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In this study, a procedure for the design and analysis of unsym-
ﬁetrically loaded combination sections was accomplished; combination
sections being defined here as wide-flange shapes that have a channel
section attached to the top flange.

The torsional ,method of analysis took into account that the entire
combination section resists the vertical and lateral loads while current
design practice usually considers the entire section to resist the ver-
tical force and the top flange alone to resist the lateral force.

In order to conduct the torsion analysis of such combination
sections, certain warping and torsional factors were evaluated. Once
these elastic section .properties were calculated, the torsional theory
was first verified and then applied to a beam loaded by a two wheel
crane. The torsional method was compared to the so-called conventional
method of analysis with the result that the conventional method of
analysis is perhaps not as conservative in some cases as originally
thought.

Design aids for the torsional theory were developed in the format
of design tables that [ist combination section properties for over 150
sections as well as-tables which list the maxmum allowable length of

a crane beam for a given vertical load, lateral load, crane wheelbase,

and steel strength.
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Chapter 1

INTRODUCTION

In many tndustrial buildings, overhead cranes are incorporated
into the manufacturing and handling of goods and equipment. For example.
cranes ars used extensively in steel fabrication plants, In production
or assembly lines, in mill operations, in mining and countless other
operations. These cranes serve these operations by lifting and trans-
porting loads from one location tO another. FOr this process to be
implemented, a suitable system Of crane beams and columns, called a
crane runway, must be Cesigned to handle 2l anticipated |cads the crane
nay ecnounter. The design Of these crane beams iS much more complicated
than designing an ordinary steel beam. The design Of these sophisticated
systems wit1 be discussed in this paper.

In the design of crane beams, the structural engineer must take
into account all of the loading conditions that could possibly be encoun- _
tered. The major load on a crane beam is the direct, vertical force
Or wheel load. This |S the largest force on a crane beam and IS usually

listed in catalogs provided by crane manufacturers. In addition, this

wheel [0ad must be given a percentage increase to account far any impact
that could be produced when the crane load is raised and lowered ind

due to any subsequent movement of the load. This increase for impact «
is listed in section 1.3.3 of the design specifications of the American
Institute of Steel Construction Manua of Steel Construction (1)* (herein
referred to as "AISC Steel Code"). The next significant force on a

crane beam s the lateral load that acts perpendicular to the beam

* Number in parentheses indicates reference cited.



span and is produced by the rocking movement of the crane trol ley wheels.
As outlined in section 134 of the AISC Steel Code (1) this force
which is assumed to act at the top of the crane rail, is specified as
twenty percent of the lifted load plus the weight of the crane trolley.
This force is divided equally between the two crane rails. The third
force on the beamis the longitudinal force produced by the crane travel -
ing along the crane rail. This force, which is resisted by the top
flange of the beam is usually not of much consequence and is often
neglected. Lastly, the beamand rail weights nust be considered

Any type of beam nust be designed to resist lateral torsiona
buckling. In addition, the [ateral force on a crane beamis not
contained in the plane of the mnor or major axes and does not pass
through the sectionts shear center and thus, these considerations are
critical in the design. The AISC Steel Code specifies the maximum
unbraced length that may be used,while still utilizing the full,
perm ssi bl e conpressive bending stress. If this maxinmum length is
exceeded, the allowabl e conpressive stress nust be reduced. This
al | owabl e conpressive stress is directly controlled by the size or
lateral stiffness of the conpression flange. So, a beamwith a [arger
top flange has more |ateral stiffness and is permtted to have a |onger
unbraced Tengt h. B

For nost rolled beam shapes, the flanges are relatively narrow
Oftentimes, the size of the conpression flange is increased to give
the section a greater lateral stiffness. The nost common procedure
for reinforcing the top flange is by welding a channel section to that
flange. This is called a built-up or a conbination section and is shown

in Figure (1-1).
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Fg 1-1: Typical Goni nati on Section

Such a profile is often used for a crane runway beam.

In the past, built-up crane beans, which are unsymetrically |oaded
have been designed using a simplified procedure. This procedure con-
sidered the vertical wheel |oad to be carried by the entire bui 1t-up
section and the |ateral force to be applied at the top of the channe
and resisted by only the added channel and top flange. This sinplifi-

cation is shown in Figure (1-2). This procedure has been consi dered

e,
E; | %FF§ ij_, r:ﬁi; L
T )
) g T -+ E‘::
| 4.,

Fig. t-2: Gonventional Design Loadi ng Procedure

conservative by nost design engineers and thus not very precise since
the lateral load is actually resisted by the entire cross section.

