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CHAPTER I INTRODUCTION

1.7 Problem Statement

In the design of high-rise steel building frames, the
gtructural engineer is faced with the challenge of design-
ing a structure which is safe as well as economical, When
all other factors are approximately equal, the design which
results in the lowest cost will usually be considered to be
the best design., One method of achieving economy in a steel
building frame is to reduce the total building height by
locating wiring, piping and heating and air-conditioning
ducts in the same space that is occupied by the floor beams
and girders, thus reducing the height of each story compared
with that of an alternate system where the utilities are
located below the floor beams and girders, Thus it has be-
come fairly common practice to cut openings in beams to permit
the passagé of utilities.

Cutting an opening in the web of a beam leads to a
variety of problems, The strength of the beam in the vici-
nity of the opening can be considerably reduced, depending
on the size of the member and the opening. This reduction
in strength may or may not be critical, depending on the
location of the opening on the span. It may be economical
to use straight, horizontal duct work, and this results in
openings which are not centered on the mid-depth of the

floor members if floor beams and girders of different depth



have been selected. In many cases, the beam will have to be
reinforced in the vicinity of an opening to avoid using a
heavier member., Reinforcement will probably be required if
the opening is located at a section subjected to high shear
forces, and almost certainly be required at sections where
both high moments and high shear forces are presént.

The objective of this thesis is to present and discuss
the development of an ultimate strength analysis of steel
beams with reinforced, eccentric web openings, which is the
most general problem encountered when web openings are used,
The results of the analysis are compared with the strength
of uncut beams, and presented in the form of interaction
diagrams relating shear strength and ben&ing strength. Some
numerical examples are also presented to illustrate the ana-
lysis, and to show the effects of the parameters involved in

the problem,

1.2 DLiterature Review

Ultimate strength analyses of beams with web openings
have been formulated by several investigators in recent years,
In 1968, Bower published an ultimate strength analysis of
concentric, unreinforced rectangular openings in the webs of
beams (1). His analysis was based on the assumption that
points of contraflexure are located in the tee-sections
above and below the center of the openings, and that the

stress distributions are the same at the high and low moment



edges of the openings, Since the effect of strain hardening
was neglected, experimental results showed that the ultimate
loads were somewhat conservatively predicted by the lower-
bound solution,

Redwood presented an ultimate strength analysis of the
same problem in 1968 (2), He assumed that points of contra-
flexure occur somewhere along the length of the opening, not
necessarily at the center. In the analysis, a four-hinge
mechanism was assumed in which bending, shear and direct force
resultants were considered at each hinge. OCnly one tee-
section was dealt with, and it was assumed that half of the
total shear force is carried by each tee-section because of
gsymmetry.

In 1969, Congdon presented in her M.S. thesis an ultimate
strength analysis of beams with concentric, reinforced web
openings (3). Basically, the assumptions used by Congdon
were the éame as Redwood's., An approximate method of analysis
was also developed., Correlation with previous experimental
work indicated that the theoretical results were conservative
for large shear forces because the strain-hardening effect
was neglected,

In 1971, Richard presented a M,S. thesis on the analysis
of beams with eccentric, unreinforced rectangular web openings
(4)., His assumptions were primarily the same as Redwood's
except that he assumed that points of contraflexure occur at

the centers of the tee-sections above and bhelow the opening.



From his analysis the variation of moment carrying capacity
with different opening locations and dimensions was in=-
vestigated., ©Shear forces were unequally distributed to the
web areas above and below the eccentric openings, with the
larger area carrying the larger shear force.

In 1973, Frost presented a method of predicting the
ultimate strength of I-shaped beams with web holes that are
not centered at the middepth of the beam and also not rein-
forced (5)., The analysis was based on the assumption that
the points of contraflexure occured somewhere along the
length of the opening, not necessarily at the center. Com=-
parison with experimental results showed that the ultimate
loads were conservatively predicted by the approximate
interaction formulas developed, and thus it was concluded
that the formulas are satisfactory for design purpose.

In all the papers reviewed, no theoretical analysis was
discovered which treats the subject of eccentric, reinforced

rectangular openings.

1.3 Scope of the Investigation

The investigation presented in this thesis was limited
to an analytical, ultimate strength analysis of steel W shape
beams containing reinforced, eccentric rectangular openings
in their webs. The general type of reinforcement used herein
is pairs of steel bars of rectangular cross section welded on

both sides of the web, parallel to the opening edge and with



equal area for both top and bottom reinforcement. In the
investigation the effects of wvariable opening lengths, open-

ing eccentricities and reinforcing areas were considered.
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CHAPTER II ULTIMATE STRENGTH ANALYSIS

Nomenclature

The symbols adopted in this thesis are defined where

they first appear, and are summarized for convenient re-

ference at the end of the thesis in the section " Nomen=-

clature ",

2,2 Assumptions

The following assumptions were made to facilitate the

solution of the problem :

(=1

b.

Ce.

The failure of the member will occur by the formation

of a fourthnge mechanism with hinges located at the
corners of the opening. The assumed failure mechanism
of the beam is shown in Fig. 1.

Points of contraflexure occur somewhere within the
sections above and below the opening, but not necessarily
at the center of the opening. The location of the points
of contraflexure is the same above and below the opening.
This assumption permits the calculation of secondary
bending due to shear ( the so-called " Vierendeel

action " ),

Shear stresses are assumed to be carried only by the
webs of the tee~sections and are uniformly distributed
across those webs at hinge locations when hinges are

fully formed.



d. Yielding in the flanges and reinforcing bars is in
direct tension or compression,

e, Yielding in the webs at each of the four hinge locations
under combined bending and shear must satisfy the Von-
Mises yield criterion,

T Reinforcing areas are assumed to be the same for the
top and bottom tee-sections ( see Fig. 2 ).

& To simplify the derivation of formulas, the yield stresses
of the material either in tension or compression for
flanges, webs and reinforcing bars are assumed to be
the same and equal to fy. That is, fy = fyf = fyw = fyr‘

hs For the purpose of this analysis, the opening will always
be considered to be eccentric toward the top flange
( or compression flange ) of the beam, Eccentricity in
that direction will be assumed pogitive and all deri-
vations and examples will be based on positive eccen=-
tricity., If the eccentricity is toward the other
direction { or bottom flange ), it is taken as negative,
However, the shape of the interaction curve will be

exactly the same as that for positive eccentricity.

2,% Fouilibrium Equation

Free body diagrams of the tee-sections above and below
the opening are shown in Fig. 3a, With an opening length of
2a, an opening depth of 2h and an eccentricity of e with res-

pret to the center line of the heam, the opening is located



a distance L=M/V from the near reaction., Horizontal egqui=-
l1ibrium of the top tee requires thaf Q1T=Q2T' Similarly,

for the bottom tee, Q Furthermore, horizontal equi-

15=Yop"
librium of sections one and two yields Q1T=Q1B and Q2T=Q2B,

respectively. Thus

Q - Q1T = Q1B = QZT = QEB .on:o.caocoatol"¢(1)

Referring to Fig. b, moment equilibrium at section one

( the high-moment edge of the opening ) yields
M = Q1T(Y1T+Y1B+2h) - Va oooooooo.ooaccaaooo(z)

and from Fig, 3c moment equilibrium at section two ( the low-

moment edge of the opening ) gives

M = QZT(y2T+Y2B+2h) + va oo-oaoolso.o--ooto.(B)
Moment equilibrium for the top tee-~section yields

VT = Q(Y1T"y2T)/23 90"0.‘0!."lll'l..l..i..(4)
while for the bottom tee-section,

VB = Q(Y1B*Y2B)/23 poc-occoacoolco-no.oooo.o(S)

Using Egs. 4 and 5, and eliminating Q and a to find the shear
distribution between the upper and lower tee-sections, the

following relationship for VT and VB can be obtained :

Vo Yqp¥oq

Vs Yqp Yo

OOO“B'Q(00'.0.0.0000'...‘0.'3.(6)



2.4 Yield Criterion

When the four-~hinge mechanism indicated in Fig., 1 is
fully developed at ultimate load, the entire cross section
of the top and bottom tee-sections at each of the hinge
locations yields under combined bending and shear. It is
assumed the combined stresses must satisfy the Von-Mises'

yield criterion (6),.

2

2 2
=f'b+va..l“."....ll.C.O.Q.....O"'.(7)

Ty

where fy is the yield stress under uniaxial loading, and fb

and f_ are the concurrent bending ( normal ) and shear stresses,
In this thesis, it is assumed that the flanges and rein-

forecing bars take only bending stresses and that the stems of

tee-sections take both bending and shear stresses, Thus, from

Eq. 7, the bending stresses in the webs of the top and bottom

tee-sections are

' Vv
2 2 T (2

fT—fy-a(STw) ¢....-oon-soos.-ococonoo.o(8)
2 .2 Y5 (2

f =f -3('5_‘;,') ca-u-.-o-o.ro¢oooaoicooabc(9)
B Yy B

where ST and SB are the depths of the top and bottom web-parts,
respectively, w is the thickness of the web and VT and VB are
the total shear forces acting on the webs of the top and botiom

tee-gections, respectively.

2.5 Stress Distributions

When the shear stresses are relatively low, the locations
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of the points of stress reversal at section one can be located
in the stubs ( web between reinforcing bars and opening edge ),
in the reinforcing bars or in the clear webs ( between rein-
forcing bars and flange ); therefore, there are nine possible
combinations of the locations of stress reversal for the low
shear case, The six étress distributions which are possible at
section one for the low shear case and positive eccentricities
are shown in Fig. 4. TFor low shear stress at section two, the
points of stress reversal are assumed to be always in the
flanges ( see Fig., 5 ), The different locations of the points
of stress reversal under low shear conditions at both sections
one and two are shown in Table 1, The relationship between the
low shear cases at section one is shown in Fig, 6 and will be
discussed later.

Equations for the low shear Case SS are derived in the
following section, and similar equations for other locations
of stress reversal for low shear conditions ére summarized

in Appendix A .

