to achieve a wind load 

factor equal to or greater than 1.40 under proportional loads, 

2.06 under non-proportional loads with a gravity load factor of 

unity, and 1.66 with a gravity load factor e.qual to 1.30. This is 

because o~ the large reserve strength in the plastic range in 

redundant rigid steel framed structures. It is significant that 

all the Design I and III frames, which were designed with the 

effect of frame instability completely neglected, can achieve an 

average wind load factor of 1.45 under proportional loads and that 

the increase in strength of the Design II frames, whose columns 

.· were proportioned to satisfy the AISC Specification requirements, 

amounts·to only about seven percent (corresponding to an increase 

of load factor of 0.10). These results suggest that unbraced 

frames with geometry, working loads and drift characteristics 
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similar to those of the seven frames included in this study may 

be designed as if they were properly braced. The geometry, loads 

and drift characteristics of these frames have been described in 
- ~ - T 

Arts. 4.1 and 4.5; they are further identified as follows: 

Geometric 

1. Number of stories: 10 to 40 

·2. Number of bays: 1 to 5 

3. Frame height-to-width 0.95 to 8.0 
ratio 

4. Story height: 9.5 to 14.0 feet 

5. Bay width: 20 to 56 feet 

6. Panel aspect ratios: 0.25 to 0.475 
(story height to bay width) 

·Loading 

1. Gravity: Roof -live 30 to 40 psf 
-dead 40 to 50 psf 

Floor -life 40 to 100 psf 
-dead 50 to 75 psf 

2. Wind: 20 psf (uniform over entire 
height) 

Drift Characteristics 

-· 1. First-order working load frame drift index (frame 

drift divided by frame height): 0.00208 to 0.00417. 

2. First-order working load·story drift index (story 

drift divided by story height) may exceed the frame drift index by 

10 to 30 percent. 
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The results of this investigation show that adequate 

strength and stability can be assured under combined gravity and 

wind loads when unbraced rigid frames are designed to meet the 

following criteria: 

1. The colmlm.s are to be designed in accordance with the 

provisions of the 1969 Specification except that: 

a) The effective length factor K is assumed equal to 

b) 

unity in the calculation of F and F • 
a e 

The coefficient C is computed as for braced 
m 

frames. 
. .f .. f 

Th maximum 1 --" 1 i a d · a e co umn ~a stress rat os p- an 0•60F 
a Y 

do n·ot exceed 0. 7 5. 

3. The maximum in-plane column slenderness ratio h/r 
X 

does not exceed 35. 

· 4o. The bare frame first-order working load drift index 

~/H does not exceed 0.004. 

The limitations specified in Items 2,3 and 4 above are 

close to the maximum values encountered in this study. Further 

research may result in changes to these limiting values. Item 

4 does not intend to suggest drift limits for serviceability. 
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. 6~ .. SUMMARY AND CONCLUSIONS 

~even unbraced multistory frames were selected for 
. 

.... - . detailed study with particular emphasis on the effect of frame 

instability. Included were two apartment and five office type 
.· ... -~ . 

frames. The frames differed in riumber of stories and bays, height-

to-width ratios, story heights, bay widths, and level of working 

loads. They were designed to satisfy either the stress provisions 

of the AISC Specification or a specified drift criterion. A large 

number of first-order and second-order proportional and non-propor-

tional load analyses were performed using computer programs devel-

oped previou~ly for studying frame strength~ 

I The major conclusions based on the results of this inves-

tigation are as follows. They are applicable to unbraced frames 

whose overall characteristics are similar to those of the frames 

included in this study. 

1. Under proportional loads, the presence of P-Delta 

moment reduces the load-carrying capacity of all the 

frames studied by about 12 to 22 percent. 

2. There is an appreciable difference between the load-

drift relationships from the second-order proportional 
,. 

and non-proportional analyses. The P-Delta moment 

included in these analyses is the primary reason for 

this difference. 
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3. In the second-order non-proportional analysis, the 
/ 

amount of gravity load acting on the beams affects 

significantly the wind load carrying capacity of the 

frames. 

4. For the frames studied, a conservative (lower bound) 

estimate of the maximum strength is determined from 

a proportional analysis. 

5. The stress-controlled Designs I and III, whose columns 

are proportioned as if the frames were laterally 

braced can achieve a load factor ranging from 1.40 to 
I 

1.60 under proportional loads. A minimum load factor 

of 1.40, therefore, can be achieved using the 1969 

AISC column design rules but using the actual column 

length and the C value for braced frames. 
m 

6. The load factors of the Design II frames, whose 

columns are proportioned to meet all the AISC Specifi-

cation requirements (using effective length factor K 

and ( m = 0.85), are only slightly higher than those 

of Design I and III frames. 

7. Under non-proportional loads, all the stress-controlled 

designs can achieve a wind load factor ranging from 

2.06 to 3.06 for a gravity load factor of 1.0 and 

from 1.66 to 2.45 for a gravity factor of 1.30. 

I 
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8. For all the stress-controlled designs, the first 

plastic hinge forms at an average load factor of 

1.29 under proportional loads and 1.60 under non-pro-

portional loads with a gravity load factor of 1.0. 

9. Frames designed to meet a drift limitation of 0.002 

have large wind load carrying capacity. The wind 

factor of the drift-controlled framesvaries from 

a low of 1.45 for a proportional analysis to more 

than 4.0 for a non-proportional analysis, depending 

upon the gravity load on the beams. 

10. The first-order working load drift index of the 

stress-controlled frames is in the range of 0.00208 

to 0.00417.- The P-Delta moment increases the working 

load drift by about. 7 to 10 percent. 

llo The average P-Delta moment in a story amounts to 

about 14 to 20 ·percent of tne wind moment in the 

stress-controlled d~signs and about 7 to 14 percent 

in the drift-controlled designs. 

12. A simple procedure is recommended in designing un-

braced frames similar to those studied. This proced-

ure recognizes that frame stability considerations 

are such that so long as the working load drift index 

is less than 0.004 frame stability need not be con-

sidered. 

I 
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APPENDIX A 

PRELIMINARY DESIGN OF DESIGN I, FRAME I 

(Refer also to Ref. 8) 

Step 1 - Assignment of Loads 

Using the loading in Fig. 1, the distributed live load wL and 

dead load ~D on the roof beam are calculated as follows: 

W a 
L 30 X 20 a 600 lb/ft, a 0.60 k/ft, 

W a 
D 40 X 20 a 800 

-=1.:::, 4~0:-::0~lb:-/r.f.,-t 
.. 0.80 

1.40 k/ft. 

Similarly, the distributed live and dead loads on the floor girders 

are calculated as follows: 

w .. 
L 40 X 20 = 800 lb/ft, 

55 X 20 '" 1,100 
1,900 lb/ft. 

Maximum Reduction (Ref. 7) 

R . a 100~95~ .. 55% max 4.33(40) 

Live Load Reduction 

Girder 

Floor area served (sq. ft.) 

% L.L. Red. (0. 08 x area) 

Column 

Floor area served/story 

% L.L. Red. Roof 

.. 0.80 k/ft. 

.. 1.10 
1.90 k/ft. 