In order to obtain a nore exact stress analysis of the unsymmet-
rical 1y | oaded section, a nmore rigorous procedure uti lizing the equations

for unsymetrical bending of an elastic beam should be used. These



equations are presented in many advanced strength of materials (3, 5)
and steel design books (7, 8), but the use of these equations alone
Is insufficient since such an application assumes that the beam is
loaded through its shear center. The shear center is defined as the
point on a beam cross-section through which a force must act so that
all twisting effects are eliminated. For a typical rolled wide-flange
shape, and any other doubly-symnetric section, the shear center and
the centroid are coincident. For a built-up section this is not the
case. Obviously, the forces on a crane beam do not act through the

shear center (See Figure 1-3).

P

| SHEAR CENTER U_!?:H—?_—I—U
-IE /A
DOES NOY LIE INTHe sugAR o

PLANE OF THE LOADS 7
/

Fig. 1-3; Unsymmetrical and Torsional Loading -
of a Conbi nation Section

Therefore, in addition to the unsymmetrical bending equations, a torsional
analysis should be incorporated. The torsional analysis of Wide_—flanges,
standard channels, and other individual shap@s. have been compile;JI by
many other sources (2, 3, 4, 5). The Bethlehem Steel Company publishes
an excellent handbook (2) for torsion of common rolled shapes. The
torsion analysis is also presented by other sources. But, no reference
could be found that lists such torsional properties for the previously
mentioned combination sections. The intent of this paper is to compile

the various torsion and warping properties of combination sections and



and to apply themto the case of a torsionally, unsymetrically Ioaded

crane heam



Chapter 2

BENDI NG AND TORSI ON THEORY
OF_COMBI NATI ON SECTI ONS:

As previously stated, the unsymmetrical bending equation (3) will
be used for the crane beam analysis. The nodified equation for bending

stress in an unsymetrically |oaded beamis given as

P - {2+1)
Ix - Ixytahe(
where, b - I _cotd
tano = =L X {2-2)
I Ixycot@

=
0

and, Bending momat about X-axis

X )
Ix = Momat of inertia about X-axis
Iy = Momat of inertia about Y-axis
I__= Product of inertia
X,y -

= Coordinates of a point under consi-
deration, using positive axes as shown.

Ano<]gle between the plane of load, P,
and the Xaxis.
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Fig. 2-1. Conbination Sectionn Subject to
Unsymmet ri cal Bendi ng.

In the case of a section that is symetrical about one

or both axes (see Fig. 2-1):

IXy =0
SO; o
tanec= - 3= cotd (2-3)
¥y
and M
P, = «2(y - xtanew.) (2-4)
b IX ,

Substituting (2-3) into (2-4) yields: &

M.y M._x
£, = Ix - Ix cotd (2-5)
X y

FromFigure 2-1, it is seen that ¢ is related to the horizonta

and vertical loads. Mre specifically,

PQ'
cot ¢ = gL (2-6)
IX_



The maximum live bending moment, My, may be easily calculated using
a table of beam formulas. For a two wheel crane beam, the exact point
of maximum moment varies with the span and crane wheelbase. There are
two different loading conditions in which the maximum live moment might

occur.

e m

FHg.. 2-2:. Beam Loading D agramif S<0.586L
First, if S<0.586L (see Fig. 2-2),

P
= 22 - 3)° (2-7)

under load 1 at B =L/2 - S/4 .

But, if S>0.586L, then

M_ = n (2‘8)

with one direct wheel load at the point 1/2 on the

beam span.

Once the maximum live moment is calculated, EQ (2-5) can be used
to calculate the maximum live unsymmetrical bending stress due to beam
action. This would, however, be an incomplete analysis since additional

bending stress is caused by torsion on the section since the load does



not pass through the shear center. This additional stress is called
the warping normd stress.

The warping normd stress i s produced by the rotation of a bem
about its shear center when a torque is applied. As this baam is twisted,
cross-sections through the bem do not remain plane but wap out of
plane. As the bsm begins to warp, stresses noomd to the cross-section

develop (see Figure 2-3).

INITIAL

STRESS
DISTRIDTUTION

ROTATED
PosimoN

Fig. 2-3: Warping Normal Stress Distribution
in a Wde- Fl ange Shape

" (2-9)
bW n

wher e - E = Modul us of elasticity --
W, = Normalized warping constant at a

point on the cross-section
6" = Second derivative of the angl e of

rotation with respect to the distance
al ong the length of the nenber.