2.6 Low Shear Case S8

Considering the first case of low shear in Fig. 4a, the
assumed locations of stress reversal occur in the stubs at
distances k1TST and k1BSB from the opening edges for the top
and bottqm tee=-sections at the high-moment edge of the opening
( section one ), respectively, and kopt and k,pt from the
outermost flange surfaces at the low-moment edge of the opening

( section two ) for the top and bottom tee-sections, respec-



tively. The k's are coefficients between 0 and u/ST for k1T
0 and u/SB for k

and k... The

and O and 1 for both k2T oB

1B

stress resultants at the hinge locations are ;

Qp =
Qg =

1}

Qo

g

and

QY

Qp¥qp

Qop¥om

QpYon

AT

'y

Apf
Aff

Aff

+ STW(1-2k1T)fT + Arfy o--uocuoot-oucc(10)

y + SBW(1’2k1B)fB + Arfy aootoo-coa-ooc-(11)

y(1-2k2T) + STWfT + Arfy 001-01000015000(12)

y(1-2k2B) + SBWfB + Arfy go.o..ooooooooo(13)

2 2
Affy(ST+0'5t) + O'ESTWfT(1-2k1T)

. |
+Arfy(u+2) ..'..'..'.o...l....."..'...(14-)
2 2
Affy(SB+0.5t) + O.BSBwa(1-2k1B)
+Arfy(u+%) .....O.G...‘..D.'.'...'Q.....(15)
2
Affy[(sT+o.5t)-2k2T(sT+t)+tk2T]
+ 0.58%uf, + AT (u+d) (16)
[ T T r y ? 08 & &9 0 e e B OO0 e e
2
Affy[(SB+0.5t)~2kZB(SB+t)+thB]

2 q
+ O.SSBwa + Arfy(u+2) -1000000000900000(17)

where A.=b x t, the area of flange and Arzq(c-w), the area

of one pair of reinforcing bars,

Using Egs. 1 and 10 through 13, all the k wvalues can

be represented in terms of sz. Thus, Q1T=Q2T yields

11



= (18)
k = k A B I B R B BN R U T N R N A N R B N R R R B B R Y 18
iT waT 2T
Q2B=Q2T Yields )
W(S,fr=Snfm)
_ BB~y
kEB = Zﬂify + k2T .-cocnooonoooo.oooo.oo-o(19)

and Q1B=Q2T vields

k1B = % - 2gfg + gf£¥ sz ocoollooOiQOQOOCCGOI'(20)
B™B BB

By combining Egs., 1, 2 and 3 to eliminate M and h,

Q1TY1T - QZTYET + Q1By1B - QZBy2B -~ 2Va = 0 .0000(21)

Substituting Egs., 14 through 17 into Eg, 21 to eliminate

Q's and y's,

2 2 |
Apf (K, p+kop) = 2Affy[k2T(ST+t)+k2B(SB+t)]
4 2 2 2
+ W(STka1T+SBka1B) + 2Va = 0 .Il..l.li..ll....l(za)

Also, substituting all k - values from Eqs, 18 through 20

into Eq. 22 yields the following quadratic equation in sz:

2
Asssz + Bsssz + CSS = 0 nlototnncco.ooo10000000(23)

where

e 12PN
ASS = _W“X(TE+T£) + 2t ........‘.Illlt......a...'(24)

i

bf
gs = -2(d-2n) + KfT;(stB-sTfT)thEE) o vim s s LB

12
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2
55 Affs(, 4A)§.fy 7
w{Spfa=Snhf
- BABf{LT (SB+t) lo.u.oc.o.-:cln.n."‘c(26)
7y

Only one solution of the quadratic equation will satisfy
the requirement that k1T and k1B be less than u/ST and u/SB,
respectively, and kET and sz be less than 1. The solution

is discussed in the following section.

2.7 Method of Solution

A general approach for solving the problem will be des=~
cribed in this section, To assist in this description, a
flow chart of the basic steps is shown in Fig. 7. Because
of the unequal web areas above and below an eccentric opening,
an indirect trialeand-error method is required to obtain a
solution.

With the beam and opening properties known, the initial
step is to assume that V is equal to zero ( or any desired
V value ) and to assume a value of VT/VB' Then the corres-

ponding values of VT and VB éan be calculated as follows :

V ll..l...‘..C.I'..I.I‘I..I.CI......‘l.(27)

¥y

1+

o

Vi

V-VB .“.!..I..'..‘...l'.l..l.'I..i.l.""(zs)

and the corresponding values of fT and fB can be obtained

from Egs. 8 and 9. The coefficient sz can then be evaluated



from the appropriate quadratic equation for each case; for
Case S5 Egs. 23 through 26 are used, The desired root of
the quadratic is posgitive and less than or equal to 1 .
After evaluating kET' other k values can also be
calculated, and all the Q's and y's can be evaluated using
the appropriate equations corresponding to each case, for

Case SS these are Egs. 10 through 17. Then a new value of

14

VT/VB can be calculated from Eq., 6, If the calculated value

of VT/VB equals, or is close to the assumed value, the solu-

tion is correct, and, after checking if k1T’ k1B and k2B are

within the appropriate limits, the coordinates for one point

on the interaction curve, M/MP and V/VP, can be obtained.

M is the internal moment at the center of the cut section

given by Egs, 2 and 3, and MP and VP are-the plastic moment

capacity and plastic shear capacity for the uncut section,

regpectively, which are formulated as follows :

1

M

P [Af(d-t) + %(d-zt)zlfy oo-t-oooo--vconconoo-(29)

Vp

w(d-Et)fy/jf'......--................,......(30)

If the calculated value of VT/VB is not close to the

assumed value, a new assumed VT/VB is obtained by taking the

average of the calculated one and the assumed one and the
procedures described above are repeated until the correct

value of VT/VB is determined.

For the original assumed shear force, V, corresponding

values of M/MP and V/VP can be evaluated as described above.
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By repeating the whole procedure and incrementing V, more
points on the interaction curve can be obtained for each case

until V approaches V , where Vma is the maximum plastic

max X

shear capacity of the cut section and is formulated as

follows :

Vmax=W(ST+SB)fy/J3_ 00000-00‘0‘000010010(31)



16

CHAPTER III COMPUTER PROGRAM

3,1 Introduction

Using the procedure described previously, the computer
programs shown in Appendix B were written to solve for the
coordinates of points on the interaction diagram, V/VP and
M/MP' Examples of the output from these programs are presented
in Appendix C,

Programs were written separately for each case instead
of one complete program involving all the cases, because the
use of separate programs facilitated debugging, permitted
monitoring the transition from one stress reversal case to
the next, and helped to isolate special problems which are

discussed later.

3,2 Initial Stress Reversal Locations

At the beginning of the program, it is necessary to
determine the locations of the points of stress reversal
when V = O, From experience, the stress reversal in the top
tee, Section 1, is always in the web stub initially, and
stress reversals occur in the flanges for both the top and
bottom tees at Section 2, In the bottom tee at Section 1,
the initial location of the point of stress reversal is the
plastic neutral axis of the cut, reinforced section., The
plastic neutral axis can occur in the web stub, in the rein-
forcing bars or in the clear web, Therefore, it can be

concluded that Case SS, SR or SW should be used to start with
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at Section 1 and Case FF at Section 2.
The eccentricity is the determining factor in selecting

the initial case at Section 1, and the three possibilities

can be summarized as follows :

a. For e = u, the plastic neutral axis is located in the
web stub between the opening edge and reinforcing bars
in the bottom tee, This limit was derived by equating
the compression web area to the tension web area, since
flange areas and reinforcing areas are the same for the
top and bottom tee-sections, In this case, the problem
islsolved starting with Case SS, but from the viewpoint
of practical design, it is not a common case since for
such small values of e, the eccentricity could be neg=-
lected and the problem treated as a concentric opening.

b Foru =ses=s u+q+$£, the plastic neutral axis is located
within the reinforcing bars in the bottom tee. The
upper limit for this case is derived by setting the
plastic neutral axis at the lower edge of the reinforcing
bars in the bottom tee-section and equating the total
area including all the reinforcing area above the plastic
neutral axis to the total area below it., Under such
circumstances, the problem is solved starting with Case &R,

C For e> u+q+§£, the plastic neutral axis is located in
the clear web between the reinforcing bars and the flange
in the bottom fee, and the problem is solved starting

with Case SW., This is a practical case only for small
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reinforcing area, otherwise such large eccentricities
would leave no room for reinforcement in the top tee-

section.

3.3 Roots of the Quadratic

An important step in the program involves solving for

the roots of k from the quadratic equation in order to

2T
evaluate the other k-values., Since there is only one root

of the quadratic equation which will result in the other k-
values being less than the limits ( for example, for Case

ss, km‘ana kg must be less than u/S; and u/Sg, respectively,
and k,p and k,p must be less than 1 ), the problem is to choose
the right root, When the problem starts with a very small

( or zero ) value of V, one of the roots will be positive

and less than 1 and the other root will be negative but close
to zero, In this case the other k-values can not be evaluated
within their limits from the former. Therefore, the technique
adopted is to set the latter equal to zero in order to obtain

a solution, This assumption can be checked numerically by
comparing fhe M/MP value obtained from the computer solution
for V=0 with the ratio of plastic moment capacity of the cut,
reinforced section to the plastic moment capacity of the gross
cross section, Comparison of the two M/MP values has shown

in all cases that setting the small root equal to zero for
small values of V yields correct results,

An interesting result from the numerical examples presented
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in Chapter IV is that in all cases the smaller root of sz
from the quadratic equation is the root which yields the

correction solution.

3,4 Transition between Stress Reversal Cases

For each value of V it is necessary to check the limits
of the other k-values in order that the transition to the
next case can be identified. For example, if the problem
starts with Case 5SS, there will be only two possibilities :
(1), kyp hits the limit of u/ST first, and the next case will

be Case R3; and (2). k hits the limit of u/SB first, and

1B
the next case will be Case SR, By continuing to check the
k-value limits, the interaction diagram can be completed by

succesively selecting the right stress reversal cases,

3.5 Sensitivity when V Approaches Vmax

Since the program is based on assuming a value of VT/VB
to mateh the calculated VT/VB from Eq. 6, the problem will

become sensitive sometimes when V approaches-vm sy Ziven by

ax
Eq. 31. At that point the calculated VT/VB may be large

enough to make either Vn or Vi in Egs. 8 or 9 exceed Vp ..

and V are the maximum shear force

or V Bmax

Bmax? where VTmax

possible on the top and bottom tee-sections, respectively,

and are formulated as follows :

VTmaX = wsTfy /J_B— “""0¢"-'lccoocccccqao(32)
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vBmaX = WSny /Jg_ --..loaaonnnonaoqoo.o.lo-(33)

When V., or V, exceeds the above limit given by Eq. %2 or 33,

i B
fT or fB becomes imaginary., Under such circumstances, a new
suitable value of VT/VB may be obtained by a trial-and-error
method, Also in this situation the permitted tolerance
between the calculated VT/VB and the assumed VT/VB was ine-

creased arbitrarily from 0,01 to 0,025 to obtain a solution

to the problem.

3,6 Maximum Shear Force

The interaction curve is limited by a maximum value of

V/VP, given by

v
max d=2h=2%
(VP ) = d_zit 0.0...!..'.It.t.l...ll.....(34‘)

For some practical sizes of beams, opening and reinforcing
area, this limiting value may not be reached, resulting in

an imaginary solution to the quadratic in kET' In this case
the stress reversal points at section one are still in the
clear web for both top and bottom tee-sections, and at section
two they are still in the flanges, as assumed., Consideration
of other locations of stress reversal points did not give a
real answer, Upon further investigation it was found that
either the opening length must be less than a given maximum
value or the reinforcing area greater than a minimum value

Lo obtalin a real sclution to the quadratic in RZT' From
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Case WW in Appendix A, when Vmax is reached fT=O, yielding
k2T=Ar/Af II.lIll........ll..’..'lll'll.(BS)

Substituting Egs. 31 and 35 into the quadratic equation for

Case WW yields

2
A_(a-2n-2u-q)J3 INVE

W(ST+SB) = bw(ST+SB) .oo.‘ico-.oo(36)

a =

Eq. %6 is the same as Congdon's Egqg., 30 (3), and indicates
that eccentricity does not affect the maximum opening length
required to reach Vmax’

If the Ai term is neglected and u, ¢ and t are much

smaller than d and h, Eq. 36 reduces to :

Max.— a=ArE/wl...l.lll..l..l.l.l.l."'(37)

or

Min. Ar =‘ aw /’F'...........I.I...I..""0(38)

Egs 37 and 38 are the same as Congdon's Egs., 31 and 32 (3).
If either value is satisfied, the maximum shear capacity

of the section will be reached.
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CHAPTER IV NUMERICAL EXAMPLES AND DISCUSSION OF RESULTS

4,1 Introduction

Some numerical examples are presented in this Chapter
to explain how the computer program works, to show the effect
of varying parameters on the interaction diagram and to check
if the solution reduces to that of Congdon when e=0 (3) and
to that of Frost when A_=0 (5).