Left Center Right 

A-B B-C C-D 

400 400 400 

32 32 32 

A B c D 

200 400 400 200 

0 0 0 0 
'? 

Level 2 16 32 32 j2_Y"> (b 

""32 Level 3 32 55 55 
Level 4 48.0 55.0 55.0 48.0 
Level 5 thru 10 55 55 55 55 
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Step 6 - Columns - Wind Load Thrust in Columns 

The column thrust due to wind load is obtained by a cantilever 

analysis assuming equal column· areas, as 

I a Ex2A • (302 + 102 + 102 +.302) A a 2000 ft 2 A 

Mx Mx Column thrust .. A I "' 2000 

Column No. A B c D 
Thrust 0.0 150M 0.0050M 0.0050M 0.0150M 

Levels M(k-ft) Thrust (kips) Thrust (kips) Thrust (kips) Thrust (kips) 

1-2 14.75 +0.221 +0.074 -0.074 -0.221 
2-3 62.30 +0.935 +0.312 -0.312 -0.935 
3-4 146.0 +2.19 +0.73 -0.73 -2.19' . 
4-5 365.5 +3.99 +1.33 -1.33 -3.99 
5-6 420.0 +6.30 +2.10 -2.10 . -6,30. 
6-7 614.0 +9.20 +3.07 -3.07 -9.20· 
7-8 844.0 +12.70 +4.23 -4.23 -12.70 
8-9 1107 .o +16.60 +5.53 -5.53 -16,60 
9-10 1405.0 +21,00 +7.00 -7.00 -21.00 

10.;.11 1740.0 +26.10 +8.70 -8.70 .-26.10 

Step 7 - Wind Moment in Columns 

Bending moments in co.lumns due to wind load are obtained by 

. portal analysis shown in Step 2. Moments at column top M.... and . ·"Top 

bottom ~tm are as follows: 

M_ aM_ a (% shear) X (shear) X 4.75' ·"Top ·lltm 
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·. ·~omen"t ·.(k.-ft) 
A B 

Level 

1-2 2.45 4.90 

2-3 5.49 10.98 

~ 3-4 8.50 17.00 

4~5 11.50 23.00 
-- 5-6 14.50 29.00 

6-7 17.50 35.00 

7-8 21.35 42.70 

8-9 23.60 47.20 

9-10 26.50 53.00 

10-11 29.60 59.20 

Stee 8 - Summar;t: of Wind Load Thrust and Moment in Columns 

Gravity Gravity & Wind* 

Level A B A B 
p M p M p M p M 

(k) ~k-ft~ (k~(k-ft) (k) (k-ft2 (k) (k-f.t) 
15 0 15.4 8.2 

2-3 55 62 42 47 

15 0 15.4 8.2 

15 0 19.9 17.3 

4-5 106 122 83 94 

15 . 0 19.9 17.3 

15 0 24.4 26.2 

6-7 156 182 124 139 
J •• 

·~ 

15 0 24.4 26.2 

-...._ 15 0 29.0 35.5 
8-9 207 243 169 186 

15 0 29.0 35.5 

15 0 33.5 44.5 
10-11 258 304 214 234 

15 0 33.5 44.5 

*Take 0.75 of P and M shown in Steps 4 to 8 in design calculations 



,_ 

i -~·· 

. ' . 

. -.... 
i -

' 

60 

Step 9 - Column design: Column A Level 10 to 11 F = 36 ksi(Design I) 

Calculation 

@ 
@ 
@ 
@ 
@ 
@ 
® 
@ 
@ 

~ 
@ 
@ 
@ 
@ 

§ 

Units Gr~vity Gravity & Wind 

Design Thrust P 

Design Moment. M1 
Design Moment ~ 

Trial Column 

A 

I 
X 

s 
X 

r· 
X 

r 
y 

K 

fa=Q;0 

fb ={12 x@orG)lG) 

cb = 1.75 + 1.os (M1/M2) 

+ 0.3(M1/Mz) 2 ~ 2.3 

k 258 

k-ft. 15 

k-ft. 15 

W8x58 

in. 
2 

17. 1 

in. 
4 

227 

in.
3 

52.0 

in. 3.65 

in. 2.10 

1.0 

ksi 15.1 

ksi 3.5 

2.3 

Ld/Af 

Fb = 12000 x@+@ ksi 

151 

183 

22 

31.2 

54.5 

17.95 

153 

0.099 

0.901 

0.40 

0.071 

0.840 

Fb = 0.60 F ksi 

L/rx = 12 ~ Length +G) 
L/r = 12 x Length +f'9" y \?..) 

Fa (AISC Table 1) @ ksi 

F~ (AISC Table 2)@ ksi 

f/F~@ +@ 

1.0 -@ 
C . 0.60 - 0.40 M1/~~ 0.4 

~x@+@ x@ orQ3) 

f /Fa=@+@ 

@+@ 
OK or NG (Is@~ 1.0?) 

f/0.6F =@:@ 

;i_Fb =@;@or@ 
e>+@ 
OK or NG (Is@~ 1.0?) 

o. 911 

OK 

0.685 

0.159 

0.844 

OK 

'214 

34 

34 

W8x58 

17.1 

227 

52.0 

3.65 

2.10 

1.0 

12.5 

7.85 

2.3 

151 

183 

22 

31.2 

54.5 

17.95 

153 

0.082 

0.918 

0.40 

0.155 

0.695 

0.850 

OK 

0.570 

0.357 

0.927 

OK 
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'APPENDIX B 

. ·sECO~ORDER·FRAME·ANALYSIS 
................ 

. 'l.OAD . INCREMENT PROGRAM. (SOFRAN..;,LIN) 

The program prepared by B. Po Parikh (designated program 

.SOFRAN-LIN*) was developed essentially to obtain the structural 

response such as bending moments and joint displacements, under a 

specific intensity of applied load. (lO) The program is based on 

the slope-deflection equations which govern the member behavior 

under combined axial force and bending moment. The member stiff-

ness are modified to take into account the effects of axial force 

and yieldingo 

relationships: 

The plastic hinge moment, M , is defined by the 
pc 

M =M .0. ·< 
p 

< pc p - p -y 

1.18 
p 

0.15 < 
p .. < M = (1- - ) M pc . p p - p_ 

y y 

0.,15 

1.0 

The program repeatedly solves the frame until the structural response 

converges. If the user specifies a·series of proportionally· 

increasing gravity and wind loads, the load-drift curve of the 

frame under proportional loads can be traced up to the maximum 

values of the two loads. The program does not detect the loads 

at which the various plastic hinges formo 

·*second..;, Order· FRame ANalysis Load.INcrement - -
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APPENDIX C 

SECOND~ORDER FRAME ANALYSIS 

. 'DRIFT INCREMENT PROGRAM. {SOFRAN-DIN) 

62 

The complete load-deflection curve of a frame under 

constant gravity load and increasing {or decreasing) wind load 

can be generated by a program, developed by s. W. Kim {designated 

program (SOFRAN-DIN*), which traces the plastic hinge formations 

including the descending portion of load-drift curve that occurs 
. (11) 

after the frame reaches its stability limit. This program 

is unique in that it employs an incremental drift procedure rather 

than the incremental load procedure as used in program SOFRAN-LIN. 