The value of @"is a function of the torque on a beam, the bem -
length, and torsion and warping constants of the cross-section. May



sources |ist equations used to evaluate " for various loading condi-

tions and cross-sections (2,5) to evaluate @', The values for the

torsion and warping constants are also needed. For wide flange shapes,

these values are listed in Part 1 of the AISC Steel Manual, For combi-

nation sections, these constants are not, unfortunately, listed. The

elastic properties for a 1imited number of combinations are listed.

|t will be necessary t0 develop expressions for these required constants.
The first parameter needed is the location of the shear center

for the combination section. To locate it, the process outlined by

Seely and Smith (3) will be used. Referring to Figure 2-4, a typical
combination section is loaded through a point assumed to be the shear
center. This force, Vy, will cause a shear flow on the cross-section

to'develop. This flow will produce forces f,, F,, Fy, and F-

e
Fy = 50‘11 ds
wher e, q t he shear flowis
- N
ql—IytISdc/z

substituting and sol ving;

k¢ J

\
X

5 2
Py % T, $14.P¢

Likewise, F2 and F3 may be found to bet
2 3
Vx (bltidc t2dc>

4

F =

2 - 2L, 2 12

v )
= =
gl (3305/3)
Now, taking the summation of the noments about point A l
;- t
i 0 st e
V E, = Fyd  + 2F,d; + 2F53(dp - 3= - 5%)

X=b

10
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Fig. 2-4: Shear Flowin a Conbination Section for
the Determnation of the Shear Center
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Subéfituting for Fy, F2' 3 and sol ving yields:

3
t.d.d
2TC4.2~. ___..
Ey = T [:110<Ll- 12 3 ‘%tBB

2-10)
Now, that the expression for the shear center has been found, the
remaining torsional and warping properties must be determined. The
general mathematical expressions for these torsional and warping pro-
perties can be found in many references (2, 4, 8). C. P. Heins(4) has
developed a numerical evaluation for standard steel sections, such as
wide-flange shapes and channels. By expanding this numerical procedure,
the warping and torsional properties for a combination section can be
evaluated. The normalized warping function, W,;, at point i on the

cross section is given as:

1-? ‘ - :
Vot Mo as b M)ty By~ Wi (2-11,
wher e, Woi = unit warping function = ?oiLij
tij = thi ckness of an el ement between i and j
L.lj = length of an el ement between i and j
oA =total area = E:tlJ i3
P = di stance fromshear center to elemetit
o
The warpi ng constant, C for the entire section is:
L 2 2-12
Cw = BZ(Wnl * WnanJ % an) tijLij ( )

with the terns the sane as for eq.(2-11).

The determination of both Wy and C, is best achieved utilizing

a tabular format. First, the combination section is considered to be

12
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a sequence of inter-connected rectangular plate elements with the ends
and intersections of the plates numbered arbitrarily (See Figure 2-
5).

A continuous flow is assumed across the section points 1-2-3-4-
5-6, with the flow on the elements 7-2 and 10-9-8-3 assumed to act from
the free edges to the intersections.

The first term to be calculated is we= @ . The values of €, are
given in Table 2-1 and the sign of @ is determined by the rule that
moving from point i to point j, if the shear center is located to the
left with respect to the flow, the value of © is positive. Thus, the
values for w, at the edges and intersections can be determined since Ps
and L'ij for each element can be easily tabulated. It is first assumed
that point 1 has wy = 0 and, the summation of the results of @k around
the Toop 1-2-3-4-5-6 yields the w, at the respective points. Now, in
order to calculate the w, at point 7 and the w, around the loop 10-
9-8-3, the values of w, at points 2 and 3 are used. These values are
known since they were calculated in the previous loop. Since the flow
is known to act from 7-2 and from 10 to 9 to 8 to 3, the w, at the
points 7, 8, 9, and 10 can be found directly as shown in Table 2-1.

Now, the equation for W, can now be evaluated since the wy are
known. In Table 2-1, the areas, t;j L.i.J' , and the sum of the (\No“{;‘*‘Wo_'D'

tijLij are listed. The expression for wyj can now be evaluated as

fni = E by - woi (2-13)
Therefore, by using equation (2-13), the values of W, at the points
on the section can be determined and are listed in Table 2-1.
Now, with the values of W, at the points on the cross-section
known, the warping constant, C,,, can be determined. Using EQ (2-12),

the expression for Cy is found to be:

1'4
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Cyy =% {tBbBE% + (t2+‘t3)(Et;o.5t3)2b3 + byt [3b§(E -0.5¢t, )

3
3 -
+3Et23(E 05t3)+(Et2_‘+bt L(Eb
O.5b3t3) + blbu(BEtbu—gb3t3+blb4£J} (2-1L)

Anot her torsional property required is the term:

@ » J%—%_; (2-15)

wher e G = shear nodul us of elasticity
E = nodulus of elasticity

C, = Warping constant

_ X 3 r
= 32‘.(biti) (2-16)

and t; is always the snallest dinension and b=t

Refering to figure(2-5), K nay be expressed as fol | ows:

il 3 3 3 A )
K = T(Zbltl + d ] + bbytd + h‘tw> (2-17.