A W16x45 beam was used in all the numerical examples
since this section had been tentatively selected for a pro-
posed test program. Other properties and dimensions selected
with the W16x45 section to serve as the basic case for the

6kSi’ a= 4%" ’ h=3" i e=2|| " u=q=;£_"

numerical examples are : fy=3
and c-=w=4",

Using these properties as the basic case, the effects
of varjing parameters a, e and Ar ( actuaily, q was kept
constant, varying c-w only ) were investigated, while u, q,
h and fy were not varied., The values of the parameters
investigated are shown in Table 2, An interaction diagram
for the basic case is shown in Fig, 8, while the effects of

varying parameters are shown in the interaction diagrams of

Figs. 9 through 11,

4,2 Varying Eccentricity

The first parameter investigated was eccentricity., It
is the most important one involved in the problem from the

point of view that the eccentricity determines the correct
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stress reversal case to start the computations, as discussed

in Section 3.2, TFive different eccentricities were investigated,

and they can be divided into three groups, The first group

involves e=0", and the solution obtained is the same as that

of Congdon (3). Case SS was the first case in the solution.

The second group includes e=0,3", 1" and 2", Here, Case SR

was the first case encountered in the solution, The third

group involves e=3%,5", and Case SW was selected to start the

solution (see Table 2 ), The interaction diagrams for these

examples are plotted in Fig. 9, from which it can be concluded:

a, With small eccentricity ( say, e £u ), the problem
could be treated as a concentric opening, without any
significant loss of accuracy.

b. As the eccentricity increases, the moment carrying capa-
city of the beam decreases for low shear forces and
increases for high shear forces,

B For the eccentricities included in group 2, the sensi-
tivity problem was encountered when V approached Vma

x.

4,% Varying Reinforecing Area

The second parameter investigated was c-w. With g kept
constant, c~w was the term selected to vary the reinforcing
area, 'There were five different c-w values investigated;
the first case was c=-w=0", which yielded results identical
to Frost's solution (5)., The remaining cases were c-w=1"
through 4" in 1" increments., The results are plotted in

Fig, 10, from which it can be concluded :



a.

b,

Ce

de

4.4
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The moment carrying capacity is almost linearly pro-
portional to the reinforcing area where the shear force
is low, but this relationship becomes non-linear when
the shear force is larger.

When c=-w=0", the program terminated because it entered
a region where low shear is " mixed " with high shear,
i.e., Case FW was encountered at Section 1, and this
case was not included in the present analysis.,

When the reinforcing area provided was less than the
minimum area given by Bq. 38 ( min, A, = 0.899 in? L4
vméx was not reached (see Fig, 10; c-w=1", 2" and 3" ).
When c-w=4", the problem was sensitive when V approached
v .

max

Varying Opening Length

The last parameter investigated was a., There were three

different values investigated, a=3", 43" and 6". The results

are shown in Fig., 11, and conclusions can be formulated as

follows :

a.

b

Ce

When V=0, the moment carrying capacity does not vary
with opening length,

As a increases, the moment carrying capacity decreases
while V increases.

The curve for a=6" was terminated at Vg V because

max*
the opening length exceeds the maximum length given by

Eq. 37 ( max, a=5.006" ).
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d, For the other two curves the sensitivity problem was en-

countered when V approached Vm

ax

4,5 Sequence of Stress Reversal Cases

The purpose of this section is to show by example how
much of the interaction diagram is covered by each stress
reversal case. The first example is the basic case,.shown
in Fig., 8, where there were only two stress reversal cases
( Cases SR and RR )} involved in the solution, In the second
example there were five cases (Cases SW,SR,RR,RW and WW)
included in the problem as shown in Fig, 12, The data for
these two examples is presented in Appendix C., All of the
sequences of stress reversal cases encountered in the numerical
examples of this Chapter are shown in Fig, € by arrows between

cases,
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CHAPTER V CONCLUSIONS

An ultimate strength analysis of steel W shape beams

containing eccentric, reinforced rectangular openings in their

webs has been formulated for the low shear case, From a

study of the parameters involved in the problem the following

major conclusions can be made :

=

C.

Eccentricity does not affect the maximum opening length
and the minimum reinforcing area, hence Egs. 36,37 and

%8 are the same as obtained by Congdon (3),

With small eccentricity ( say, e = u )}, the problem could
be treated as a concentric opening without any significant
loss of accuracy.

As the eccentricity increases, the moment carrying capa-
city of the beam decreases for low shear forces and in-
creases for high shear forces,

The moment carrying capacity is almost linearly pro-
portional to the reinforcing area when the shear force

is low, but this relationship becomes non-linear when

the shear force is larger,

As opening length increases, the moment carrying capa-

city decreases while shear force increases.,
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CHAPTER VI RECOMMENDATIONS FOR FURTHER STUDY

From the present analysis, the following recommendations
are suggested for further investigation of the problem of
eccentric, reinforced web openings :

a, All the computer programs shown in Appendix C should

be combined into one program so that a complete inter-

action curve could be obtained in one calculation,

b. The same procedures described in this thesis could be
used to analyze the high shear case at section one

( i,e., Case Ff ) as well as those cases where low and

high shear are " mixed ", i,e.,, Cases RF,FR,WF and FW

( In the present analysis Case FW was found to be the

next case for c-w=0" ),

Ce An approximéte solution should be formulated for design
use,

o An experimental study of beams with eccentric, reinforced
rectangular openings in their webs would be helpful to

check the analytical results presented here,
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TABLE 1,

Section Case

B i, S NS S s S Y Y

2.
3.

SS (L)1
SR (L)
SW (L)
RS*(L)
RR (L)
RW (L)
ws™ (1)
WR” (L)
Ww (L)

FF (L)

Stub?

Stub

Stub
Reinforcing
Reinforcing
Reinforecing
Clear We"b3
Clear Web
Clear Web

Flange

(L) = Low Shear Case.
Stub - Web between Reinforcing Bars and Opening Edge.
Clear Web - Web between Reinforcing Bars and Flange,
Cases not possible for Positive Eccentricity.

46

Locations of Points of Stress Reversal

Stress reversal at Stress reversal at
top T-section in

3 bottom T-gection in:

Stub
Reinforcing
Clear Web
Stub
Reinforcing
Clear Webdb
Stud
Reinforcing
Clear Web

Flange
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TABLE 2. Values of Parameters Investigated

a, Varying Parameter " e "
( fy=36k81,u=q=%'.'.h=3“,a=4%'“ and c=w=4" )

: Complete Cases
e{in) Group Solution ? Involved
0 g Yes (ss)*,rRr
2 Yes™ (SR),RR
0.3 T &e SRl
1 II- Yes" (SR),RR
*
2 II Yes (SR),RR
33 IIT® Yes (SW),RR,RW

b, Varying Parameter " c-w " :
( fy=36k81,u=q=%",h=5",a=4%" and e=2" )

Complete Cases
c-w (in) Group Solution ? Involved
o s
0 I1I V=0=47 6 (SW),RW,WW
1 111 V=0-54,5% 6 (8W),RW,Ww
2 | III V=0-60., 0¥ (sW),SR,RR,
RW,WW
| L 6 -
3 11 V=0-63,0 (SR),RR,RW,WW
*

4 II Yes (SR),RR
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TABLE 2, ( cont'd )

¢, Varying Parameter " a " :.
( fy=36kSl,u=q=%",h=3",e=2" and c-w = 4" )

Complete Cases
a(in) Group Solution ? Involved
*
3 11 Yes (SR),RR
*
4% II Yes . (SR),RR
6 1T V=0-63, 7% (SR),RR, RW, WW

1« Group I = For e £ u, Starting with Case SS. _

2, Group II - For u-<e:5u+q+Ar/w, Starting with Case SR,

3, Group III - For E:>u+q+Ar/w, Starting with Case SW,

4, The Case in parenthesis is the first case in the solution,

5. The program terminated because it entered Case FW at
Section 1.

6, The program terminated because the reinforcing area is
less than the minimum area, given by Eq. 38,

7. The program terminated because the opening length exceeds
the maximum length, given by Eq. 37.

*¥, The program terminated because of the sensitivity pro=-

‘blem when V approached Vmax‘



NOMENCLATURE

Half length of opening

Flange area (b x t)

Reinforcing area (c - w)gq

Flange width

49

Total width of the reinforcing bars ( including web

thickness )

Depth of beam

Opening eccentricity

Half height of opening

Bending stress

Normal stress, bottom tee-section

Normal stress, top tee-section

Shear
Yield
Yield
Tield
Yield

stress
stress
stress

stress

stress -

for flange
for reinforcing

for web

Stress reversal coefficient,

Stress reversal coefficient,

Stress reversal coefficient,

area

section
section

gsection

Stress reversal coefficient, section

one ( bottom )
one { top )
two ( bottom )

two ( top )

Horizontal distance from opening center line to closest

support

Reinforcing bar thickness
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Q1B Total normal force, section one ( bottom )

Qqp Total normal force, section one ( top )

Qo Total normal force, section two ( bottom )

QET Total normal force, section two ( top )

M Moment at center line of opening

Mp Plastic moment Eapacity, uncut section

SB Web depth, bottom tee-section

ST Web depth, top tee=-section

t Flange thickness

u Distance between opening and reinforcing bar

v Total shear force ( V; + Vg )

VB Shear force, bottom tee-section

VP Plastic shear capacity; uncut section

VT Shear force, top tee-section

w Web thickness

Yip Distance from opening edge to Q1B

Vi Distance from opening edge to Q1T

Yop Distance from opening edge to Q2B

Yor Distance from opening edge to QZT

Case F Stress reversal in the flange

Case R Stress reversal in the reinforcing bars

Case S Stress reversal in the web stub hetween reinforc-
ing bars and opening edge

Case W Stress reversal in the clear web between flange

and reinforcing bars
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APPENDIX A

SUMMARY OF EQUATIONS FOR LOW AND HIGH SHEAR CASES

Low Shear Case SR :

="

b.

