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1. INTRODUCTION

- This report contains a complete listing of two computer programs
which have been developed to output the moment-rotation relationships
of any wide—flaﬁge beam-column bent about either its strong or weak
axis. These moment - rotation relationships (hereafter referred as M-8
relationships) are computéd based on the concept of the Column Deflection
Curve or CDC. The column deflection curves are possible equilibrium
shapes of deformed beam-columns. A detailed presentation of the CDC

theory can be found in Refs. 1-3.

Thé computer programs documented in this report were written
. O '
in Fortran IV language and have been tested ,py the CDC 6400 computer
located at the Lehigh University.Computer. Center in Packard. Laboratory..

It is believed that this program can also be run by other computers

having the same characteristics as CDC 6400.




2. ASSUMPTIONS

The following assumptions are made in regard to the mechanical

and geometrical properties of the wide-flange  beam-column

1.

Stress-strain relationship for steel is bilinear as shown

in Fig. 1. .0y
15 6o L
The yield stress level & cy\for the tension flange, the
{

compression flange7and the web.

The cross-section is assumed H shape. The fillet contri-

~ bution is neglected.

v g
TR adiv

The column isﬂstraight and free of crookedness.
Plane sections remain plane.

The beam~column is assumed to be under a constant axial
thrust so that end moments and curvatures are the only

variables.
Deflections are small.,

There is no strain regression,



3. THE MOMENT-THRUST-CURVATURE REIATIONSHIPS

The moment-thrust-curvature relationships are developed

. ~ 4 Ry '.
by the foldowime numerical techniqueT AW»I@Z.’(, E e a &"-"««LV o

< .- =1, Bection subjected to strong axis bending
: Aw o0 }
Each of theAflanges is cut into 200 finite elements; Ten
?a!qﬂa\&n{ku'*—ax;s saraticl > yooris

sections hexdizontally and 20 sections verttextty as shown in
A

{)a(c\u&,( -}\)‘1’;‘1\0 QL’C(X.!.S.

Fig. 2. The web is divided into 20 herigemtal stripa\

§;~MWW~~ 2; Section subjected to weak axis bending

: ‘5(\‘L€_ ! quﬁ,({g( 4 fﬁsc \I’-A}( ' 5
1 _ Each flange is $lideéjinto 80 vextieat stripspand the web

is, cut into 200 finite elements; 50 sections parallel to the

x-axis and four sections parallel to the y-axis. (See Fig. 3).

Cent VS é‘L'

A& curvature- is-first assumed. The stress- (axial stress +
- A .
. 3 W 3 » »
residual stress + bending stress) at every finite element is then com-
puted. A summation is made on the normal forces acting on these elements.
an’ ' o
Usually this resultimg non-dimensionalized force ;%/oi Ai/Py is not
b
equal to the specified value of P/Py and thus adjustments are made by
trial and error such that after a few adiustments \?810+;0“$)
. A,
%i 01 i

> (1)

"d"‘d

y y

Once this is achieved, the computer will proceed to compute the moment

on the section:
M 2o ALYy )
M M
pc pc




Y
The computer will now pick @ the next curvature value and repeat the

process to find M/Mpc' This procedure is continued until a curvature
ratio ¢/¢pc = 200 is reached. By now the computer will have a complete

set of M-P-f) relationships for a particular section with a particular
: ’ P e :
frea e nn :
‘:—tﬁe of ‘residual stressey stored‘ﬂj in i memory.
| )
ﬂ

Jr-



4. COLUMN DEFLECTION CURVES -

~ The column deflection curves are constructed usingva numerical
integr#tion pfocedure that is valid for both the elastic and the inelastic
portions of the CDC as long as no plastic hinge is formed. The M-P-§
relationships obtained by the method discussed earlier are the essential

: l
parameters for the construction of the CDOif.

| A portion of a CDC near £ = o is shown in Fig. 4. The P/Py vat'o
and the initial end slope 1% afe specified. Segments of lengthh}kalong
the thrust line are selected. (These segments may not have equal
length. Foﬁ good accuracy, p = Rx is recommended for the construction of
the initialsgégz\of the CDC. A; locations close to the 1/4 wave point,
smal}enwsegments,arehdesired,vandﬂp,=<0ml.Rk has..been. found satisfactazry).. .
It is assumed that the deflection shape of each segment is circular.