Now, with the values of Kand C, found, they nay be substituted into
EQ (2-15) and a value for B can be evaluated. The value for @ usually
is mich less than zero and does not lend itself suitable for compiling
~into a tabular form Therefore, the reciprocal of ® is often tabul ated
as is the case for wde-flange shapes listed in the AISC Steel Mnual.
It is given as:

= [ECy (2-18)

"y .
e GK

A=

Now, With the expression for the torsion and warping properties
eval uated, the value of &' may be determned as described before. . For

16



the live load case of a two-wheel crane which was considered previously
In an unsymmetrical banding mode, the expression for S for the tuo
| oad cases (S < 0.586L and S > 0.586L) w || be eval uated.

Case I S < 0.586L

For this case, two wheel |oads are applied on the beam span. The
two |oads nust be considered separately and the principle of superposi -
tion is used by taking the sumof the two values for 9 at a poi nt..
See Figure 2-6. '

B+S
Tz

To
Te2

®

Fi g. 2-6: Superposition of Two Torques on a Orane Beam

From Roark and Young (5) , the value of 'for a concentrated
| nternedi ate torque on any beamis given asr
PR h N et +' A h
Q_QA cosh@x ) ©sinhgx Ws:.n @rx
i | '
A (2-19)
+ —m=81lnhf (x - b>
S35 Yl (
T, = reaction torque at end, A
O, = first derivative of ©at left end

©, = second derivative of &at |eft end

3
1

appl i ed torque on span.

17



For a crane beam the applied torque, Ty, IS

defined as:
TO = Py(Et + RH) (2-20)
wher e, p,'=lateral force at top of crane rail
'Et = di stance from shear center to the
top of the section
RH = crane rail height.

| t must be mentioned that the boundary conditions to be used in
evaluating S are for a beem with ends that are resisted from rotating
about the shear center but not resisted from warping out of pr“aeifi.xe: This
IS consistent with actual design practice because the crane beam ends
are bolted on the bottom flange to form a seat while the top flange
IS connected to a stationary object such as a building column to prevent
rotation.

Now, referring again to Figure (2 - 6), two torques mus ke con-

sidered. First, &' must te evaluated at X = B for the torque applied

at X = B. The boundary conditions for this case are given as:

H_ el _B—

i s
L B s1nh§§L - B)
O = cWE@Z(1 T T sinBRL >
By applying these boundary conditions to EQ (2 - 19) and evaluating
at the point X = B, yields:

o To  sinhBB sinh@&(L - B)

- airoy (2-21)
1~ CE® .31n¥§?

Next, the value for ©"at the point X = B with T, applied at the
point X = B+ S mut be evaluated. The boundary conditions for this

18



loading are given as:

(= e o (3+ SA)
9A o b O TA T -To(l b L

o —E——@ _(B+S) _sinnff - B - s)>

)

A~ C.ES L sinheL
Agai n, substituting these boundary conditions into
. eqg. (2-19) and evaluating at X = B yields.:
i

0 sinh@B sinh®(L - B - 3)
Oz = C, E6 T sinhRL

(2-22)

Now, using the principle of superposition, it is
possible to evaluate e at the point X = B, which &= the

poi nt of maxi num noment. Therefore,

On= O + S,

il

or,
i

SOAALLE (AT SR ; (2:23)
9B = CWE%?IE%E@lnh%(L - B) + 51nh€(L - B - S))

Case 22 S>0.586L -

l;;r-this case, the maximum moment due to the wheel loads occurs
with one wheel located at midspan. For a concentrated torque at the
midspan of a beam with the same end condition as in Case 1, the formula
for ©' has been evaluated by many sources. From Roark and Young (5),

the equation for Ois given as:

A L 5
B = 2cwE@tanh?2_ K

~ o~

L]
Now, with the expressions for © evaluated, and-the expressions
for the. torsion and warping constants for any combination section, a

crane beam can now be analyzed or designed easily and accurately.



Chapter 3

APPLICATIONS CF THE TORSIONAL

THEORY CF COMBINATION SECTIONS

In order to analyze or design a torsionally loaded combination
section as a crane beam, elastic section properties for the sections
are required. As noted before, although the AISC Steel Manual lists
some elastic section properties for some thirty different combination
sections, no torsion or warping properties are given. Utilizing the
equations developed for these properties as in Chapter 2, a computer
program was developed to conveniently compute the elastic torsional,
and warping properties for a large quantity of possible combination
sections (See Appendix "A" for a listing). The output from this pro-
gram was neatly arranged into a tabular form and is presented by Table
3-1.