Stress resultants :

Qup = Agfy + Sqw(1-2k,p)Eq + ALy
Qg = Affy " SBw(1-2k1B)fB + (c-w)(2u+g=-2k
Qp = Affy(1-2k2T) + Spwlng + Arfy
Qg = Affy(1-2k23) + Spwfy + Arfy
= A.f (Sq+0.5t) + 0.582wen(1-2k2,)
Qp¥ip = ApTy{Sp+0. » 2SpWin 1T
+ Arfy(u+%)
Quoyae = AF (S.40.5%) + 0.58%wf,(1-2k2)
%qp¥ip = Hpty\Ppte +JogWips 1B
2
+ (c-w)[u2+uq+%-(k1BSB)2]fy
2
Qup¥pp = Apfy [(Sp+0.58)=2kyg (Sprt)+tk5y)
2 Q.
+ 0.55;wfy, + grfy(u+2)
: 2
UpVop = Aefy [(Bp+0.5%) -2k p(8yst)+tis]
2 q
e O.SSBWfB & Arfy(u+2)
Stress reversal coefficients :
K, m = Aet k
1T = S.win 2T

T

I

1858 Ty
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1

1B SBWfB+SB(c—w)fy

w -
@ffyk2T+u(c—w)fy+2(SBfB sTfTﬂ

o wW(SpTp=Sqfy) 5
2B 2RIy 21

Quadratic equation :

2
Agp¥op + Bgpkop + Cgg = 0
AT A TS
£ £Lv B
A —T—K + s 4 2%
SR win SBwa+SB(c—w)iy
Bgg = =2(d-2h) + g 5z(c;wzfy:?f * E(S?fB;E%ffi??
piigtegle=wil, pitptepg\t y
tw(Spfp-Sefp)
L W
7y
o ova uz(c-w) . uz(c—w)szSB
— Lo + - N
SR = AT, g A [SBwa+SB(c—w)fy]
5 2
W (stB-sTfT) 54 , wu(c-w)sB(SBfB-STfT)

+ <
4Affy[SBwa+bB(c-w)fy]

'Af [SBWTB+Sﬁ(C'w)fy]
2 2
w(SBfB—STfT)(SB+t) . tw (SBfB-STfT)

AT 202
7y 4Affy

Shear Case SW :

2o

Stress resultants :

Qup = Apfy + Spw(1-2k p)fy + AL
Qp = Apfy + Spw(1-2k,p)fy - ATy
Qq = Apf (1=2kyn) + Sgwlp + ALy
Qg = Affy(1-2k2B) + SBwa + Arfy



2 2
Qq¥qp = Affy(ST+0.5t) + OQSSwaT(1-2k1T)
+ Arfy(u+%)

2 2
Qup¥qp = Apf (Sp+0.5t) + 0.55pwfp(1-2kip)

- Arfy(u+%)

Qpp¥pp = Apfy [(8p+0.58) =2k, (Sprt)+tk5y)
+ 0.5S&wty + Aty (urd)

Qp¥op = Agfy [(85+0.5t)-2kyp(Sprt)+tk5y)
+ O.SS§WfB + Arfy(u+%)

Stress reversal coefficients :

"k

Aty
1T = Swig o1
kg = 3 - 22TiT - SAiiy * sAiiy Ko
ply Sg¥ly Spvip
kKop = W(SgiB;STfT) + Kop
7y

Quadratic equation :

2

Agykop + Bgykop + Cgy = O
AT

_ Aty g 1

ASW = W (EE + ‘fl_g) + 2%
bf 24 f

= =2(d- =t _q Yy _ 'y

Bgy = =2(a-2h) + - 3=(SpTp-Spfy) (wag=L) -

7y B B
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2
c. - 2a_ w(Spfy=Snfp)” 4 RN f£(2u+q)
sW = LT FAT Ty * Bf, P
N S T T R Aify - (8 8 F)
I;T; Btp~Ppip/\eg Egwfp = B Ig "B B °TT
%. Low Shear Case RR :
a, Stress resultants :
Qip = Affy + STw(1-2k1T)fT 4 (c-w)(2u+q-2k1TST)fy
Qg = Affy s SBw(1-2k1B)fB + (c-w)(2u+q-2k1BSB)fy
Qp = Affy(1-2k2T) + Sgwfy + Arfy
Qg = Affy(1—2k2B) + Spwfy + Arfy
Qury. = At (5.40.5%) + 0.552wf, (1-2k2 )
gp¥qp = Rplyioptd. * 0pWing L
2
2 )
+ (c=w)[u +uq+%—-(k1TST) ]fy
QY. = A (S.40.5t) + 0.552wf, (1-2k2_)
1¥1B = fetyieptYe < 2PgWipt 1B
\ 2
2 kil )
% (c-w)[u +uQ+7 -(k1BSB) ]fy
2
Qog¥ op = Affy[(ST+OD5t)-2k2T(ST+t)+tk2T]
2 q
+ 0.58,wly + Arfy(u+2)
= Af [(8,+0.5%) =2k, (So+t)+1ko, )
= fply Ao+l 2B\°B 2B

QopYop

2
+ 0,55pwfy + Arfy(u+%)
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b. Stress reversal coefficients :

1

k =
1T SwaT+ST(c-w)fy

[Affyk2T+u(c-w)fy]

1
1B SBwa+SB(c-w)fy

i w
(402 +u(c-w)fy+§(SBfB-STfT)]

yk2T

: w(SBfB-STfT) -
2B ZAffy 27

k

¢, Quadratic equation :

2

Apg¥or * Bpp¥op * Crg = ©
. ) AffyST \ AffySB . ot
RR SwaT+ST(c—w)fy SBwi‘B+SB(c--w)fy
2u(c-w)f_S 2u(c-w)f_S
Bpr = -2(d-2h) - S, wf, +9 (cgw§f '+ TWI_+5 (cgw?f
T =T -7 y B "B "B Y

w(SBfB-STfT)SB tw(SBfB-STfT)

+ +
SBwa+SB(c-w)f:)r Affy
2 2
o . a _ _2uf(cow) | u”(c-w)"f S
RR Affy Af Af [STWfT+ST(c-w)fy]
2 2 P 2
uc(c=-w) fVSB W (SBfB-STfT) Sy

+ +
Ag [SBWfB+SB(C"w)fy] 4Affy[SBwa+SB(c-w)fy]

wu(e-w)Sp (Spfr=Spfr)  w(Sp+t) (Spfr=Spfn)
Y TETTSwT +g ?c-g)ﬁ I 2 A ? e
r [°p¥p*°s y] try
2 2
tw(Spfp-Spfa)

+
2,2
4Affy
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Low Shear Case RW :

=3

Stress resultants :

Qqp = Affy + STw(1-2k1T)fT + (c-w)(2u+q-2k1TST)fy
Qg = Affy + SBw(1—2k1B)fB - Arfy

Qp = Apf (1-2kyp) + Spwty + Aty

Qp = Apfy (1=2kyp) + Spwfp + Afo

Qp¥qp = Apfy (54+0.5t) + 0,553wey, (1-2k27)

2 .
2 2
+ (c-w)[u +uq+%-(k1TST) ]fy‘
Q = A.f (S.40.5t) + 0.55%wf. (1-2k2.)
1BY g = AptyrPpthe vauphin 1B

- Arfy(u+%)

| e
Qop¥op = Affy[(ST+O.5t)-2k2T(ST+t)+tk2T]
2 gq
+ O.SSwaT+ Arfy(u+2)
QYo = Aot [(8.40.5€)-2k, (Sq+t)+tk2]
2BY2B = Aty L\OptY. ?B\"B 2B
2 q
+ O.5SBwa+ Arfy(u+2)

Stress reversal coefficients :

1
T T SwaT+ST(c-w)fy

Snf AT AT
1 77 iy 5
= - - g + k
1B~ 2 EEBTB SBWTB EBwa 27

2B aQAffy

k [Affyk2T+u(c-w)fy]

#
1

+ k

2T

57



58

¢, Quadratic equation :

2
Apw¥op + Bry¥op + Oy = O

-Affls

Apy = igfx + TWT S’(%-w)f + 2t
B Pt O y
S w B (AEH) ¢ 2u(c-w)fyST i 2Arfy
RW SwaT+ST(c~w)fy wiy
£t (S, fo=Sfm) bE
BrEPpip
& (T-X+w)
Apt, B
2
5 2va (c-w)(u2-2qu-q2) . w(SBfB-STfT)
RW = AT [y 4 hgT Tp
2 2 2
. u(c-w) fyST , Arfy ) Ar(SBfB-STfT)
Ap [SpwEp+Sple-w)f ] = Apgwiy Apty
9 2
) (SB+t)w(SBfB-STfT) . tw (stB-sTfT)
AT ]
iy 4ATES

5. Low Shear Case WW :

2. OStress resultants :

Qup = Agfy + Sqw(1=2k )y = AL

Qp = Agfy + Sgw(1-2k p)fp - AL

Qpp = Agty (1=2kpp) + Spwfy + AL

QzB = Affy(1-2k2B) + ngfB + Arfy

QurYam = AT (S.+0.5%) + 0.582wf, (1-2k>, )
1pYqp = Apfy(Sq Wiy 17

- Arfy(u+%)



C.

Qup7qp = Apfy(Sp+0.5t) + o.ssgwa(f-éka)
- Arfy(u+%)

Qp¥op = Apfy [(Sp+0.5)-2kyy (Spet)+tks,)
+ 0.53§wa + Arfy(u+%)

Q¥op = Affy[(SB+OO5t)-2k2B(SB+t)+tk§B]

2 q
#: O.SSBwf + Arfy(u+2)

B

“Stress reversal coefficients :

]
Kip = SEWTE(AffykET'Arfy)

1B‘ 2 2stB Spwfp © Sgwfy 2T
. i w(SBfB-STfT) . 1

23_ 2Affy 27

Quadratic equation :

2
Aywkor + ByyKop + Cyy = 0
AT
S S S
AWW g == (fT § fB) + 2t
N bf
Byy = -2(d-2n) + IE?;(SBfB-STfT)(w+TEE)

A £
- _fa_x(l_ . l_)
w fT fB

59



C

Ww

2Va_ | W(SBfB‘STfT)Z(l_ . 2
Rty ThT, Ty * L,
2
- Y (S fo=Snfr) (Sptt) + ﬁEfX(‘ LA,
K;T; B B U004 YPB 7 TE Tg

) Ar(stBasTfT) \ 2Ar(
ATy Ap

2u+q)
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APPENDIX B

COMPUTER PROGRAMS

61



ILLEGIBLE
DOCUMENT

THE FOLLOWING
DOCUMENT(S) IS OF
POOR LEGIBILITY IN

THE ORIGINAL

THIS IS THE BEST
COPY AVAILABLE



—~
L]

3OO0

—
9

OO0 00000000

20

21

22

23

24

25

T OO0

-
Lam NS

199N
1941

1au?
Luay

200()

62

APPENDIX B

THIS 1S THE FIRST PACKAGE OF THE COMPUTER PROGRAM TO bk pyT TN
FROMT r FAGCH CASE,

L B T T L D B S D B P P B L T P Dt DU DUPU T PSL PN P S Y S S R S
AT AT NI IR NI NE NI NI R A NI BT RS R S NA A I A rA N A N s A A NI T R S R SO R NI NI RT LI N NI B NE 52 R NI N SRR IASENIIEI NI NI NI

THIS IS A PROGRAM FOR SOLVING THE TNTERACTION DIAGRAN O V/UP Lo

CM/MPOFOR THE LOW SHEAR CASES

sle she gto wte slp sls she whe ulp by sle ale slp sty 3'2 3" e ale whe s he wbe ale oty e aby wia ws wir e ate sle whe sl whe abs wiswis e omes aiws A b s wie gy,
PR SE R S A T I R L S S AR R R A N L R AR B AR A N S I R I s s s sl a vt

READ(S,?')) Hp!)nyuq”ynrc-:QHfAyFvaCCTRYQ'“]K?T WHIK2T 79‘”?:2’*;*‘4!(’;2.4
FNREAT[RF1INL3)
ST=N/2.0=-T-ECCTRY-H
SHR=D/2.0-T+ECLTRY—H
MRITE(He21) ByDyT4STHSH
FORGAT(/ /4! B
1F1IN.3)

WRITE{6,22) MylUy0,06 _
FORMAT L/ /40 M U : N : C Y/ .aF10,.3)
WA TTE{ e 23) HynFY,cC0TRY '
FMAMAT (/7 4! H A FY ECCTRY L/ sar 100, 4)
ArF=iuT

AR= (C—4) =)

VP=4e (D=2 0% T)RFY/SORT(3.)