Program SOFRAN-DIN first assumes a small drift increment, of a 

particular story and then searches for the necessary wind load 

increment which causes the assumed drift increment. Once the 

wind load increment is found, the drift at each story of the 

frame is determined consistent with the wind load increment. 

Specifically, to reduce computation the drift increments chosen 

are defined by the formation of each successive plastic hinge to 

the next, and the computation is termined at the convenience of 

the programmer; for instance, when a plastic mechanism forms in the 

frame or when the applied load is reduced to a certain level after 

reaching the stability limit load, or some other criteriono 

The member stiffnesses are modified in the same manner as 

in SOFRAN-LIN. The plastic hinge moment, M , is defined by the pc 

same relationships as given in Appendix B. 

*Second-Order FRame·ANalysis ~Drift INcrement 
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.. APPENDIX D 

At an early stage in the investigation a comparative 

study was made of the effect on the load-drift curves of several 

. frames of a variation of the modulus of elasticity, Eo Figure 46 

for example compares the load-drift behavior of Frame 5, Design I 

for E = 29,000 ksi and E = 30,000 ksio The study concluded that 

the value of the modulus of elasticity, within the above range, 

does not significantly affect the ultimate load capacityo As a 

result of this study all frame analyses were performe~ assuming 

E = 29,000 ksio 
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APPENDIX E 

. EFFECT OF RESIDUAL STRESSES 

At an early stage of this investigation a comparative 

study was made of the effect on the load-drift curves of several 

frames of an assumed residual stress patterno Figure 47 for example 

compares the load-drift behavior of Frame 5, Design I for two levels 

of residual stress, a = 0 and a = 0.3 . rc rc 

maximum cooling residual stress level and 

a , where a is the 
y· rc 

a is the yield stress 
y 

level. Cooling residual stresses were approximated by the idealized 

pattern as shown in Fig. 48. The study indicates that the effect 

of residual stresses on the ultimate load capacity is small. As a 

result of this study all frame analyses were performed assuming 

zero residual stress~ 
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.. 9 ~ . NOMENCLATURE 

A = Cross sectional area of column 

c = m Coefficient used in Formula (1.6 - la) of the 1969 
AISC Specification (see Eq. 1 of this report) 

Coefficient used in Formula (1.5- 6a).of the 1969 AISC 
Specification 

E = Modulus of elasticity 

F = Allawable axial stress if axial force alone existed in a 
a beam-column (see Eqs. 1 and 2) 

65 

Fb a Allowable compressive bending stress if bending moment alone 
existed in a beam-column (see Eqso 1 and 2) 

F' = e 
Elastic buckling stress divided by a factor of safety 
{see Eq. 1) 

F = Yield stress 
y 

i = Reduced yield stress (90 percent of F ) 
y . y 

f = Computed axial stress in a beam-column a 

fb = Computed bending stress in a beam-column 

H = Total roof-to-base frame height 

h = Story height 

I = Moment of inertia of column 
= Moment of inertia of column areas (in cantilever analysis) 

I = Moment inertia of elastic core 
e 

K = Effective length factor of column, subscripts x and y refer 
to strong and weak axes, respectively 

L = Total in-plane frame width 

M = Column end moment, subscripts refer to end 1 or end 2; top 
or bottom 

= Moment at midheight of column (in cantilever analysis) 

M = Maximum moment in column max 
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M = Plastic hinge moment 
p 

66 

M = Plastic hinge moment modified to include the effect of axial 
pc force 

M = Wind moment 
w 

p = Total gravity load above a story (cumulative) 
Gravity load in one story within the tributary area of 
the frame (non-cumulative) 

P = Axial yield load of column (AF ) y y 

R · = Live Load reduction factor 

r = Radius of gyration, subscripts x.and y refer to strong 
and weak axes, respectively 

S = Section modulus 

s = Tributary width perpendicular to the frame for wind load 

W = Concentrated wind load at a floor level 

W = Working value of W 

w 
g 

WL 

= Unit dead load 

= Unit gravity load (wD + wL) 

= Unit live load 

w = Unit wind load 
w 

a = proportionality constant 

6 = Story drift 
= Roof level frame drift 

6 = Deflection of column 

= Ratio of second-order story moment to first-order story 
moment {see Eq. 3) 

= Curavture 

~ = Ratio of wind plus equivalent P-Delta wind load to wind 
load (see Eq. 7) 
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a Curvature corresponding to M (M /EI) 
pc pc 

arc a Compressive residual stress 

art = Tensile residual stress 

67 
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TABLE 1: SUMMARY OF DESIGNS 

K K c 
X y m 

I 1.0 1.0 0.6 -
Ml 

0.4 o.4 'M > -2 

II (AISC) K 1.0 0.85 

' M 
III· 1.0 0.0 0.6 - 0.4 ....l > 0.4 

M2 -

IV Design I but working load drift index 
reduced to 0.002 
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TABLE 2: MEMBER SIZES FOR FRAME 1 

Beams Columns 

Levels Design Design Design Design Levels Design Design Desi~ Design 
I II III IV I II III IV 

1 Wl2x22 Wl2x22 Wl2x22 Wl4x26 1-3 EXT W8x20 W8x24 W8x20 W8x20 
2 Wl4x22 Wl4x22 Wl4x22 II INT W8x17 W8xl7 W8xl5 W8xl7 
3 II II II Wl6x31 3-5 W8x31 W8x35 W8x31 W8x31 
4 II II II II W8x28 W8x31 W8x28 W8x28 
5 Wl4x26 Wl4x26 Wl4x26 II 5-7 W8x40 W8x48 W8x40 W8x40 
6 " II II II W8x40 W8x48 W8x40 W8x40 
7 Wl4x30 Wl4x30 Wl4x30 Wl8x35 7-9 W8x48 W8x58 W8x48 W8x48 
8 II II II II W8x58 W8x58 W8x58 W8x58 
9 Wl6x31 Wl6x31 Wl6x31 Wl8x40 9-11 W8x58 W8x67 W8x58 W8x58 

10 " II II II W8x67 Wl0x66 W8x67 W8x67 
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TABLE 3: MEMBER SIZES FOR FRAME 2 

Beams Columns 

Levels Design_ Design Design Design Levels Design Design Design Design· 
I II III IV I II III IV 

I 

1 W2lx49 W2lx49 W2lx49 W24x 55 1-3 EXT W8x 67 W8x 67 W8x 58 W8x 67 
2 W2lx55 W2lx55 W2lx55 W24x 68 INT W8x 35 W8x 35 W8x 28 W8x 35 
3 II II II II 3-5 Wl2x 79 Wl2x 85 Wl2x 65 Wl2x 79 
4 II II " " w12x 65 Wl2x 79 Wl2x 65 Wl2x 65 
5 " II II II 5-7 Wl4x 95 Wl4xl03 Wl4x 84 Wl4x 95 
6 W24x61 W24x61 W24x61 W24x 84 Wl4x 95 Wl4xl03 Wl4x 95 Wl4x 95 
7 II II II II 7-9 Wl4xll9 Wl4xl27 Wl4xlll Wl4xll9 
8 W24x68 W24x68 W24x68 W27x 84 Wl4xll9 Wl4xl36 Wl4xll9 Wl4xll9 
9 II II " II 9-11 Wl4xl36 Wl4xl50 Wl4xl27 Wl4xl36 