In calculating the elastic section properties of the combination
sections in Table 3-1, a check can be made for the values of E, and

In a paper by Kitipornchai and Trahair (6) dealing with monosym-
metric |-Beams, an approximate solution for these two properties was
outlined. In this approach, the ratio of the moment of inertia for
the top flange versus the moment of inertia of the entire section, both-

about the Y-Y axis, is calculated (See Figure 3-1).

I
i
7(=-1_-'3CL (3-1)
Al'so, the shear center location of the too flange; e, is:
t,b3d2
e = i (3-2)

- X
The expressions for 'a and b are defined as:

a :(l ‘k)h "b= An
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TABLE 3-1 (cont.)

Section properties of g ik X
combination sections . £
1
F ELASTIC PROPERTIES TORSION PROPERTIES
ROTAL : :
SECTIO -
E H. N AREA .Hx Hv. .xp Tp _wd K oz A £z> szw
In® In' In" In In In Int n. In In? an?
Wl6X 36-C12x20.17 16.66 670.3 153.5 10.617 3.€64 15.26 | 0.822 3209-.1 ) 100.65% -2.1C 52.40
Wl6Xx 36-C15%X33.9 2Co5¢ 148.3 335.5 | 11.58 %-9% bes e L. 394 3694.6 83.00 2.99 5¢.43
~Wl6X 40-Ci0Xi5.3 1€.25 1€8.1 96.3 10.10 3.09 13.56 ] 0.S2¢ 3359.4 91.0C -8.12 48.94
Wl6X 40-C12%x20.1 17.89 153.2 151.5 | 10.59 3.76 | 15.18 ) 1.c6¢ 3150.7 95.56 ] -1.21 53.08
W16X 40-C15X33.9 21.176 839.6 343.5 L1.49 487 16151 1.63¢ 4308.8 82.61 2.26 56.50
W16X 45-C10Xx15.3 17.1§ 185.8 166.2 10.00 3.03 13.83 | 1.24¢C 3176.C 88.986 -5.24 4E.64
wl6X 45-C12x20.1 15.3¢ 834.3 161.€ 10.417 3,66 €.c8{1.38¢C 4234.9 85.133 -4.24 53.04
WI6X 45-C15X33.9 23.2¢6 929.9 341.€ | 11.35 4.7S 1€.147] 1.951 4865.C 80.52 1.69 5€.19
ihl16X 50-C10X15.3 19.15¢ 867.1 104 .6 9.94 2.98 Pavedili 64t 4222.4 81.68| —10.48 48.22
Wl6X 50-C12X20.7 20.15 919.1 166.2 | 10.39 3.63 14.56 | 1.178¢ 41517.3 83.24| -5.33 52.90
WleX 50-C15%33.9 24.66 | 1023.1 352.2 11.26 4.12 16.13] 2.35¢ 5472.0 11.7¢ 1.cC 51.01
-] wiex 51-C10x15.3 21.26 911.0 110.5 9.86 2.52 13.42 | 2.3132 4822.9 73.32| ~11.91 41.16
Wl6X 51-C12%20.17 22.89 | 1033.7 172.1 16.29 3.55 14:631 2417 5465.1 15.481 -6.11 52.18
WleX 57-C15X33.9 2¢.16 | 1149.3 3568.1 | 31.13 4.63 16-11 ] 3.044 6304.1 13.39 0.0% 51.35
Wlé6x 67-C15x33.9 2G.6¢ 1362.3 434.C 10.178 %264 1560 1 3.22¢ 14987.1 110.00 -9.174 14.173
WI6X TT-C15X33.9 2z2.5¢ | 1546.6 453.6 | 10.67 4.55 14.44 | 4.40c | 17222.6 | 10c.ve| ~11.65 14.32
W16X 89-C15Xx33.9 JE. L€ 1768.6 418.C 10.58 4.6 V421 b6 . 281 F199715.6 S5C.86 ) ~14.22 13.61
Wi16X100-C15Xx33.9 36. 3¢ 1986.0 s01.C 10.53 438 14.C6 | 8.601 | 22643, ¢ 8z.74) —16.22 13.2¢8
Wi8x 35-C10X15.3 14.7¢ 135.9 82.17 |11.42 o4 1€.55 1 0.644 2371.4 97.81 -4.21 45.18
Wl8X 35-C12%20.1 1€.3¢ 786.1 144.3 | 11.98 3.86 17.52 | ¢.783 2590.3 92.72| -o0.01 52.55 °
Wiax 35-C15x33.9 No.\wo 880.8 33¢.3 13.01 4,66 1e.18 ) 1.35% 2674.9 )., 15.51. 4.11 54.54
WIEX 4C-C10X15.3 L6425 852.4 86.5 [ 11.31 3.05 16.37 | 0.94: 251241 89.64) -5.81 4G.22
wWi8X 40-C12X20.1 17.86 908.4 148.1 11.86 3.15 17.42 |,1.082 3195.1 81.62 =243 52+34
WwigXx 40-C15x33.9 21.1¢ 1016.2 334.1 12.817 4.€6 18.21 ] 1.652 Jelg.e' 865 3.46 S4. 78 .
"W18X 46-C10X15.3 11.5$ 965.6 89-9 | 11.19 2.91 16.11] 1.341 3394.0 80.93| -7.23 45.01
hi18X 46-C12Xx20.17 1.5 1027.3 151.5 =i 3 .68 11931 4 .48 3739.5 80.86 ], —2.34 52.52
W18X 46-C15Xx33.9 23.46 | 1148.3 | 1332.5 | 42.170 4.19 18.23 | 2.05¢ 4243.9 11.22 2.68 55.24
W18X 5C-C10X15.3 15-15 | 1056.7 | 107.5 | 11.00 | 3.03 | 14.s1 | 1.366 | 5496.8| 10z.28| "12-8¢ 55.80
WiBX 50-C12x20.1 2C.75 | 1120.8 165.1 11.51 3.61 16.35 | 1.50¢ 6175.2 | 103.26 =1.30 | 61.42°
Wi8X 50-C15%33.9 24.¢€¢ | 1248.1 355.1 |.42.47 4.15 17.11 ] 2.073 7036.0 93.g5']: -0-32 GEL3T
W18X 55-C10Xx15.3 20.6S | 1156.0 112.3 | .40.93 2551 14.92 | 1782 | 6082.2 s4.2¢ | —14-12 55.40
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TABLE 3-1 (cont.)