VMAX=13 (=2, 05 T=2 , 05%H ) FY /SORT( 3, )

N T ST S /)

HIVVP=VHMAX /P

WRITE( e Pe) VO, VAAXy Py HTYVE

FORMAT(// Vb Vit b X P VIMAXSNVP Y/ /2P Lit o, F
12.54F1L0.5)

VRITE(G25) RBOKZT g ES2T yRUILPE HIK 2R

FIRWAT (/! L0427 HIK?T 1K 23 HTK2H R AL TS
VOLLOWING CASESY/ J4F10.5)

THES SPACE 1S RESERYED Faid THE APPROPRIATE CASE T BFE o),

T L P LV I L PN D DRy Doy S PPN PAL R PRI B SR Y D L e S P PR A PP S P Py T PR PRy ' . ia w s me )
(R RN S U SRR AR AR TR AR AR AP K A A AR IR KA S H S T I N i CB RS i B I KR D U S I DR SR

THE FIVLLD TG PAGKAGE TS THE LAST ONF 10 RE PUT AT THE Eab UF Tl
TPROGRAM,

WRITE (A 10u] )

ENRATIA/ 4 Y TS LREATER JHar VMAYY)
GO T 2000)

AT Ly 199 ,
FORSGAT (/0 CETOR A LS b SIaALL )
ST

b-ih



OO0 OOoOn

OO0

- B

A

e 3 she she st sty ale whe st st sly gt sle e by ste e whe b ate abe b uly wle be sl alr e ke s uke st wle e ke slole s we e b ale gt sl sy i gle Sl ale b ghe b b e e sbe st e sl g e
R R R R o e i R B R e R A R A R R R A A K R A K K R A H

CASE SS (THAT K1T AND

1.0

MEAMS BOTH

fu whe e als wle le ale la obe sla ule ala obe obe Jls
AP it e S A R A A R

RMAK1IT=0,0
HIK1T=11/8T
ROK1A=0,0
HIK1R=11/58
PRITF(6y72R) ROKLTyHICIT RIKLH HIK1R
FORMAT( /4 LOKLT  HIKLT LOK1H
1IMNG CASE §S1/,4F10.5)

WRITE[A,29)
FORMAT (/ /41 v
LK1T K1R

29 VT
K2T K2H

<1R ARE
THE REINFURCING RARS, )

.

V/VP

LOCAT

HIK1R

EyoT

TIE

FIR THE

e

MAMR Y/ /)

THIS SPAGCE 1S RESFERVED FOR ARATTRARY VALUE OF V AND V] .

VIHGR=1 40
VE=V/(1.0+V1)
VT=Y=\i ,
FTEX=FYSi2 =3, 05y Taeckp /(ST ks D i s

CIF (FTEX J6T. 0.0) 6 T0O 35
WRITE(A,32) FTFX
FORKAT( /40 FTEX =
G0N 2000 o

30

37 ', F10,5)
35
COIF (FREX LGT. 0.0) 60 TO 40
WRITE(H,37) FNREX o
FORMAT (/4! FRE¥ =
GOOTO 2000
FT=SORT(FTEYX)
FR=SORT (FREX)

TF {FT 1.T. DOL1)Y GO T 194qp

Ir (Fe JLTe 0,10 60O T 1992
ASS=0FRPrYS (Y ,0/F T+ 0/FR) /ui4p 0T

37 *,Fln.Bf

HSS=—2.”*IH—?.H*H)+T*(%H*FH—Sr*FT1*(w+H*FV/FmJ/(ﬁF*FY)
CSS:Z.H*A*V/[AF*FY)+M*ISH*FM~ST*FT)**2*(1.0/FH+W/(R*FV)}/(a {)a A e

LY )=t (SR FR=STHFT ) (SA+T) / (AF#FY)
NO=RESHEP =4 JORASSHSS

IF (No J6BT. D,0) 60T 80
MRITE(6y4h) 00 '

FIRGAT (5K D0 =F1%,.5)

GO 2000
RZTLI=(=HSS+SUT (O0) ) /(2 0%ASS)
R2T 2= (=RSS=80uT(N0) )/ (2, 0%A8S)
TE (22T LLhy 000) G0 52

5

51}

[F (R2T1T JLEL Y1.0) 60 TN AD
B2 TFE (R2T2 LT, 0.0} in) T 87
rORF O ARZTY L. 1.0} GiIT TU A1

HMRIT={ . %h)
FORMAT (/48
GO 2000
Ry T=0,0

|{.':]

R2T1LH2T?

R2T1 R2T2V/4,2F10.5/7)

Y2

VR He

Fi_i



GO TH 65 64
60 R2T=R2T]
K=0
GO TO 65
61 R2T=R2T2
K=1
65 R2B=Va (SHEFR=STRFTY /(2 ,0%AF%FY)4+R2T
RIT=AFRFYRR2T /{SToMW=eT)
R}u:apxﬁv*azu/(sm*w*ﬁﬁy
OLT=AFSFY+ST MR T (], SOERL T +AREFY
01HﬁAF“FY+9H* *FH (1. H“Z DRI ) FAREFY
DR2T=AFRREYS{ 1 ,0=2,0%2T)+STaulse~TH+ARRFY
O2A=AFEF (1.ﬂﬂ2.U*R?H)+SH*W*FH+AR*FY
YlTrIHF*FY*(ST+U.5*TJ+O.5*ST**2*W*FT (1 af)=2a (1R TH? P+ ARBEEY ()b )
].D))/“lT

Y1A=(AFSRFYS(S3+0, 5% FJ40 53k 5 1 e 23 meH$(1.n—2.m*R1H#*2}+&Q*Fy*(n+u/,
1.0)}/ﬂ}% '

Y2T=(Arxp Y ((ST+0,55T) =2 0%R2T4 (STHT)+THR2TRED )40, 6§ T w25 FT 440
1FY*(U+D/2 n)}/nar

Y2B=(AFEFY( (SB+0 52T ) =2, 0%R2A% [ SH+T )+ THR2KM%2 ) 4} o B8t 2 syt F s 44

LREYS(U+D/2,0)) /024
V2={YLT=Y2T)/{Y1i=Y23)
IF (VY2 JLT. 0.0) GN T RS
IR (Y2 L6T. 1000 60 TD 85
R=V2-V1
IF (A3S(R) JLE., 0.001) 6D T 44
={V1+Y2) /2, 0
' Gﬂ ™ 30
6h 1TF (RYIT LGT, HIKLITY GU T 86
IF (RI1P .6T. HIKIA) G} TO 4R
7=01T# (YITHYLR+7 L08H ) =V
VVP=V/VP :
PEM=7 /104
IF (P& JGT, 0.0 60 T RO
MRITE(6,70) P
TO FORIGATL /4 400 =t210,5)
G TH 2000 :
BO WRITE(AHRL) Yy VT VA VI V2 ,RITRIR<R2T 4 RPR, VUP, PH
K1 FORMATILIFL0.5) ‘
T W=V INGR
IF (Y JGT. VHMAX) GV TO 109p
GO TN 30
A3 IF (K JFO. 0) 6N TN 52
GO TN 2000
Be 1F (K .50, 0) GO TH
: 1-[%{1'l'i§((w,£'4"(}
AT FNRMAT(/ /40 TN NEXT CASE wSt)
G TA 2000
A8 TF (K JED, 0) 10 T 5p
HRITE( AyHQ)
RO FORMAT (/ /41 TN MEXT CASE SRV)
GO TO 2000



OO0 00D

oo

1an

200

65

CASE ¢ SR (THAT MEANS K1Y IS LOCATED 1o THE WER RELHW THE KFTii-
FORCING RARS AND 1R IS LOCATED IN THE RREIMFORCTMA

RARS . }

ROKIT=0.0

HIKLT=11/ST

ROKTR=11/SHK ,

HIKIHR=(D+O) /8K

CWRITE(A,190) RNOKIT,HIKIT,ROK1IHHILLY : _

FNRIAAT (/4! LOK1T HIK1T CLOKLR CHIK1K FOR THE FOL LD
1IMG CASE SRY/.4F10,5)

MRITE(A,200) ' ,

FORMAT(// 4! v VT VR V1 V2
C1KLT K1R O K2T K2R V/VP M/MP L/ /)

'210

214

216

217

214

220

230

THIS SPACE IS RESERVED FOR ARSITRARY VALUE OF V AND V1 .

VIMCR—} .

Vihs= V/(].O+Vll

VThV—VH ‘
F[QX_FY$*2_3.Q$VT*$2/‘ST$$2*W**2)
IF (FTEX LGT. 0.,0) GO TO 214
WRITE{6,213) FTEX

FORMAT( /41 FTEX =1,4,F10.5)

GO In 2000
FHEX:FY$#2f3_O$VH$*2/(SH**2$N**2}
IF (FHREX JGT. 0.0 60D T 217
WRITE(6H,216) FREX

FORARAT (/4! FREX =1',F10.5)

GO TN 2000

FT=SORT(FTEX)

Fl=SORT(FHEX)

IF (FT LT, ﬂ.l) GO TN 104

TF (FR LT 01) GO T 1992
PARAL =803k FRASRa( (=1 ) =F

PARAZ =V SHAFR— ST =T)

PARAZ=) { (=1 ) 3

ASR=AFFY /(W= IT)+r HEYRSB/PARALH? JO%T
BERz==2 0% (D=2 JOHY+2 03P ARASESH/PARALSPARAZRSK/PARNL+THPARAZ /(A

1Y)

CSR=2  OHALY / (AFREY = e PARAS / (AFREY ) +5 3P ARATD X 2P S UAFRREYRDAIN] )+ Qe

LARAZ ’/(ﬁ.h CA[ R D AR AL b4 S Jr<hz Dn&h?/(nh <p Yk qun11-{s.+1: B A
?)/(Ar rY)*T FRARND SRR/ (4, QA P2 Yaee )

] =h SR —4.0 MGl S

IF (N1 JABT. D0 GO TO 220
MRITE(h,?lu> 1]

FORMAT{OH DY =F15%,%)

GHTN 2000
HZT1=(=RSR+S0T LYY/ (205050
RATZ2=(=B85R=503T (N1} ) /(2. 00A81)
Fie (R2T1 V. .0) @) Ty 240
Ir (2271 JLk. ¥Yan) 60 Ta 250
Tl {207 DL D 0) G T 2473



240

243
250

251

260

IF (R2T2 JLE. 1.0) GIY T 251
WRTTE(H,240) R2TLLR2T?
FORMAT(2F1045)

GO TO 2000

R2T=0.0

K=1

GO TN 260

RZ2T=R2T1

K=0

GO TO 260

R2T=R2T2

K=1
RZAB=PARAZ/ (2 0%AFXFY }+R2T
RIT=AF®EYRR2T/ (STawErT)

CRIB=(AFRFYHRR2TH+PARABHPARAZ /2 .N) /PARAL

DIT=AF#FY+STHMEFTR{1.0-2 , 0%R1T ) +4R%FY

66

OIR=AFRFEYHSRAMEFRS (14 0=2.0%313 )+ ( 0=V {2 Ol +0=2 0% ] RS )mrY

D2T=0FFYs(1,0=2 OR2TY+S T F THARRFY
QD2R=AFRFYS{ L 0=2 NN 2B ) +S3 5 ~A+ARNFY

YIT=(AFREY:R(ST+0 53T ) +0  5aS T2 FTa (1o 0=2 0%R I Ta%2 ) +ARREY R (U+ny
1031 /00T N
Y13=(AFRFYse ( SRA0 65T ) +0 053 Srmm 2ttt PR (] o 0=2 J R PR32 ) 0 [ G—=1d )3 (s

TURO+0222 /2 (0= (R1ARSY ) kE2)2FY ) /N]k

Y2T=(AFREY ([ ST+0 55T ) =2 JOXR2 T3 (STHT ) +THR2THx2 )40, 558 T2

LEYS(U+Q/2.0)) /02T

Y2R= (AFRFYs{ (SB+0 53T ) =2, 0%R23%(SR+T ) +THR2B%%2 )40, 5% Srisu2

LEYS(U+0/2.0)) /02#

261

266

267
26K

269
270
271
272

273

V2= (Y1IT=Y2T)Y/(Y1ll=Y21)

R=V2-=V1
IR (V2 JLTe 0.0) GNTO 2A9

IF (V2 JGT. 1.0) N T0O 269

IF (ARS({R) JLE., 0,001) GO TN 261
Vi=(V1+Vvy2)/2.0

GO TN 2160 wo
[F (RIT JGT. HIKLY) GO TO 270
IF (R1IR JLT. ROKIRY G0 T 272
IF (R1B JGT. HIKIR)} G TO 274
Z=0LT2{YITHY LR+2 O ) =\sip
VVP=V/Vp

PHM=7 /PN .