The distance Y1 and the slope T, at the end of the first segmenzg are:

1
: plz 21
Y17P1 T T T2 ()
T, =T - py 9 )
L - At the end of the second segment!f
. ) 2
b,
Y2 Yy TRy - 7 )
-

25" 9 6)



In general, at the end of ﬁ,segment§<c :
i T Y¢-1) T-1) Pi T T2 | @
T Ta-n TP Y | &)

ik -
e ntegratlon is continued unt11 s S 0 at which point,at
)

The exact length of a

ézs\ﬁ)ﬂ’t"l’i -
1/4 wave can be determined by interpolation. It is deﬁoted-by Xaaxxﬁ\Ax‘

least a 1/4 wave length has been established.-

in the program$.

The value of curvature ¢i in the Egs. 3-8 is closely approximated

by the curvature in the segment which is obtained from the M-P-§ curve

corresponding to the mean value of the moment in the segment. This

mean moment is:

- o1
Ml 5 (9)
B, p |
- P11 Py
. M, Py, + 5 (10)
NEs 5 ¢
s - PTa-n Ps
Mi = Py(i-l) + 5 (11)

In the programs the moment Mi is non-dimensionalized by dividing it

by Mpc'



"usage and thusréussééy the inclusion of Parts 3-5 in the programs I5

5. MOMENT-ROTATION RELATIONSHIPS

; This section of the program comsists of five parts,lgﬁéféf
whichlié used to inteipret the M-8 relationshipj for a beam-column of a
particular end-moment ratio (MRATIO):

Part 1 for - 1«g<; MRATIO < O

Part 2 for 0 ¥ MRATIO £ 1.0%

[}

Part 3 for MRATIO =0

1.‘6%/

/
- 1.8

Part 4 for MRATIO

Part 5 for MRATIO

Parts 1 and:2 are actually sufficient for interpreting the M- relation-

1

ships for beam-columns of any end-moment ratiob (that is - 1 < MRATIO < 1).

?

However each of these two parts uses more computer time than Part 3, &4

or 5 to generate M-§ relationships for- the-case of MRATIQ.= 0, 1.8] or
- 28 Mot .

- l,é%/ These ratios of 0, 1 and -1 are very common in engineering

&Ab{:%{fd.
1




6. DESCRIPTION OF THE PROGRAMS

Each program consists of four major sections:

1.

2,

3.

4.

Computation of the M-P-f relationships
)
Calculation of CDCSj
Interpretation of M-8 relationships from the CDC datas

Plotting of the M-8 curves

The program begins with a list of symbols and ends with the inclusion

of three subroutines:

1.

Subroutine RSMEA ~- It permits the user to supply any
residual stress pattern into the computer before the
computation of M-P-f relationships. The residual stress
' {L\ou\ ;\I L
pattern must be symmetrical about both axes ¢t the novwae
omthe Corhtia gt
force&ﬂhe to the residual stress may not be balanced. This
A .

subroutine thus permits the "mean" measured residual stresses

of any cross¥section to be read into the computer.

Subroutine RS -- This subroutine interpolates the residual
stress at every finite element from the residual stress
data read into the computer by calling subroutine RSMEA.

WOV AN
If then adjusts the unbalanced force by distributing the

A
same magnitude of error to every measured point, and at

the same time ensures stress compatibility at the flange-

web junction.



3. Subroutine LMPLOT -- It instructs the computer to plot
. . \ ‘W .
the results either in the ézém‘of'moment vs. rotation or

moment/reduced plastic moment (M/Mpc) vs. rotation.

A flowchart showing a general oﬁtline of the program is shown
in Fig. 5.. The program for the wide-flange beam-column bent about its
r'd
strong axis is designated aﬁ BCS. That for the weak axié bending has
been designated.angCW. Both of these two programs have identical flow

history.

The initial readings to be read in are the shape size, flange

width b, flange thickness t, web thickness w, yield stress cy, P/P

ead~ =TT
@\‘ ratio v
N2

ratios, moment! s, and the initial slope values for the CDC's.
“ .

: wv‘; t‘(/
The end-moment ratio Ml/M2 isxpoSitive if the beam-column is bent into
Q“"QM- W\“flx : LA
A —2 simple curvature) JTheefs, end moments 46 opposite rotation as shown
CeTT (!')TH.‘\ ool : '
in Fig. 6. The Mi/Mé ratio isAﬁhgative if the column is bent into double
Lhe

curvature by (£he end moments inAsame rotation.
-

N

The computer will then proceed with the first set of P/Py
and Ml/M2 ratios to: compute the M-P-@ relationships using one of the
following residual stress patterns:

1) Meaéured residual stresses-- This requires the execution

of subroutine RSMEA and subroutine RS,

2) Standard residual stress pattern=- és shown in Fig. 7,
this pattefzi is commonly assumed in wide-flange shapes.
The design charts in Ref. 4 have been developed based

on this residual stress pattern.
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3) No residual stresses.