Section properties of

5!

combi nation sections 2
Ey
. =
ELASTIC PROPERTIES TORSION  PROPERTIES
: ROTAL z :
SCTION AREA = Iy Y, Tp E, K C, A Wya Wyg
Int T In' In In In Ink In® In I n2 In2
W18X 55-C12x20.1 22.28 1224.2 173.6 11.42 3.61 16.25| 1.922| 6863.8 G6.31 -8.48 61.20
Wl8X 55-C15%33.9 26.1¢ 1361.5 356.6 12.36 4.69 17.61] 2.492 | 1845.9 9C.46 -1.12 | €¢e.54
w18X 60-C10X15.3 22.06 1258.1 117.5 10.489 2.54 14.51| 2.29¢c| 6696.0 81.1S | -15.42 ] Y4.83
- W18X 606-C12X20.1 23.6% 1330.6 175.1 11.36 |+ 3.55 16.11 ] 2.430 | 17538.1 90.12 -9.74 | €C.8¢6
Wil8X 60-C15x33.9 21.5¢ 1477.2 365.1 12.28 4.¢€2 17.€3]| 3.co1 | 8101.2 86.86 -1.99 | 6¢.61
WIEX 65-CI0X15.3 23.56 1352.¢ 12252 10.85 2.61 14.25) 2.85C| 1251.0 81.33 | —16.49 54-46
W18X 65-C12X%20.1 25.16S 1428.1 183.8 11.29 3.50 15.56] 2.59c | 8246.1 84.68 | -1C.80 | 60.68
WiBX 65-C45%33.9 29.0¢ 15€3.1 369.8 12.19 4.56 17.597] 3.561 ) 9494.9 .83.26 |. -2.15 | 6.1
: W18X T1-C10X15.3 25.25% 1460.9 121.1 10.80 2.€1 14.12] 3.60C| 1882.1 15.45 | -10.66 | 54.09
W18X T1-C12X20.7 | 2€.85 1540.3 189.2 11.23 3.45 15.65)-3.24c ] B8995.4 79.08 ] -12.01 ) 6C-50
wl8X 71-C15%x33.9 | 30.7¢ 1705.4 319s3 Lizovo 4.50 17.54 | 4.311 ) 10400.3 19.20 -3.63 | 66-91
W18X 76-C15Xx33.9 32.2¢ 1861.4 461.C 11.80 4.63 15.69] 3.¢654) 22626.3 ) 126.85 ) -15.2¢ | 86.57
W18X 86-C15x313.9 35.2¢ 2092.6 490.C 11.68 4.55 15.46 | 4.9171) 25658.4 | 11¢€¢.48 | -11.54 385.74
wl8X 97-C15%x33.9 I6.4¢ z2343.8 €1€.C 11.60 4.41 15.233| 6.6085{29035.8 ] 10€.24 ] -15.5¢ | €4.88
WIBX106-C15%33.9 41.0¢ 2526.2 535.C 11.54 4.42 15.¢5| 8.312] 21552.3 96.35 | -21.56 | B4.4S
W18X119~-C15x33.9 45.0¢ |- 2840.3 568.C 11.50 4.35 14-€S | 11.514] 25737.9{ 86.83 ] -24.24 63-62
R21X 44~C10X15.3 17.46 1174.8 88.1 12.88 3.01 16.68] 0.865] 4130.3] 111.43 ~8.24 | 6C. 21
W21X 44-C12%20.17 15.06 1254.5 146.1 13.49 3.11 15.92| 1.004] 4502.9 | 107.96 -3.03 | 64.24
W21X 44-C15x33.9 22.96 1408.1 335.1 14 .64 4.9¢C 2c.86| 1.51¢] 5026.6 91.01 2-34 | €1.1s.
WZlX 50-C10X15.3 1S. 1S 1331.17 2.3 12.16 2.5S 16.40] 1.215| 4s03.8| 102.21| -10.06 | €C.06
WilX 50-Ci2x20.1 2¢.0¢ 1418.4 153.56 13.34 3.68 165-17] 1.355] S5379.C¢ | 101.4¢ ~4.50 | €4.55
w2lX 50-C15x33.9 24.66 1589.2 339.6 14.41 4.80 2¢.85] 1.93c| 6002.0 89.92 1.4 | 6d.07
W21X 51-CI0XE5.3 [ 21.15 1535.8 98.cC 12.68 2.50 18.65] 1.832] 5623.6 91.66 ] —12.35 ] 5%.16
w2lX 51-C12%20.1 2221 1630.4 159.¢ 13.23 3.51 16.57) 1.5712] 6548.2 52.9¢C -6.42 64.15
WZlX 57-C15x33.9 26.6¢€ 182p.0 345.¢ 14.32 4.€6 2C.63)] 2.544) 1323.2 aé.51" €.33 | 6u.20
W21X,62-C15x33.9 28 2% 1667.1 372.5 | 14.06 4.65 20.02) 2.604) 12841.7) 113.22 -4.95 | 82-41
W21X 68-C12»20.17 26.06 196421 153. 7 12.93 3.55 11.S6 | 2.€35] 12528.2 111.16] ~15.613 14.28
wW2lX 68-C15%33.9 | 25.9¢ SN 16.9 319.17 13.95 4.58 15.92| 3.206] 14382.1) 108.00 -6.22 |} 82.38
W2lX 73-C12%x20.17 g 2058.0 | - 155.¢ 12.81 3.50 11.19 3.20%] 13543.8 104.81) -16.61 13.40
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ban