IF (PHY JGT. 0.0) GO TN 267
HRITE(Hy26:6) P

FIIRMAT( /4! MAMP =1F10,.5)-

GO TN 2000 .
MRITE (A 268) VyVUT VA V1, V2 ,R1IT,RIB,R2T4RPH, VYP 4 PMiM
FOJRMAT(11F10.5)

V=V+VIRNCR

1F IV JGT. VEAXY GO TH 1940

GO TN 210

IF (K JEQL. Q) GO TN 230

GOOTH 2000

I[F (K ,FO, 0) 60 TN 230
HITTE{6A,2T71)

FOVAEAT (/40 TO WNEXT CASE W1
GRTn 2000

TF (i JED, 0) 60T 230
MRITE(6,273) , |

FITRIGAT (/74! TN MNEXT CASE SStv)
GOOTO 2000

TF (K 50, ) 60O Tn 240



WRTTE(6,2715)
275 FENRIAAT(/ /4"
GN TN 2000

TO

NEXT CASE

SH)

67



68

5 e e e oy e aiah sl ghe e, i 303 Aty o b TS 3 s'e Sy s wle st b vl 3ir e gie she woat ye g

e w 5 5 sty e ste ate sl weoale i sba sbe e oL,
B R R D AR A A A R R

k=
.

aly whe ale s e wbe le ale sl ale ol e ule ale ol
b el bkt s At i (ohd 30 R Sl s b el Lt ke el |

CASE + SY  (THAT MEANS K1T IS LOCATED IN THE WE®R BELMW THE RE[-
FORCING BARS AND <18 IS LOCATED- TN THE CLEAR WER, )}

o ahr st wbe uhe gl ole S uie e she gy bl sl she she ale ale 3y she e wts sl sl sl she ale by st als ale e
A RS HE AT A0 AE AT 3T AR AT 30 AL BURG 20AT RE B AC A AT AT N0 N ST A0 RUNT BEAE NT O AL N AN B s st ne e sl e e ke

cooocOc00c0on

ROKLT=0.0
HIK1T=1/8T
RNAKIA=(1+0) /S8
HIK1R=1,0
WRITE(64401) ROKLIT,HIKIT,ROKIR,HILIR
C40Y FORMAT(/,'  LOKIT HIK1T LNK 1A HIKL1R FOR THE FULL..
1IMG CASE SH1'/44F10.5) : :

WRITF{6,402) -
402 FORMAT (/740 v oo vT v v V2

1K1T K1R S K2T K28 V/VP MAMP Y/ /)

CTHIS SPACE 1S RESERVED FOR ARBITRARY VALUE 0OF V AND VY .,

VINCR=1,0 :
410 VH:V[(1.0+V1} o S RIGSREEE SR LB S b R R I
' VT=V=-VR ‘ -
o FTEX=FYa2=3 0y Taos2 /{ STaeseselysiesc ) :
CIF (FTEX JGT. 0,0) 60 TO 413 I
WRITE(H,%412) FTEX
412 FORMAT(/ 4! FTEX =3V,F10.,5)
- GOTO 2000 S Cow L e
413 FREX=FYsok2 =3, 0% RN/ { S cb) e ?)
- IF (FREX 6T, 0,0) 6D T0O 420
O WRITE(6,4)15) FAEX '
415 FORAAT( /4 FREX =1',F10,5)
B GO TN 2000 '
4200 FT=502T(FTEX)
FR=SORT{FREX)
IF (FT JLT. N.1) 6O TH 1997
IF (F3 JLT. O0,1) 60y Tty 1992
PARAZ=MWu{ Si3e~ =S T%ET)
ASH=AFRFEY S (1 JD/FTHLJO/FRY /W32 06T
BSM==2 (s (D=2, O%H )+ T ( SBERFR=STHRET ) (V4RBEFY/FR) /(AFREY ) =2 L O%ARSEY /
1WRFR)
CSW=2,O%VEA/ (AFREY )4+ (1L O/FREN/ (HREY ) Y RPARAZNED /(4 L D% AREFY ) =P A2 A
L (ST (AFRFY )+ AR (2, 05U+ ) /AR ARFR2GEY / { AP st FR ) = AR P AR AR / (Ve F
2ZAF) '
NZ2=HEMER2=4 O ASHSC S
IF (N2 JGT., 0,0) 6GNTO 432 o ' B
CMRITE(6H,430) DY
430 FIRMATIOHH D2 =F15,5)
GO0 2000
432 RZ2T1I=(=RSY+50RT (N2 /{2 0480)
RA2T2=(=BNM=SORT (N2 )2 {7 05:A8)
TEOIR2TL ST 10,0} 600 71y 434
TFIRPTY LLF. 1 0) G IO 43a
434 TF (N2T72 JLTe 0D.0) 60 T 434
T (R2T2 JLFe Y .0) 60 T G40
WRTTEL A 4349 ) RP2T1, k2T
AR5 FORMAT(2FI0OLN) '



43R

4349

440

44

GNOTH 2000

RZT=lD

K=1

G TN 447

RAT=R?T1

K=0)

GOy TN 441

RZ2T=R2T?2

K=1 :
H2B=PARAD /(2 OAFRFY)+R2T
RIT=AFRFY:R2T/{STxM%FT)
RIBR=(AFEFYRR2R=AREFY) / { SR HFR )
DIT=AFEFY+STosFTR(1.0=2,05R1T)+ARRFY

N1 =AFRFY+SREWsFRIE( ] ,(1=-2 ,0%RIB ) —ARKFY
D2T=AF*FY#(1a0-2,0%R2T )+ STHulH=T+ARKFY
D23=AFEFYH {1 ,0=2 ,0%R2H )+ SRS RFRFARSFY

Y1T= (AFERYH(STHOL 55T )40, 5EST 28 WF T (12 0=2 o O%RLT 5562 ) +
1.0 /00T

YIH=( AFRFEYS( SR+, 55T ) +0, 5§k Dokl

FR¥(1aN=2.0%R)R%%D ) =
1.0 /018 ‘

Y2TE(AFHFYH{(ST+0.55T) =2 0FR2TH(ST+T)+T#R2T#%2) 40, 5%5T

450

A/+?ﬂ
4130
4411
G412
433
R4

444

CHWRITE{G4R1)

LREY:=(U+0/2,0)) /02T
YZ2B=(AFxFY2( (58+N,

YRYS:(U+0/2,.0)) /02K
V2=(Y1T=Y2T)/{Y1R=-Y2R)

R=V2=-V]

IF (V2 JLT. 0.0) GO TO 470

IF (V2 .GT. 1.0) GO TO 470 B
IE (ARS(R) JLFE. N,NO1) 60 TN 450

Vi=(V1+4V¥2) /2.0

60 TO 410 - - S
IF (R1T .GT. HIKLT) GO TN 480

IF (R1A8 (LT, ROKLE) GO TN 482

IF (RIR LGT. HIKIRY GO TO 444
Z=0LTR(YITHYLR+2, N )= VoA

VVP=V /P

PMM=Z /PHM -
IF (PHM 6T, 0.0) 60 TY 460

WRITE(A,450) PMM

FORMAT(/ " MAMP =1F10,.5)

GNnoTn 2000
WRITE(6y461) VaVT VRV V2 G RIT G RIBGR2T,R2H,YUP y PHM

FARMAT({11F1N.%)

V=WV INGR

IF (V 6T, VHAX) GO TO 1990
GOOTO 410

IF (€ JEO, 0 60 TN 434
GDOTN 2000

IF (K FEN, 0) G TN 434

FORMAT( /74 TO MEXT CASH Q)
GO TO z2onn

[F (K LR, 1) 60 TH 434

VAT TR (Ay84)

FOMAT L/ /" TO SMEXT CASE SRT)
GOTH 2000

IF (K .50, 0 GNOTn 434
HRITI( g Ans)

FOMBAT /740 TN NEXT CASE SET)

GO 2000

53T ) =2, 05235 (SA+T )+ TRIA2ZHRMHD2 ) 401 B GHx

69

AEFEYE (N
ARFYS{ U+,
X VEDTY-S PV ST

2l R4 a0



70

fs aly 3le sle ale 3ls sle sle alz se ale she gle als ale ats sl gla she wle sl slsals sl ule ale vie sl ale abs ule M2 3% 3wl sba ale whe she aly A4 ve wle st sl sl At sl st v o
L e e B e e R e e R R LR N M S S S A A SR A A &3 AL 3 AR AR RS

CCASE : RR(THAT MEANS KOTH KLT AND K1R ARE LOCATED TN THE RETd-
FORCING RARS, ) ’

OOOQOOOCOOO0

ROKLT=U/S8T
HIK1T={U+0)} /ST
ROKIA=1I/SR
HIK18=(U+0Q) /SR
, WRITE(6h,278) ROKLITyHIK1IT,ROKIR,HIKLR

278 FORMAT( /4" LOKLT HIKIT ~ LOKIB 7 HIKIB  FOR THE FliLLs;
LING CASE RR'/,4F10.,5)
WRITE(6,279)

TT279 FDUMAT// v oo L 1 T 2 T2

1KLT K1B K2T K2R V/Vp M/MRY /7))

C77 7 THIS SPACE 1S RESERVED FOR ARSITRARY VALIE OF 'V AND v .