10 II II II II Wl4xl58 Wl4xl67 Wl4xl58 Wl4xl58 
11 W24x76 W24x76 W24x76 W27x 94 11-13 Wl4x158 Wl4xl84 Wl4xl58 Wl4xl58 
12 II II " II Wl4xl84 Wl4x202 Wl4xl84 Wl4xl84 
13 W24x84 W24x84 W24x84 II 13-15 Wl4xl76 Wl4x202 Wl4xl76 Wl4xl76 
14 II II II II Wl4x211 Wl4x237 Wl4x211 Wl4x211 
15 II II II II 15-17 Wl4x202. Wl4x237 Wl4x202 Wl4x202 
16 II II II " Wl4x246 Wl4x287 Wl4x246 Wl4x246 
17 W27x84 W27x84 W27x84 W30x 99 17-19 Wl4x219 Wl4x264 Wl4x219 Wl4x219 
18 II II II II W14x287 Wl4x314 Wl4x287 W14x287 
19 II II II II 19-21 Wl4x246 W14x287 W14x246 W14x246 
20 W27x94 W27x94 W27x94 W30x108 W14x314 Wl4x342 W14x314 Wl4x314 
21 II II II II 21-23 Wl4x287 W14x314 Wl4x287 Wl4x287 
22 II II II II Wl4x342 Wl4x370 Wl4x342 W14x342 
23 II II II II 23-25 W14x314 W14x342 W14x314 Wl4x314 
24 II " II II W14x370 W14x398 W14x370 Wl4x370 
25 II II II II 25-27 W14x370 W14x370 W14x342 W14x370 
26 II II II II W14x426 W14x426 W14x398 W14x426 

~ .... 
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TABLE 4: MEMBER SIZES FOR FRAME 3 

Beams Columns 

Levels Design Design Design Design Levels Design Design Design Design 
I II III IV I II III IV 

1 W24x55 W24x55 W24x84 1-3 EXT Wl4x74 Wl4x74 Wl4x74 
2 W24x68 W24x76 W27x94 INT Wl4x43 Wl4j[43 Wl4x43 
3 II II II 3-5 W14xl03 Wl4xlll Wl4xl03 
4 W24x76 II W30x99 W14x78 W14x84 W14x78 
5 II II II 5-7 W14x127 W14xl42 W14xl27 
6 II II II W14xll9 Wl4xl27 W14x119 
7 II II II 7-9 W14xl58 Wl4x176 W14x158 
8 W24x84 W24x84 W30x108 W14xl58 Wl4x167 W14x158 
9 II II II 9-11 Wl4xl84 Wl4x211 Wl4x184 

10 W27x84 W27x84 W30xll6 W14x202 Wl4x211 W14x202 
11 II II 

H 
II 11-13 W14x211 Wl4x246 H. W14x211 

12 W27x94 W29x94 ~· W33xll8 W14.x237 Wl4x264 ~· Wl4x237 
13 II II 

..-1 
II 13-15 Wl4x237 Wl4x287 ·~ W14x237 

14 II II {/) II Wl4x287 W14x314 Wl4x287 OJ OJ 

15 W30x99 W30x99 A W36xl35 15-17 Wl4x287 Wl4x342 ,A W14x287 
16 II II ~ II W14x314 W14x342 

{/) 
W14x314 CIS 

17 II II 

.~ 
II 17-19 Wl4x314 Wl4x370 (!). W14x314 

18 W30xl08 W30xl08 II W14x370 Wl4x398 ~ W14x370 
19 II II ~ II 19-21 W14x342 Wl4x398 Cll W14x342 
20 II II W36xl50 Wl4x398 W14x426 Wl4x398 
21 W30xll6 W30xll6 II 21-23 W14x370 Wl4x455 Wl4x370 
22 II II II W14x455 Wl4x455 W14x455 
23 II II II 23-25 W14x426 Wl4x500 Wl4x426 
24 W33xll8 W33xl18 W36xl70 W14x500 W14x500 Wl4x500 
25 II II " 25-27 Wl4x455 W14x550 Wl4x455 
26 II II II W14x550 Wl4x550 W14x550 
27 II II W36xl82 27-29 W14x500 Wl4x605 Wl4x500 
28 II II " Wl4x550 Wl4x605 Wl4x550 ..... 

N 

29 II II II 29-31 Wl4x605 Wl4x605 Wl4x605 
30 II II II . Wl4x665 Wl4x730 Wl4x665 
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TABLE 5: MEMBER SIZES FOR FRAME 4 

Beams Columns 

Levels Desigri Design Design Design Levels Design Design Design Design 
I II III IV I II III IV 

1 W21x44 W21x44 W24x76 1-3 EXT W10x54 W10x60 Wl0x66 
2 W2lx55 W21x55 W27x84 INT Wl0x33 Wl0x39 Wl0x39 
3 II II II 3-5 W14x68 W14x78 Wl4x84 
4 II II II Wl4x68 Wl4x68 Wl4x84 
5 W24x61 W24x61 W30Jc:99 5-7 W14x95 Wl4xl03 Wl4xll9 
6 W24x68 W24x68 W30xl08 Wl4x95 Wl4xl03 W14xll9 
7 II II II 7-9 Wl4xll9 Wl4x127 Wl4x142 
8 W24x76 W24x76 W30xll6 W14xl27 .W14xl42 Wl4xl58 
9 II II ,, 9.,..11 Wl4xl42 Wl4xl50 Wl4xl76 

10 II II H II W14xl58 Wl4xl76 H W14xl93 
11 W24x84 W24x84 gb W33xl18 11-13 W14x167 Wl4xl84 g, Wl4x202 
12 II II ..... II Wl4xl93 Wl4x211 ..... Wl4x237 

{J) {J) 

13 W27x84 W27x84 C!) W36xl35 13..-15 Wl4x193 Wl4x211 C!) W14x237 ,::a ,::a 
14 " 

,, II Wl4x219 Wl4x237 Wl4x264 {J) {J) 

15 W27x94 W27x94 t1l W36xl50 15-17 Wl4x219 Wl4x246 t1l Wl4x264 
16 II II 

~ 
II Wl4x246 Wl4x287 C!) Wl4x287 

17 II II II 17-19 Wl4x246 Wl4x287 ~ Wl4x287 til til 

18 W30x99 W30x99 W36xl70 Wl4x287 Wl4x314 Wl4x342 
19 II II II 19-21 Wl4x287 W14x314 Wl4x342 
20 II II II Wl4x314 W14x342 Wl4x370 
21 II II II 21-23 Wl4x314 W14x342 Wl4x370 
22 W30xl08 W30xl08 W35xl82 Wl4x342 Wl4x370 W14x398 
23 II II II 23-25 W14x342 Wl4x370 Wl4x398 
24 II ,, II Wl4x398 Wl4x426 W14x455 
25 W30xll6 W30xll6 W35xl94 25-27 Wl4x370 Wl4x398 Wl4x426 
26 II II II Wl4x426 W14x455 Wl4x500 
27 " " " 27-29 Wl4x398 Wl4x455 W14x455 ""J 