But, b = E,, the distance from the shear genter to the

bottom fl ange.

The expression for the warping constant iS given as:'!

(3~&)

Ther ef or e:

Ey

Ah

c ~y 22
A1 %Jth

By incorpoféting these solutions into the computer program for

\3=3)

elastic section properties, a comparison of the different values for

gy ad ¢, can be made  Although the values for the approximate solution

are not included in the elastic section properties of Table 3-1, they

were calculated and compared. The values for ¢, and €, for the two

methods agreed quite well as is domn in TABLE 3-2.

E, (in.) ¢, (ind)
SECTI ON : .

Bq(2-11) [BEq(3-3) [% diff. |Eq(2-14) [Eq(3-4) |% diff.

FWIBX30-C0%15.3 581 1292 783 1837, BT, Y
% W18X50-C12X20.7 16. 39 16. 49 0.62 6175, 6205. 0.49

W24X84-C12X20.7 19.22 19.39 0.85 | 29809. | 30594, 2.64

W30X116-C15%X33.9 25.14 25.39 1.00 62722. 63912, 1.90

W36X450-C18X42.7 30.18 30.55 1.22 |148221. |1s1281. 2.06

 TABLE 3-2: Conparison Between the Exact Method and the

Approxi mate Method for Cg and E.
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In the determination of the normal warping stress, the value of
e“is needed. The value of © for a given loading condition and beam
span may be evaluated using formulas or design charts. Roark,and Young
(5) give formulas for obtaining S for a multitude of loading conditions.
The Bethlehem Steel Corporatfon publishes a torsional design handbook
(2) that contains design charts for a rapid determination of 9“ for -
a limited quantity of load eases.