After the M-P-f relationships have been compiled, the program
oo .
then proceeds to generate the CDC's. One CDC is generated at-t-hel.\time
for a specified 1n1t1al slope T . After a quarter CDC has been generated,
r{um/»ﬂ b 'rrm‘
the computer interprets the M—G/\ fhese CDC results for the spec1f1ed
number of L/r ratios. Having executed this, the computer stores away
these M-0 data and at the same time continues to generate the next CDC

D L\.R.O ()Ji-vv- v /éb‘&rﬂ, (,L

This procedure is repeated until the last 'r % Thl—S—‘F—-
elp CDC el Py SRp G fit; A2 M~ & r2lali ovnd s ,; .
has—s—negative—vatuer—Ilis—purpese—isto instruct the-computer that’

thexe-will be na.more. CDC_that has .to be geperated fox..the-spa e-zrfq,ed-—-
y 12 N

Next;the computer will print the accumulated M-8 d‘ata@?/then

plot the same M-8 data@Aas moment vs. rotation or M/Mpc vs. rotation

curves/'“whiche'ver case the user desires.

The computer will now pick the rxext I value. If this value
1 _is less than the nember VAL the computer will go to EXIT. However,
if I is e‘qual to or less than VAL, the next computation will depend
on whether the new P/Py value is same as the previous Qne.' If identical,
the M-P-§ computatlon is not repeated and the computer w111 proceed to 'K»\—!»

NS @ad -‘vdwp., e V\p\‘{’el} Ay w0t c_r M - K Whotheany
generate a— nsw, set-of CDC' s(éor the new end~moment ratlo;;
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7. INPUT DATA

The symbols used in this section can be found in the computer
programs listed in thé Eppendices A and B. Sample input data cards

are given in Appendix C.

1. First Set of Cards

1 card (FORMAT (110, 5F10.5, F10.2, F10.4)}: ISEC, LBS,
B, D, T, W, E, FY

1 card [FORMAT (I5)}: VAL

Set of VAL cards [FORMAT (2F10.5, 2I10)}: POPY, (I),
MRATIO(I), NP(I), NOPT(I)

Set of VAL cards [FORMAT (ISj: JREST (I)
1 card [FORMAT (110)}: ION

Set of ION cards {FORMAT (F10.5)]: THO(NK)

2. Second Set of Cards

IF JREST # 1 :

0.3 for standard
residual stress -
pattern;

1 card [FORMAT (F10.5)}: FRC (FRC

/
= 0 for no residual
stresses)
IF JREST = 1 : (Subroutine RSMEA is called)

: 7. K
1 card (FORMAT (2110)7: INUMF,  JHUM

set of JNUMF cards (FORMAT (2F10.4)): XSF(JL), FRF(JL)
set of JNUMW cards [FORMAT (2F10.41): YSW(JL), FRW(JL)

(see Fig, 8 for definitions of XSF, FRF, YSW, FRW. Symbols @ave&
listed in subroutine RSMEA) ' '



i}agmaf(iéﬂ—~

s
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Koau&uﬂA ”bTD .

Sufficient dataq must be'prov1ded to cover the full half

A e Sulrauhnt RIMTA s ta W el o
flange wdith and full half web depthh\ I? other words;taklng the flangg
as an example; if.there is no measured data at the fiange—web junction
or at the tip of the flaﬁge, it is necessary to feed into the computer
the extrapolated value from the measured data.- It is obvious that there
must be at least two sets of XSF and FRF readings for the flange7ana
two sets of YSW and FRW readings for the web. The maximum number of
sets of measured aataQ?for the flange or web is 20. However this
number may be increased by increasing the field length in the DIMENSION
declaration of XSF, FRF, YSW, FRW, FRFY, and FRWY. The spacing of XSF
or YSW may not be equal. Compressive residual stresses are read in as
positive values and tensile stresses as negativé values. Only readings

for a 1/4 flange and a 1/2 web are needed as the residual stress dis-

tribution has been assumed symmetrical about both axes.

3. Third Set of Cards.

.. LN ,55
1 card ): LOR .
4 :

aa T ( [ F 3] ey

Set of LOR cards\ ROL (L)
(ROL = L/rx in the BCS program;

= L/ry in the BCW pfogranx)

4, Fourth Set of Cards

This set of cards will instruct the computer to set the
ordinate and abscissa lines for plots of M-§ cufves. It is applicable
only if NP + 1. Symbols are listed in Subroutine LMPLOT. LSee Fig. 9
for clarification_) |

,_.\

1 card : AY, OX, BX, CY

L E TR, .)
lr‘q'_’—l’c?rd/}BJBKBLBM
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If NP = 1, the computer will plot M/Mpc vs. rotation in a standard format

At

as shown in Fig. 10.