28 II II II Wl4x455 Wl4x500 W14x550 "" 
29 II II II 29-31 Wl4x500 W14x500 Wl4x605 
30 II II II Wl4x550 Wl4x550 Wl4x665 
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Wall loads acting on exterior columns are; 

Level 1 (3' parapet) P = 3/9.5 x 0.475 x 20 = 3.ok 

Levels 2 to 10 p = 0.475 X 20 = 

Concentrated wind loads at each level are; 

Level 1 

Leve 1s 2 to 10 

Portal Analysis 

Cumulative shear 

is shown below: 

Level 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

W = (4.75 + 3.00) X 20 X 0.020 = 3.1k 
0 

w 
0 

= 9.50 X 20 X 0.020 = 3.8k 

at each story due to the wind loads calculated 

Wind Load (kips) 

3.1 

3.8 

3.8 

3.8 

3.8 

3.8 

3.8 

3.8 

3.8 

3.8 

Cumulative 
Wind Shear (kips) 

3.1 

6.9 

10.7 

14.5 

18.3 

22.1 

25.9 

29.7 

33.5 

37.3 

The distribution factors of wind shear to each column in a story are 

as follows: 
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Aisle width 

% of total shear 

A 

10' 

B 

20' 

c 
20' 

D 

10' 

16.7 33.3 33.3 16.7 
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Based on the cummulative wind shear and the distribution factors, the 

following bending moments Mw in beams due to wind load are obtained • 

Level 1: M 1 (3.1 X 4.75) 2.45 k-ft = 6 = .w 
./" '. 

Level 2· 1 7.91 M = 6 (3,1 X 9,5 + 3,8 X 4.75) m w 

Level 3: 1 13.95 M = 6 (6,9 X 9.5 + 3.8 X 4.75) m w 

Level 4: M 1 20.0 = 6 (10.7 X 9.5 + 3,8 X 4.75)= w 

Level 5: 
1 9,5 + 3.8 X 4,75)= 26.0 M = 6 (14.5 X w 

Level 6: 
1 9.5 + 3,8 X 4.75)= 32.0 M = 6 (18,3 X w 

Level 7: 1 38.0 M = 6 (22,1 X 9,5 + 3,8 X 4.75)= w 

Level 8: ~= 
1 (25.9 X 9,5 + 3,8 X 4,75)= 44.0 6 

Level 9: M = w 
1 6 (29,7 X 9,5 + 3,8 X 4,75)= 50.0 

Level 10: M = 
w 

1 6 (33,5 X 9.5 + 3,8 X 4.75)= 56.0 

Step 3 - Beam Design - Level 10 

Calculation Operation Units Girder A-B 

CD Span L ft. 20 

0 Live Load WL k/ft. 0.80 

G) Dead Load WD k/ft. 1.10 

G) Live Load Reaction wLL/2 k 8.0 

0 Dead Load Reaction wDL/2 k 11.0 

'7 
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Calculation ·Operation Units A-B 

G) % LL used (1.0-Red.) % 68.0 

G . 2 
% LL x wL L k-ft. 217.5 

@ 2 
wDL k-ft. 440.0 

cv 0~= I:wL 
2 

k-ft 657.5 

Gravitl Moments 

@ (+) 0.08 X cv k-ft. 52.6 

@ (-) 0.045 X cv k-ft. 29.6 

Wind & Gravitl Moments 

@ Wind Moment M (Portal) k-ft. 56.0 w 

@ 0. 09375 x@= 3/4 x w L 2/8 k-ft. 61.70 

@ 1.50 X @2~ cv k-ft. 7.15 

@ 0.75 X @ k-ft. 22.20 

@ 0.75 X @ k-ft. 42.0 

@ (+) @+@-@ k-ft. 46.65 

@ (-) @ + @ k-ft. 64.20 

Desisn 

@ (+) Design M @ or @ k-ft. 52.6 

@ (-) Design M @ or @ k-ft. 64.20 

@ Section for F = 36 ksi Wl4x26 y 

Step 4 - Columns - Gravity Load ·Thrust in·Columns 

Tier Computation Thrust (kips) 
Col. A Col.B 

Levels Level 1 - (wD + wL) x Aisle 14.00 28.00 
1-3 Level 2 - WL X (1-Red) X Aisle 6. 72 10.88 

WD x Aisle 11.00 22.00 

Column - Est. 5olb/ft. - 2 stories 0.95 0.95 

Wall - 2 stories & parapet 22.00 0 
54.67 61.83 
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Levels 
3-5 

Levels 
5-7 

Levels 
7-9 

Levels 
9-11 

Level 3 - WL X (1-Red) x Aisle 

WD x Aisle 

Levels 4 - wL x (1-Red) Aisle 

w
0 

x Aisle 

Column -Est. 75.1b/ft. - 2 stories 

Wall - 2 stories 

2 Levels- wLx (1-Red) Aisle 
wl)X Aisle 

Colump. - Est. 100 lb/ft.- 2 stories 

Wall - 2 stories 

2 Levels 

5.44 

11.00 

4.16 

11.00 

1.42 

19.00 

106.69 . 

. 7.20 
22.00 

1. 90 

19.00 

156.79 

29.20 

7.20 

22.00 

7.20 

22.00 

1.42 

0 

121.65 

14.40 
44.00 

1.90 

0 

181.95 

58.40 

Column - Est. 125 lb/ft.- 2 stories 2.37 2.37 

Wall - 2 stories 19.00 0 

2 Levels 

Column - Est. 150 lb/ft.- 2 stories 

Wall - 2 stories 

207.26 242.62 

29.20 

2.85 

19.00 

258.31 

58.40 

2.85 

0 

303.87 

Step 5 - Columns - Gravity Load Moments in Columns 

57 

Bending moments in columns due to the gravity loads are 

obtained by distributing the bending moments in beams equally in columns 

above and below the joint to which that beam is attached. 