VINCR=1.0
. IND=0
230 VR=Y/(1.,0+V1)
VT=V-VYR T
FTEX=FRY: 23, Ok TH%2 / { STHhu2mpxu)
IF (FTEX L6GT. 0.0) G TN 2R84
IF {ABS(R) JLE. 0,0005) 60 TO 282
GO T 286 : e
282 WRITE(6H,283) FTEX
2H3 FORMAT (/4! FTEX =1',F10.5)
GO T0 2000
ZR4 FREX=FYAE2 =3 0%V RE%ED [ ( SHak R b5z D )
CIF (FREX JGT. 0.0) 60 TO 29l
IF (ABS{R) LLE., 0,0005) 60 TD 289
236 IF (IMD JFO. 1) 60 T0O 287
InD=1
VYMCR=VIHCR/2 .0
G0 TO 2RA
287 YVMCR=VVHGR/? .0
28R V=VV+VVHECR
V1=VV1l
GO TN 280
289 WRITE([6,290) FRFX
290 FORMAT(/ 41 FREX =1,F10.5)
' GNTO 2000 :
291 FT=SORT(FTEX)
- FR=SORT (FHEX)
IF (FT JLT. 0.1) GD TO 199
IF (AR JLT. O.1) Gn T 19up
PARAT =SHa e FRE S se{ C—=2 )R Y
PARAZ =M (SREF3=§T=ET)
PARAR= D (=t ) 5oy
PARAA=S T F T4 STHEY R (=)
ARR=AFARFY ST /PARAG+ ACSFYRGIR/PARATL+Y 0T
BRE==2, 0% (D=2 O )+ 2 (0P ARASRST/PARAGH? L UP ARAZESH/PALAL+PARAL#S
LPAZAY FTPARAD /LAY )
CRU=2 008V A/ {AFSSY ) =2 O8I PARAR, (AESEY )P ARAS S22 ST /(A1 Y P ARAN |



OO0

CIPARAZERPESR/ (AFSFYHEPARAT ) 4P ARAZER2HRSH/ (4 J0AFRFYSPARAY )
23 SR/ CAFSFYRPARAL ) =PARAZE (SB+T) / (AFFY )+ THPARAZER D/ (4 L QAR &5 Dy

32) ,
O NA=RRRAEEZ =4, OARRECRR
1F (N3 ,GT, 0.0} GO TO 294
WRITE(H,293) D3

293

284

ann

310

311

320

321

325

T N2T=AF

FORMAT{5H D3
GO TO 2000

=F15.5)

R2T1=(—HRR+SORTI{NI} /{2 O%ARR) o
R2T2=(=RRR=SNAT(N3)} /(2 0%0RR)
IF (R2T1 LT. 0,00 i TO 300

IR (R2T1 JLE. 1.0) G TO 320 )
IF (R2T2 LT, 0,0) G} TO 310
1F (R2T7T2 JLE. 1.0 G0 TO 321

WRITE(A,311) R2T1,R2T2

FORHAT(2F1045) T T e
GO T 2000

R2T=R2T1 3 _
K=0 B

GO TO 325

R2T=R2T7?

K=1 T ) ) o
R2B=PARAZ/ (2, O*AFRFY)+R2T

RIT=(AF:FY=*R2T+PARA3)/PARNG o
RIB=(AF=FY=R2T+PARAZ+RPARARZ/2.0) /PARAL

OD1T=AF#FY+STHRUEFTH( 1,02, 0%R 1T )+ (C=Y )% {24 0% U+0~2 . 0%R] T
REY+SREWAFRH (] 0=2.0%R1N) + (C—H )35 (2, 0%U+0=2 , 0%R 1 A

M1d=AF

REYHR(L 0=2.0%2T )+ ST T APy
D2R=AFEFY%R(1,0=2 0%R2R ) +SH=VHFREARRFY
Y1T=(AF=FY#(STH+05%T)+0, 58T 2l fTa (1, 0=2 4 ORI TH%2 )+ (

U +0%:2 /2 JO={R1ITHST Y42 ) %FY) /01T S I

AWREHE (] 0=2 JO%R1RNN2 )+ |

1RY: (U+0/2.0)) /027

Y2R=(AFRFEY = ({SHN 55T ) =2, 052 2edn (SH4+T) + TR 2B J 0 e b5 S

CIFYE(U+0/2,0) ) /028

330

BV
8%
—

V2= (Y1T=Y2T)/(Y1H=Y2R)

IF (V2 JLT. 0.) G0 TO 3449
IF (V2 J6GT. 1.0) 61N TU 34y
R=V?2-V]
IF (IND JEQL 1) &0 Tu 330
IR (ABRS(R) JLF. 0.001) GO TO 331 "

VI=(VY1+Y2) /2.0
GN TN 2480

THF TNOLERAMGE FOR THE

FOLLOW NG STATEAEST MUST RFE CHSER
FULLY WHES IT APRRANACHES Vida¥ TN THIS Cask,
[F (ARS(R) JLE, 0,025) 60 TO 33
Vi=(Vi+Vv2)/7.0
GO OTD 280
IF (RLT JLT. ROKITY GO T 250
PR ARLT WGT. HIKITY G0 345y
TF {RIB JLT. 2OKTIHWY GBI T 354
PR OR18 6T HIKIB)Y GH T 4564
21T YITHYLA4+2 20%H) =V i
AP ESRVPAVEY
PlriM=7 /M
VI (el S GT . ha 0 Gil 00 344

11
FRARAZ S

ST RrY
SH)FY

=t ) R sne s

el B E G S

m2 il RN

VERY

(LA



WRITE(6H,340) PIAM
340 FORMAT( /4! MR =1E10.5)
G0 TD 2000
345 MRITE(6,346) VeVT VB,V V2,RLTyRIB,R2T,R2H, VVP, PMM
346 FORMAT(LILIF10.5)
VV=V

V=V+VINCR
INN=0
CIF {V L6GT. VHMAX) 60 TO 1950

GD TN 2RO

349 IF (K CEN, 0 GO TD 300

G0 TO 2000 o .

350 IF (K JEO, 0) GO TD 300

WRITE(6,351)

C 351 FORMAT(//,! TO NEXT CASE §RY) ~ 77 oo

GO TO 2000

352 IF (K LEN, 0) GO TN 300
' WRITE (AH,353) - ;
353 FORMAT(// 4! TO NEXT CASFE wR')
6D TO 20060
354 IF (K JF0, 0) GO Tn 300

WRITE(A,355) -

355 FORMAT(// 40" TO NMEXT CASE RSt
60 TO. 2000 o ' T
"356 IF (K LFO. 0) GO TO 300
HRITE(6,357)

BSTEQRMATI A4, TOMEXT LASE ey C. TR s

GO TO 2000
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s st 3'e 3 e ag te phe ol g ale ar sl ate sl sle wle phe sle e gl st sl i sl she e e e b she b ale ale uly sl s g ol H< 3e 36 3l sl BT B S 3UE 5 S et v e sig s
W on e e Ne ne B s At B B e s sz T e B Rt N e sl B R ek sl s e e sl St e ol oe e e 3 oo s e e e s e s e sl e sl o

RM (THAT MEANS KLT 1S LOCATED TN THE REINFORCIMG AN KR
1S LOCATEDN IN THE CLEAR WER, ) '

Iz 3% 3z e 3z abe ale whe wbe by wle wls uha wla wa sy u

P N B N I N B P e N N e F) 3he ale whe e alr whe wle e wle wls oty wle wla e e ale e ol sbe by sle ale ole wbe v vl sle ale wle s
AU AC AT AL AR SR A SR ST AT R AT AL AT AT AT AE B 0 A T LA AT R S R AT RO NCNR B RUNT NI RO RT BT T N NI 3R L3 N nE B

L
H

3E

-

aieEeleoleNeNeNele R
[}
>
[l
T

ROK1T=11/ST
HIKLT=(U+0) /ST
ROKLA=(J+01) /SH
HIKIH=1,.0 .
N WRITE(6,501) ROKLTZHIKLT,ROKIR,HIKIE |
TTBOY FNRMAT (/40 LOKLT HIKLT LKA HIK1AR FOR THE FOLILI -
1ING CASE RWV/,4F10.5)
WRITE(6,502) A o ,
502 FORMAT(//,0 v 7yt T T yRTT . ML s
IK1T K1R K2T K2R ERPAYS MAMPY 7 /)

V7

C THIS SPACE IS KESERVED FNX ARZTTRARY VALUE NF V A8ND VI .
VINCR=1.0
. Imn=p.
510 VB=V/(1.0+V1)
VT=V=YR
FTEX=FYsk#2=3 0%V P2/ ( STas2 5582 )
1F (FTEX .GT. 0,0) GD TO %14
IF (ARS(R) JLE. 0,0005) GO Tr 5172
G0 T0 s16 0 N
512 WRITF(6,513) FTEX
513 FORMAT(/,' FTEX =1,F10.5)
' GO TO 2000 -
514 FREX=FY#3p2 =3 05V R/ ( SRsskp iy )
TF (FREX 6T, 0.0) G0 TO 521
IF (ARS{R} LLE, 0.0005) 60 T s19 777
516 IF (IMD JEO, 1) G0N TO 517
SR ES] _
VVRNCR=VIMGCR /2.0 ' R ' T
GN TN 518
517 VVNCR=VVMLR/2,0
518 V=VV+VUNCR
V1i=VV1
GOOTD 510
519 WRITE{6,520) FHREX
520 FORMAT(/,! FIREX =1,F10.5)
GO TO 2000
521 FT=SORT(FTEX)
FR=8S0T (FRIEX)
IF (FT JLT. 0.1) 6N TU 1aup
IF (FR JLT. DL} 60 T 194
PARAZ= 5 SPFR =G T pT )
PARAB=I ) (=N ) 2FY
PARNG= STl P T+ ST sy { =V )
ARM= AR Y S GT/PARALRASREY /(v )40 0%
BRW==2 05 A N=2, 02 M)+ 2 OFPARABEST/PARAGHPRARAR/ (WEFR ) =2 L 0% ARREY / ( 1iFs
LI ETHBARAR / (ALESFY) ‘

PYSPARAAL 1P ARAR D /(G o O A R Y f i b A2 22 EY £ (RS E R b= n 25 P2 /A



o000

522
523

524

530

540N
541

550

851

?>U=FH)-PARﬂ2=(\R*1}/(Al SEY ) ATRPARAZSRD /(4o B AF S 20 F Y 5 )

NA=HRU 2 =4 O AR (R

IF (D4 6T, 0.0) GO TO 524 )

WRITE(6H,523) D4

FORNAT(5H N4 =F15,5)

GO TN 2000

R2T1=(=RRU+SORT(N4) )/ (2 ..0%ARW) o

R2T2={=RRW=SORT (N4} ) /(2 .0:ARW}

IF (R2T1 .LT. 0.0) GO TO 530 o

CIF (R2TY LLE. 1.0) G0 TO 550

IF (R2T2 JLT. 0.0) GD TN 540

IF (R2T2 JLE. 1.0) 60 TO 55 )

WRITE(6,541) R2T14,R2T?

FORMAT (2F10.5).

GOOTN 2000 ) L y ) o

R2T=R2T1

K=0

GN TN 555

R2T=R27T7 )

K=1

R2ZA=PARAZ/ (2 0%AFRFY)+R2T

R1T={AFxFYs: R?T+PAQ&%}/PA%A4 h -

RIR=(AF=RFYRR2A=ARNFY ) /[ SHR=WFR)

OLT=AFFY+STRWxFT(1,0-2, 0“R1F)+( D=V 2 0 U+0=2  0%R) T ST ) sry

OIR=AFHFY+SBEMEFRE(] ,N=2,0%R]1B)—AR%FY

OZT:AF*FY*tl.G—Z.U R?T)+ST>M FT+HAURFY

N2R=AF%FY:=(1.,0-2,05R25)+Si* -FH+AR-FY

YLT=(AFRFYR(ST+0.5%T ) +0, 5 ST sk WETH(1a0=2 o ORRLITHN2 ) 4+ ((=ud } o ({1352 -
L ETA A AE: 2/2.0—(H1T %T)*T?)“FYJ/”11
. Y].P)=(.f\r“F‘|"(SR-T[]..‘)IT)-H?.‘B-SH B 1laN=2 4 O%RIAHAED )= ARFE Y1140/
1.0)) /018 ' ‘ "

Y2T=(AFREY R ({ST+O, 5% T) =2, 02 T (STHT)+THRR2T4%2 ) 40 o 55§ T Paetiss F T+ AR -
1FY*(H+D/2IU))!02| _ )

Y2R={ARSEFYE((SH+D,5%T) =2, 0%2085 (SR+T )+ THR2B%%2 ) +0, 555§ BE R+ AR

FYSRLEIHD/2,00) ) /028 ;

V2=(YLT=Y2T)/(Y1a=Y21})

IF (V2 ,LT. N.0) GO T 579 )

IF (V2 6T, 1.0) G T 579

R=V2-V1] o

IF (IelD JEN. 1) GO T 560

IF (ARS{R) .LE. 0.001) 60 TN 5a1

V1I=(V1+V2) /2.0

GO TN 510

THE TOLERANCE FNR THE FOLLMNING STATEAENT ST RE CHOSEN VERY (A2

560

561

50

FOLLY “HEN IT APRPRQNACHES

Vil ¥ Tl

JE (AASTRY JLFE. D,015) G T HAL
Vi=(V1+V2)/2.0

TGNTN 510

IF (R1T JLT. ROKIT)Y G TO B
ITE (RLT 46GTe HIKLIT) GO T K
TF AR JLT . ROKYIGY 60 TIE 9w R4
IF (21 (GT, HIKIH) Gil T s86
Z=01T (YTTHY LR+2 0k ) =VaeA
VVP=V /P

RidM:=7 /21

TFE (R JGT. B.0) BTN S57s
WRITEFUHS0) P

PO AT (/g0 EV AT e I DA

THR]5 Crses

74



275

576

GO T0 2000 .