. "(;l\t}'," T
If VAL is greaté’f/\}' it is necessary to read in (VAL-1) times"’
the new input of second, third and fourth sets of data cards.

X
b'V? R
The curvature increments RA§§B,§C, and RD,have been
selected for these programs are 0,05, 0,1, 1.0, and 10.0
respectively., %kaz= The segment length ratios Rl,!RQ,'R3,
and R4 that have bsen selected are 1.0, 6.1, 0.1, and 0.1 .
_ declarad iw DPATA Stotemasts
respectively. These quantities areA}és%ed in the BCS and
the BCW programs immediately'following the DIMENSION
declaratién. They have Been found to give'good accuracy
in the computations of M-P-@ and CDC's, Larger values
may be used to save some computer time if good accuracy
is xh=x not the important factor, In this case, the user should
Stafements
alter the two DATA,?&:&S of RA, RB, RC, RD, and R1l, R2, R3,

B4 in the main program.
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8. OUTPUT

There are several pages of print out for every beam-column)

examples of which can be found in Appendix D.

b

- RN
‘)5 L \\.

First Set - It contains the raw datﬁj?that a¥re fed into

i

————

(/ --\\‘\7_ - )
the computer f‘initially. ™ R e

Second Set -~ This set of printout contains the important
properties of the column section such as: area, plastic

modulus Z, plastic moment Mp and many others;

Third Set - A complete tabulation of the computed M-

relationships for a constant P/Py ratio is given here.

Fourth Set - This page tabulates the loops that are

being executed in the construction of CDC's. It provides

o4 AHhe -
the user the information as—to_whieh THO_(NK) valueSthe-Lw/ MJ{&tLV

" e Al ‘ S
plastic bingeﬁgnmewhen? in the CDC. It also p?ovides the
user a complete listing of all THO (NK) values se that he-
may decide whether smallernggﬁghould be used to get
smooth curve or to get more information in the vicinity

of the peak moment.

Fifth Set - It contains a tabulation of the complete
M-8 relationships for the beam-column under consideration:
End rotations, M/Mpc and end moments are tabulated for

;he two ends of the beam-~column.
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In addition to the five sets of oﬁtput discussed
in avove, the computer will nrint out another set of
information (between the seCﬂnd and the third sets) 1f
" subroutines RSMEA and RS are called. This additional set of

. output will have three pages of data as follows:

Page 1 : BRaw data of XSF, FRF, YSW, and FRW,

Page 2 : Number of loops for balancing the resultant
normal force on the section due to the residual
stress 585 normal force on the flanges PPYF,
normal force on the web PPYN, and the
PPYF/PPYV ratio.

N 9\.5 wdt L"\-
Page 3 : List of,X3F, FRF, YSW, and FRW to be used

in the comnuuatﬂons 01 M-P-g.
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9. SUMMARY

Two computer programs in Fortran IV language have been developed
to generate tﬁe M-P-@, CDC and M-Gvrelationships of any W beam;column
bent about its strong or weak axis. These programs have the advaﬁtage-
of being capable pf executing the complete coﬁputations of M-P-¢, CDC,
and M—é in a run. The actual CP time per run depends on the type of
computer, the number of operations to construct the M-P-§ relationships
and the CDC)and the type of interpretation of M-6 for a specified

eDLOGAD Lvaput4y”
end-moment ?atio. Experience on the GDG—E?mp&eted at Lehigh University
has shown téat the average CP time should be less than 30 sec. when
using a binary deck, or alternatively, less than 40 sec. when using

the original deck. The minimum field length for either program is

100,000, .
3

These compﬁter programs can handle any residual stress pattern
as long as the pattern is symmetrical about both axes. . Therefore)they
are useful for laboratory work in which measured residual stresses can
be used to construct the M-P-8 relationships. The weak axis bending

Bew telumn ,
programffonsiders the wholeAcross—section to resist the axial thrust
and the applied moment. Previous research work on weak axis bending has

neglected web contribution.(5’6)

The final results are plotted either in the form moment vs.

rotation or M/Mpc vs. rotations.
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Thus by using these computer programs,it is now possible to

)
obtain more accurate M-f curves for any W shape of any yield stress
level instead of interpolating the wvalues from the charts in Ref. &

which were prepared for 8W¥31 shape of A36 steel.
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