Tier 

Levels 
2-3 

Moment below level 2 
Moment above level 3 

All other levels 

Moment 
Col. A 

14.8 
14.8 

14.8 

(k-ft) 
Col. B 

0 
0 

0 
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TABLE 6: ~~~ER SIZES FOR FRAME 5 

Beams Columns 

Levels Design Design Design ·Design Levels Design Design Design Design 
I II III IV I II III IV 

t 

1 W30x99 W30x99 W36xl50 1-3 Wl4xl36 Wl4xl36 Wl4xl36 
2 W33xl30 W33xl30 W36x230 
3 II II II 3-5 Wl4xl58 Wl4xl84 Wl4xl58 
4 II II II 

5 II II II 5-7 Wl4x202 Wl4x228 Wl4x202 
6 II II II 

7 W36xl35 W36xl35 1-1 W36x260 7-9 Wl4x246 Wl4x264 1-1 Wl4x246 
8 II II 6h II 6h 
9 W36xl50 W36xl50 'M W36x300 9-11 Wl4x314 Wl4x314 ..-1 W14x314 {/) {/) 

10 II II <I) II <I) 
~ ~ 

11 W36xl60 W36x160 {/) W36x300* 11-13 Wl4x342 Wl4x370 {/) W14x342 
12 II II CIS II CIS 

13 W36xl70 W36x170 <I) II 13-15 W14x398 Wl4x426 <I) W14x398 ~ a 
14 W36x182 W36x182 W36x300** CIS 

Cl) Cl) 

15 II II II 15-17 Wl4x426 Wl4x500 Wl4x426 
16 W36xl94 W36xl94 II 

17 II II II 17-19 Wl4x500 W14x550 W14x500 
18 II II II 

19 W36x230 W36x230 W36x300*** 19-21 Wl4x605 Wl4x605 W14x605 
20 II II II 

*Section W36x300 + 2(1/211xl2") cover plates 
**Section W36x300 + 2(3/4"xl511

) cover plates 
***Section W36x300 + 2(1-l/4"xl511

) cover plates 
..... 
,£::-
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TABLE 7: MEMBER SIZES FOR FRAME. 6 

Beams Columns 

Levels Design Design Design Design Levels Design Design Design Design 
I II III IV I II III IV 

1 Wl2x22 Wl2:r22 Wl2x22 1-3 EXT W8x20 W8x24 W8x20 
2 WlAx22 ·. wl4.x22. Wl4x22 H INT W8xl7. W8x17 W8x13 H 

3 II II II Q 3-5 W8x28 W8x35' W8x28 Q 
bO bO 

4 "II H II ..... W8x28 W8x28 W8x24 ..... 
(/) (/) 

5 II II II Q) 5-7 V..T8x35 W8x48 W8x35 Q) 

0 0 

6 II II II W8x35 W8x40 W8x35 (/) (/) 

7 Wl4x26 Wl4x26 Wl4x26 Cll 7-9 W8x48 W8x58 W8x48 Cll 

8 II II II Q) W8x48 W8x48 W8x48 Q) 

s s 
9 II II II Cll 9-11 W8x58 W8x67 W8x58 Cll 

Cll Cll 

10 " II II W8x58 W8x67 W8x58 
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TABLE 8: MEMBER SIZES FOR FRAME 7 

Beams Columns 

Levels Design Design Design Design Levels Design Design Design Design 
I II II! IV I II III IV 

1 W2lx44 W2lx44 W24x76 1-3 EXT Wl0x54 Wl0x60 Wl0x77 
2 W2lx55 W21x55 W27x84 INT W10x33 W10x39 W10x45 
3 II II II 3-5 W12x79 W12x85 W14x95 
4 W24x61 wi4x61 W30x99 W12x65 W12x72 W14x78 
5 II II II 5-7 Wl4x95 W14x103 W14x142 

1-1 1-1 

6 W24x68 W24x68 
~ 

W30x108 W14x95 Wl4x103 ~ W14x142 
7 II II bO II 7-9 W14x119 W14x127 bO W14x176 

~ ..... 
8 W24x76 W24x76 C'Jl W30x116 W14x127 W14x136 C'Jl W14x184 

Q) Q) 

9 II II A II 9-11 W14x142 W14x150 A W14x211 
10 W24x84 W24x84 C'Jl W33x118 Wl4x158 W14x176 C'Jl W14x228 

ttl tll 
11 II II II 11 ... 13 W1.4x176 W14x176 W14x246 

Q) Q) 

12 II " ~ 
II W14x193 W14x211 s W14x287 tll 

13 W27x94 W27x94 tl) W36x135 13-15 W14x193 W14x219 tl) W14x287 
14 II II II W14x219 W14x237 W14x314 
15 II II II 15-17 W14x228 W14x246. W14x342 
16 W30x99 W30x99 W36x160 W14x264 W14x287 W14x370 
17 II II II 17-19 W14x264 W14x287 W14x370 
18 II II II W14x287 W14x314 W14x398 
19 II II II 19-21 W14x287 W14x314 W14x398 
20 W30x108 W30x108 W36x170 W14x314 W14x342 W14x426 
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TABLE 8 (Continued) 

Beams 

Levels Design ·Design Design Design Levels Design 
I II III IV I 

21 W30xl08 W30xl08 W36xl70 21-23 EXT Wl4x314· 
22 " " " INT Wl4x370 
23 W30xl16 W30xl16 W36x194 23-25 W14x342 
24 II II II Wl4x398 
25 II II II 25-27 W14x370 
26 II II II W14x426 H 

27 W33x118 W33x118 r:: W36x230 27-29 W14x398 
28 II II bO II Wl4x455 oM 

29 II II Cll II 29-31 W14x426 QJ 

30 II II A II Wl4x500 
31 W33x130 W33xl30 Cll W36x245 31-33 Wl4x455 "' 32 II II II Wl4x500 QJ 

33 II II ~ II 33-35 Wl4x500 
34 II II til II Wl4x550 
35 II " II 35-37 Wl4x550 
36 II II II Wl4x605 
37 II II II 37-39 Wl4x605 
38 II II II W14x605 
39 II II II 39-41 Wl4x730 
40 II II II W14x665 

*Section Wl4x730 + 2(111xl5") cover plates 
**Section W14x730 + 2(11/211xl5") cover plates 

***Section Wl4x730 + 2(211xl5 11
) cover plates 

. . . 
' 

',·) ' ... 1 .. .. . . 

Columns 

Design. Design 
II III 

Wl4x370 
Wl4x370 
W14x398 
Wl4x398 
W14x426 
W14x426 H. 

Wl4x455 ;, 
Wl4x455 oM 

Wl4x500 Cll 
QJ 

Wl4x500 A 

Wl4x550 Cll 

"' Wl4x550 
~ Wl4x550 

Wl4x550 til 

W14x605 
W14x605 
Wl4x665 
Wl4x665 
W14x730 
W14x730 

Design 
IV 

Wl4x426 
Wl4x500 
Wl4x455 
Wl4x550 
Wl4x500 
Wl4x605 
W14x550 
Wl4x605 
Wl4x605 
Wl4x665 
Wl4x605 
Wl4x665 
Wl4x665 
Wl4x730 
Wl4x730 
Wl4x730* 
Wl4x730* 
Wl4x730* 
Wl4x730*** 
Wl4x730** 

..... ..... 
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TABLE 9: SUMMARY OF ANALYSES 

Analysis 1 
Second-Order, Elastic-Plastic, Non-proportional 
Gravity Load Factor=1.3, Computer Program used: 
SOFRAN-DIN 

Analysis 2· 
Second-Order, Elastic-Plastic, Non-proportional 
Gravity Load Factor=l.O, Computer Program used: 
SOFRAN-DIN 

Analysis 3 
Second-Order, Elastic.:.Plastic, Proportional Com-
puter Program used: SOFRAN-LIN 

Analysis 4 First-Order, Linear-Elastic 

Analysis 5 
Second-Order, Elastic-Plastic, Non-proportional 
Gravity Load Factor=l.2, Yield Stress Level = 0.9 F 
Computer Program used: SOFRAN-DIN y 