WRITE(OyST6) VeVT VRV V23R1T3RIBZRZTyR2KR 4 VYR, PMIM

FORMAT(I1IF10.5)
V=V
VV1=V1]

CV=VHVIACR

g

540

531

542

583

534

535

53 6

" 5R7

INR=0

IF (V¥ .GT. VHMAX)
GO TO 510 N
IF (< .FO. 0) GO
GNTO 2000

1IF (X KO, 0) 6D
WRITE(ALHR1)
FORMAT (/74" TD
GO TO 2000

IF (K JEO. 0) 6D
HRITRE(/,5R3)

FORMAT( /7,0 T0

GO TO 2000
IF (K JEO. 0) GN
HRITEL&,45R5)

FORMAT(//,"'  TO

GN TO 2000

IF (K JE0. 0) 6D
MRITE(6,5R7)

FORMAT(//4'  TO
G070 2000

GO TO 19490

iy g o

TN 530

NEXT CASE

NEXT CASE

T 530

NEXT CASE

TO 530

NEXT CASE

St

T T » e s e

WWry

HR ')

RF V)

15
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76

Yo als wle ola ale air abe wbe wbs ale wle b ale ale by ol wle wle nle wVu nhe als sl wle ohy Wby wfe abe b aba abe nhe nle Uy by s wie wie wle abe whe oo s ais P P P
EA0 AE SN NIC s Sl atd st ale Lie 3l ol alc ake alenly glaale taule uhe o ke P R g R TR R B 3 L P

W G R e e R L SR TR U R

CASF : W [THAT MEANS BOTH K1T AND KIB ARE LUCATEN TN THE CLEAN
WERS,. ) : !

Y2 S'e sle e whe ate sle ale ate sbe wte ale ule Slouly d b whs st afr sl sl ale e sle o ale sl b ate wie sl i sl b sle oha nls she
3 3838 R ST RS RO R ST RIS R ST RUA USSR AT BC S e nr ot e Rt s NI Nl s e e N s n

o 1‘

L5E
9
i

OOOOoOOOOO0O0n

ROKLT=(U+0) /ST

HIK1T=1,0 o

ROKLB=(11+0) /SR

HIKLi=1.0

WRITE(6,602) ROKLT(HIKIT,ROKIB,HIKIR -
602 FORWAT(/,'  LOK1T HIKLT LOK1A ~  HIK1RA FUR THE FOLLI

LING CASE WW'/,46F10.5) - :

WRITE(6,603) 7
603 FORMAT(//,0 v 70Nt T yE Ty v2

1K1T K1p K2T K2h V/Vp M/MP Y/ /)

THIS SPACE IS RESERVED FOR ARRITRARY VALUE OF V AND V1 .

VINCR=1.0
_ IMD=0
610 VHE=V/(1,0+V])
VT=V=VR .
F TEX=FYya:p2=3 ;():“: \/ '[:::::52/ ( STk :,':!:.}7 N 2 ) oo
IF (FTEX JGT. 0.0) G0 TO Al4
IF (ABS(R) JLE, 0,0005) 60 70 612
GO TD 616 R I T
612 WRITELALALB)Y ETEX
613 FRRMAT{ /41 FTEX =1,F10.5)
6D TR 2004 '
6L4 FREX=rFYssk2=3 (V2 /(o) )
IF {(FrEX JGT. .00 GO TH 621
IF (ABS(R) L2, 0.0005) 60 TO AlG
616 IF (IMD JEO. 1) 6N TO A17
inD=1
VVRHCR=MINCR /2,0
© 60 TN 618
617 VYNCR=VVMCR/Z2.D
S A18 V=VVHYVRGR
Vi=vvil
GN T 610
619 VRITE(6,620) FREX T o o T
620 FORMAT( /41 FREX =',r10.5)
GO T 2000
621 FT=S0OT(FTEX)
FR=SORT{FiREX)
CIELFT WLT. 0.1) GOYOTO 19up
IF (R JLT. 0.1) G T 19y
PARAZ =M { Sviy= ST aF T )
AV =ARREYS 01 GO0/ FTH1L0/FR) /ri42 )T .
uww:—y.m*(n~2.0*H}+T*PAHA2/(AF*FYJ+PhRA2/(H*FMJ-B.O*AN*FY*(l.ﬂ/Fi
11.0/7F14) /Y
CHH*Z.U*V*Q/(AF*FY)+PARA2**?*(l.U/FH+H/(H*FY])/(4.U$M*AF*FY)—PA{h
LEESHET)/ CAFSEY )+ ARBEZEFY T 0O/ T4 L O/FRY 7 (W AF ) = ARBP AR A/ (AF s 120 -
A2 AL (2 ) A
DBz s D emdy s A



slsisle)

TWRITE(6H,623)

624

630

640
641

650

651

655

IF (DS 6T 0.0)
15
FORMAT(ISH DS =F1%

GO TO 2000
R2Tl={~RHHE=50RT(D

R2T2={ =W+ SDRTID

TF (R2T1 LLT. 0,0
IF (R2T1 JLE. 1.0
I[F (R2TZ2 ,LT. 0.0
IF (R2T2 .LE. 1.0
MRITE(6,641) R2T1
FORMAT(2FL10.5)

GO T 2000
R2T=R2T1

K=

G T A5
RZ2T=R2T?2

K=1 -
R2ZB=PARAZ/ (2. 0%kAF

RIT={AFRFY=2R2T—AR::
RIB={AFSRFYRR2B—-AR:®

T TeAFSFY+STRWRFT

Gy T A24

.51

5)1/02.05A0W)
531/ (2 ..0:5AWW)
Yy GO TN A30

Y GO TN 650

) GO TO 640
Y60 TH 651
#R2T2

HEY)HR2T ‘
FY)Y /(ST FT)
FY )/ (SBaWxFA)
{1 .0=-2,0%R1T)=AR

KEY

OLE=AF=FY+SREaME R ( ] 0-2 0K 1B ) —ARSFY
N2T=AFEFY3(1.0=2  0%R2T ) +5TRbFTHARKFY

DZ2B=AFRFY# (1 0=2,0%A2H ) +SBuWAa~R+ARRFY :
YIT=(AFRFYSR(STHO 55 T)+0, 5% T2 uWaFTH(1.0=-2 0%R1TH%2 ) —AR%FY:(U+0/
1.0))/01T . ; ; '
YIB= (AFRFYS(SB+0 5% )40 5k Ru 28l FHa (10 0=2 L O%R 11B%52 ) =AYk (U403
1.0}3) /01K '

Y2T=lAFRFEYa{ [ST+0,5%T) _.2 .'[)_:;:R;g'[.;;:_l( 5;+T Y +T sk Q,ZT::: :::_2") .+0__ B Taem 2l FT+ Ak

CLFYE{U+0/2.0)) /02T

6 60)

661

(1)

6Hfh

Y2R=(AFEFYH: ([ (SHB+0,5%T)}=2,0
LREYH{U+0/2.0)) /024 _
V2=(Y1T=-Y2T)/(Y1B=Y2n)

MRZ2BF(SHET ) +THR2A 2 )40, Sre Qrizese R ey F 34 42

IF (V2 JLT. 0.0) GO TD A7Y

TF (V2 6T, 1.0) GO TO 679"
R=V2=\]

IF (INDLFOL 1) 6N TH 660

IF (ARS(R) JLE. D.N0L) GO T A4l
VI={V14V2)/2.0 o

GO TO &10

THE TOLERANCE FOR THE FOLLOWING STATEHENT HMUST RE CHOSES VERY 47
FOLLY WHEN 1T APPROACHES VHAX TN THIS CASE,

[r (ABSIR) JLE. 0.0725%) G T A/
V1=(VI1+V2)/2.0

GO TO A10

TF (RLT JLTo ROKLTY 610 TO ARD
,TF (R1IT J6T. HIKITY GO TO Anp
IF (Rl JLT. ROK1IRY G TH A4
TF (RLB 6T, HIKI®RY 6B T AthA
2=01T={Y1LTHYLR+2 05 ) =V

MV PR=V

PRz 2 /108 ‘

TR (PR JGT. 0.0) GO T AT5
WRITELH,ATOY . PR

FORAAT (/40
GO T 2000
HRTTE Gy i)

MR =0 ]0.h)

V,‘l}‘"\“ﬂ"\r] ’Vfugl'{],l ;"']H,"’?‘lQI‘)-/H'V\’P,F”"”"]



67('_\

611
682
633
634
685
BHO

687

FORMAT{T11IFL0.5)
VV=V

VV1=V1

V=V+V]HCR

IND=0

IF (V JGT. VMAX)
GO T 610

IF (K .FO. 0) GO
GNOTOD 2000

IF (€ JFD. 0) 6D
HRITE( A,y 681)
FOR/MAT(/ /9! TD
GN TN 2000

IF (X .EO. 0) GO
MRITE(6He6HR3)
FORMAT(// 4! T0
GN TO 2000

IF (K .20, 0) &N
WRITE (4 6R5)
FO/MATC/ /8! TO
GOOTO 2000

¥ (K .ED, 0) 60
WRITE (e BT
FORMAT(/ /4! JO
GOTO 2000

G TL 1990
TN 630

T 630
NEXT CASE
TO 630
MEXT CASFE
TO 630

MEXT CASE

TN 630

NEXT CASE

RU 1)

Fu 1)

WR V)

RN

78



APPENDIX C

SAMPLE COMPUTER PRINTOUT
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ABSTRACT

An analytical method of determining the moment carrying
capacity of steel W shape beams with eccentric, reinforced
rectangular web openings is developed. Using this method,
the effects of varying the opening eccentricities and lengths
and the reinforcing areas were investigated. From this analy-
sis, the following conclusions are drawn :

a, Eccentricity does not affect the maximum opening length
and the minimum reinforcing area (see Egs, 36, 37 and 38).

b. With small eccentricity (say, e £ u), the problem could
be treated as a concentric opening, without any signi-
ficant loss of accuracy.

Cs As the eccentricity increases, the moment carrying capa-
city of the beam decreases for low shear forces and in-
creases for high shear forces,

d. The moment carrying capacity is almost linearly pro=-
portional to the reinforcing area when the shear force
is low, but this relationship becomes non-linear when
the shear force is larger, ,

e, As opening length increases, the moment carrying capacity
decreases while shear force increases,