.... ~ 

- ~-
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TABLE lOs SUMMARY OF ANALYSES FOR DESIGN I (STRESS DESIGN) 

First- Second-Order Second-Order Analyses: Nonproportional Loading 
Order Analysis 

Analysis Proportional Loading 1.0 Gravity L.F. 1.2 Gravity L.F. 1. 3 1Gravity L. F. 
Frame 

b./H b./H Load Factor b./H Load Factor 8/H Load Factor 8/H Load Factor 

Working Working 1st 
Max. Working 1st 

Max. Working 1st 
Max. Working 1st 

Max. 
Hinge HingE Hinge Hinge 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

1 0.00296 0.00318 1.30 1.45 0.00313 1.81 2.51 --- -- - 0.00323 1.17 1.87 

2 0.00267 0.00293 1 .• 35 1.45 0.00293 1.69 2.52 0.00301 1.10 1.69 0.00305 1.31 1.97 

3 0.00297 0.00328 1.25 _!_._4Q 0.00328 1.45 2.34 --- -- -- 0.00343 1.09 1.65 
' 

' 

4 0.00370 0.00404 1.25 1.40 0.00406 1.41 2.07 --- -- - 0.00423 0.83 1. 72 --. 

5 0.00345 0.00370 1.30 1.60 0.00369 1.55 2.49 0.00379 1.16 2.13 0.00382 1.29 '2. ,36 

' 

6 0.00217 0.00237 1.30 1.45 0.00237 1.89 2.73 ---- -- -- 0.00247 1.14 1.90 

7 0.00417 0.00460 1.25 1.40 0.00459 1.34 2.06 --- -- -- 0.00478 1.18 1.66 
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TABLE 11: SUMMARY OF ANALYSES FOR DESIGN II (AISC STRESS DESIGN) 

First- Second-Order Second-Order Analyses: Nonproportional Loading 
Order Analysis 

Analysis Proportional Loading 1.0 Gravity L.F. 1.2 Gravity L.F. 1. 3 Gravity L.F. 
t 

11/H 11/H Load Factor 11/H Load Factor 11/H Load Factor 11/H Load Factor 

Working Working 1st 
Max. Working 1st 

Max. Working 1st 
Max. Working 1st 

Max. Hinge Hinge Hinge Hinge 

2 3 4 5 6 7 8 9 10 11 12 13 14 

0.00283 0.00304. 1.30 1.55 0.00300 1.87 2.68 - - - 0.00310 1.23 2.13 

0.00257 0.00282 1.35 1.55 0.00278 1.73 2.67 0.00284 1.12 2.01 0.00289 1.32 2.14 

0.00282 0.00310 1.20 1.50 0.00307 1.47 2.44 -- - -- 0.00316 0.94 2.33 

0.00356 0.00389 1.25 1.50 0.00387 1.47 2.19 --- - -- 0.00398 1.07 1.82 

0.00336 0.00360 1.30 1. 75 0.00360 1.60 2.61 ·o.oo362 1.16 ·2.20 0.00365 1.31 2.45 

0.00208 0.00226 1.30 1.55 0.00227 1.89 3.06 -- - - 0.00236 1.26 2.32 

0.00398 0.00437 1.25 1.45 0.00432 1.39 2.13 -- -- -- 0.00446 1.17 1.93 

00 
0 
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TABLE 12: SUMMARY OF ANALYSES FOR DESIGN III (STRESS DESIGN) 

First- Second-Order Second-Order .•Analyses: Nonproportional Loading 
Order Analysis 

Analysis ~roportional Loading 1.0 Gravity L.F. 1.2 Gravity L.F. 1. 3 Cfravity L. F. 

b./H b./H Load Factor b./H Load Factor b./H Load Factor b./H Load Factor 

Working Working 1st 
Max. Working 1st 

Max. Working 1st 
Max. Working 1st 

Max. Hinge Hinge Hinge Hinge 

2 3 4 5 6 7 - 8 9 10 11 12 13 14 

0.00305 0.00330 1.30 1.45 0.00325 1.81 2.41 --- -- - 0.00335 1.16 1.85 

0.00271 0 •. 00298 1.35 1.45 0.00296 1. 70 2.65 0.00303 1.10 1. 72 --0.00307 1.30 1.89 

--- ---- - -- ---- -- -- -- - - -.--- -- --
---- ---- -- -- --·- -- - -- - - --- -- -

---- ---- -- - --- -- -- ---- -- -- ·---- ·- ·-

0.00224 0.00245 1.30 1.45 0.00246 1.89 2.69 -- - - 0.00256 1.13 1.82 

--- ---- -- -- --- -- - -- - - -- - -
00 .... 
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First-
Order 

Analysis 
Fram 

6./H 

Working 

1 2 

1 0.00234 

2 0.00211 

3 0.00210 

4 0.00205 

5 0.00202 

6 ----

7 0.00224 

1'/ I ,, 

.. 
. \ l ,•• 

I I ~ l I I 

1 : t '•' 1 

TABLE 13: SUMMARY OF ANALYSES FOR DESIGN IV (DRIFT DESIGN) 

Second-Order Second-order Analyses: Nonproportional Loading 
Analysis 

Proportional Loading 1.0 Gravity L.F. 1.2 Gravity L.F. 1. 3 GFavity L. F. 

6./H Load Factor 6./H Load Factor 6./H Load Factor 6./H Load Factor 

Working 1st 
Max. Working 1st 

Max. Working 1st 
Max. Working 1st 

Max. Hinge Hinge Hinge Hinge 

3 4 5 6 7 8 9 10 11 12 13 14 

0.00249 1.45 1.55 0.00245 2.24 2.71 -- -- -- 0.00251 1.68 2.06 

0.00227 1.40 1.50 0.00229 2.32 3.20 0.00233 1.43 1.89 0.00236 1.63 2.13 

0.00224 1.3;5 1.45 0.00223 2.47 2.97 --- -- - 0.00235 1.41 2.24 
''' 

0.00216 _],.60 1.80 0.00216 3.24 3.92 -- - -- 0.00219 2.49 3.18 

0.00211 1.50 1.90 0.00206 2.61 3.82 0.00209 1. 70 2.84 0.00210 1.95 3.15 

---- -- -- - - - - - - --- -- --

().00235 1.80 2.05 0.00235 3.37 4.08 --- - - 0.00237 3.09 3.85 
( 
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TABLE 14. COMPARISON OF MAXIMUM LOADS FROM FIRST-ORDER 
. AND SECOND-ORDER ANALYSES UNDER PROPORTIONAL 

LOADS, DESIGN I FRAMES 

Frame 

1 

2 

3 

4 

,5 

6 

1· 

First-
Order 
Analysis. 

1:1o 

1.65 

1.60 
·--"'"----~ 

1.65· 

2.05 
--·-

1.70 

1.65 

\ 
? 

Second- Percent 
Order Difference 
Analysis 

1.45 14.7 

1.45 12.1 

1.40 
~ 

12.5 

1.40 . 15.6 

1.60 22.0 

1.45 14.7 

1.40 15.1 

. -- .- . --··-·-· 
< •• ~ . ' ,•. . •' 

. ! . ·.•• 

-=--
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Frame 

1 

1 

2 

3 

4 

5 

6 

7 

' .. 

h/L 

2 

0.1583 

0.1333 

0.2000 

0.2000 

0.2500 

0.0950 

0.2000 

. ' 

" ,\ 

w 
w 

psf 

3 

20 

20 

20 

20 

20 

20 

20 

I ·~ i . , 
•I ~ l I I l I 

TABLE 151 SUMMARY OF ~ AND~ FACTORS FOR DESI.GNS I AND IV 

* 
Design I Design IV 

I 
w g -- - -
psf ~ave ~max ~ave ~max ~ave ~max ~ave ~max 

4 5 6 7 8 9 10 11 12 

95 1.15 1.16 0.0050 0.0053 1.11 1.12 0.0037 0.0040 

-., 

125 1.19 1.20 0.0040 0.0043 1.14 1.15 0.0030 0.0032 

175 1.20 1.21 0.0046 0.0048 1.13 1.14 0.0030 0.0032 

125 1.17 1.18 0.0054 0.0058 1.09 1.10 0.0029 0.0032 

125 1.14 1.16 0.0056 0.0064 1.07 1.08 0.0028 0.0032 

95 1.18 1.20 0.0036 0.0040 - - --- ---

125 1.19 1.22 0.0061 0.0070 1.09 1.11 0.0029 0.0035 

*w ·used in calculating ~'sis the total dead plus live loads, the latter does not include 
a8live load reduction factor. 
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LATERAL 
LOAD 
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Wp 

I 
Elastic Buckling Load= aWE ----- -----

Second - Order 
Elastic Analysis 

First - Order 
Elastic- Plastic 
Analysis 
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Elastic Stability 
Limit Load 

Plastic Limit Load 

Second-Order 
Elastic- Plastic 
Analysis 

LATERAL DEFLECTION (drift) fl 

Fig. 1 Load-Deflection Curves of a Frame 
under Proportional Loads 
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Frome I Frome 2 Frome 3 Frome 4. 

-. - .• .. .. .. - . 

1o 
-· m 
@ 

0 
,., .ll 7 ~ ~ ,, II, .,. ,., , .1. 7 A ,. ""' ,., "' ,. .., 

f .. 3 @2dJ · 1. 3@ 3o· .J l.f<0>30~J lg@30~( 

Story-Boy 
10-3 26-3 30-2 30-2 

Spacing 
20ft. 30ft. 30ft. 30ft. 

Roof Load 
Live 30psf 30psf 40psf. 30psf 

- :.:: Dead 40psf 40psf 50 psf 40psf 
Floor Load 

. 't-
-

Live 40psf 75 psf lOOp sf 75 psf 
. 

Dead 55 psf 50 psf 75 psf 50psf 
Wall (Story) 

9.5kips 18 kips 24 kips 18 kips 
Wind Load 

20psf 20 psf 20 psf 20 psf 

Fig. 2 Frame Dimensions and Loads . 
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Frome 5 

~~ .;l'l!lo 

1 ss•·l 
Story-Boy 20-J 

Spacing 30ft. 

Roof Load 
Live 30psf 
Dead 40psf 

Floor Load 
Live 75psf 
Dead 50psf 

Wall (Story) 18 kips 

Wind Load 20psf 

-v 
@ 
0 
(\J 

.... 
·~ 

Frome 6 

5@20 1 

10-5 

20ft. 

30 psf 
40 psf 

40 psf 
55 psf 

9.5 kips 

20 psf 

Fig. 2 Frame Dimensions and Loads 

1o 
-· m 
~ 
0 

/. 

Frame 7 

,.,. ..... 
12@30~ 

40-2 

30ft. 

30 psf 
40psf 

75 psf 
50 psf· 

18 kips 

20psf 

(continued) 

87 



'. 

0:: 
0 
1-­
(.) 

lt 
c 
<:t 
0 
...J 

0 z 
3: 

3 

0 

First 
Curve Analysis Hinge 

CD 2nd.- Ord Non-prop. GLF=1.3 • 
® 2nd.-Ord. Non prop. GLF=I.O o 
® 2nd- Order, Proportional • 
@) First- Order, Elastic 
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Fig. 3 Load - Drift Curves of 
Frame 1 - Design I 
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Fig. 4 Load - Drift Curve~ of 
Frame 1 - Design II 
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Frame 1 - Design III 
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First 
Curve Analysis Hinge 

CD 2nd.-Ord. Non-prop. GLF=1.3 • 
® 2nd.-Ord; Non-prop. GLF=I.O o 
® 2nd.-Order, Proportional A 
@ First -Order, Elastic 

0.01 
DRIFT INDEX fl/H 

Fig. 6 Load - Drift Curves of 
Frame 1 - Design IV 

91 



f 
I 
~· 

1. 
i 

!. 

~ 
- · .. _ ...... 

I 

~ 
~ 
a:: 
0 .._ 
u 
~ 
0 
<( 
0 
....J 

0 
z 
;: 

0 

P > Py In Critical Columns 

Curve Analysis 

CD 2nd-Ord Non-prop. GLF=1.3 
® 2nd.-.Ord. Non-prop. GLF=J.O 
@ 2nd.- Order 1 Proportiona I 
@ First -Order 1 Elastic 
@ 2nd. -Ord. Non-prop GLF=J.2 

Fy=0.9Fy 

0.01 
9RIFT INDEX , Ll/H 

First 
Hinge 

• 
0 

A 

0 

Fig. 7 Load - Drift Curves of 
Frame 2 - Design I 

I 

w 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

0.02 

92 

-

H 

-



1·. 

I 

.- -

I . 
I 

I 
..: 

. ' 
: 

~0 

~ 
a:: 

·o 
1-
u 
~ 
0 
<( 
0 
...J 

0 z 
~ 

0 

First 
Curve Analysis Hinge 

CD 2nd-Ord. Non-prop. GLF=l3 • 
® 2nd. Or d. Non -prop. GLF =1.0 o 
@ 2nd.-Order, Proportional A 
@ First-Order, Elastic 
® 2nd.-Ord. Non-prop: GLF=1.2 o 

F'y =0.9Fy 

0.01 
DRIFT INDEX , ~/H 

Fig. 8 Load - Drift Curves of 
Frame 2 - Design II 

93 

I 
I 
I 
I 
I 
I . H 
I 
I 
I 
I 
I. 
I 
I 

'-7r 'h' :1 T. 



. . .. _ .. - . 

a: 
0 
t­
u 
<t 
lL 

Q 
<t 
0 
....J 
Q 
z 
3: 

0 

P > Py In Critical Columns 

First 
Curve Analysis Hinge 

CD 2nd.-Ord. Non-prop. GLF=1.3 • 
® 2nd-Ord. Non-prop. GLF=J.O o 
@ 2nd. -Order, Proportional A 

@ First -Order, Elastic 
@ 2nd.-Ord. Non-prop, GLF=J.2 o · 

Fy =0.9Fy 

0.01 
DRIFT INDEX , ~/H 

Fig. 9 Load - Drift .curves of 
Frame 2 - Design III 
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Fig. 10 Load - Drift Curves of 
Frame 2 - Design IV 
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