For the loading condition consisting of two crane wheels on a
simply supported beam span, the equations for @"were given as EQ.
(2-21) or EQ. (2-22). EQ (2-21) tan be rewritten as:

17 To

i TR

(3-5)

where

R .=%i'r_-;-1-hl£—%—(sinh@(L - B)+sin¥L . .'B - S))(B-é) _
EQ. (2-21) 1s valid only i S £ 0.586L. The expression for R is cumber-
some to handle and evaluate, but a very efficient design chart can be —
developed relating ©L., &9, o", Calculating a large quantity of
values for 9”, a plot can then be made as shown as Figure 3-2. In
order to use the chart, the value of BL for a given condition is located
on the abscissa. Then, moving vertically until the correct curve for
the value of $Sis found. It is necessary to only move horizontally
to the left and read the value for R on the ordinate. If the given
value for RS falls between two curves on the chart, linear interpolation_

may be used to yield a satisfactory value for R 1Fthe wheelbase T

S > 0.586L i s encountered, the chart cannot be used. In this.instance,

Y,
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however, the value of 9" as given by EQ (2-22) can be easily-cal cul at ed.
The fol | owi ng exanpl e showi ng the anal ysis of a crane beam will

demonstrate the use of these tables and the torsion theory.
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Exanple 3.1:

18% |5'>‘<
5-0
4.25]
\ | .
\-%3‘
L &6
-0
' : ES = A
1629
11,51
WIB¥S0-Qi2:201 — |

B
37s|3asl|”

h ¢
G ven the beamsection and | oad conbi nati on shown above,
find the maxi num|ive bendi ng stresses using both the nore
exact torsion theory and the usually accepted conservative

met hod.

Solution:

Since s<0.586L, eq(2-7) IS used to eval ute M., . Thus,
MX = 1378.13 kip-in.
Likewise, My is calculated as
My = 137.8 ki p-in.

The al | owabl e bendi ng stresses nay be eval uated
using the ALSC Steel Manual (1) Specifications, Section
1.5.1.4.5. For this conbination section,, the allowabl e
tensile bending stress is:

FbT = O.60Fy = 22.0 Kksi
The al | owabl e compression stress can be eval uated using

ei ther Code eq(1.5-6a) or eq(1.5-6b), whi chever appli es.
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Si nce

_Lsgtiey
L/rt 3 87 65.40
it is seen that:
3 4
102(10 )SL/rtS 51%(10 )
. y
or 53.2 = L/r, g 119.2

Therefore, Code eq(1.5-6a) is used to calcul ate the

allowable conpressive bendi ng stress. Hence,

N ¥.l1r/v )2
F -‘-3- - % F
oC ¥530(10)%] L4

F

PC = 20.4 ksi °
Wth the all owabl e stresses cal cul at ed, the act ual

bendi ng stresses can now be eval uated. The stresses at
points A and B wll first be evaluated using the conserv-

ative nethod. For this nethod, the bending stress for the

top (compfeésion) flange is given by the equation:

, M_c C ]
X yef
wher e chf = nmonent of inertia of the top flange

CyrCy = di stance to pdint under consi deration
fromthe X-axis and Y-axi s, respectively

4

For the conbination section in this exanple, I._-=149 in.

yef
Now, eval uating the maxi num conpressive stress at point As

_ 1378.13(6.76) . 137.8(6.0
foa = =5 1120.38 * 2215%76'2

bA = 13.9 ksi = Fbc.='20.4 ksi ©.K.

¢

The tensile stress at point B is cal cul ated as:

R T R LT
- S 1120.8
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f. = 14.15 ksi < F.. = 22.0 ksi  O.K.

bB bT
Next, the bending stresses will be cal cul ated using

the nore exact torsion theory.. First, the unsymetri cal
bendi ng stresses will be calculated using eq(2-5). Thus,

M o Mxx
£, ™ 0= 4~ oot (2-5)
y y

Cal cul ati ng the conpressive bendi ng stress,

B 6.76 \, 6.00
fype = 1378.13({120.8/* 169.1(0:10)
fio = 13.20 ksi = Fyq = 20.4 ksi .

bC

The tensile bending stress is now cal cul ated as,

‘11,51
fpp = 1378, 13(:1120 8) ‘%‘zj(o 10)

f 17.21 ksi < Fb’l‘ = 22.0 ksi

bT
Now, the warpi ng normal stresses have to be

cal cul ated and added to the unsymmetrical bendi ng stresses

-caleculated above. The warpi ng normal stress can be eval -

uat ed using eq(2-9):

"

fbw = Ewn'e

where ©'is found using eq(3-5),

T
n 1 --
o' =5 8sR
CE®
wi th
Ty = PAE, + R)
T, = 1.5(1.88 + 4.25)

T, = 9.20 kip-in.

So, the value of ©is calcul ated as:

3



" 1 9.20(102.28)

&' = 0.10468/E .
So, the normal warpi ng stress (conpressive) at point A is:
Towa = EWpp ©

'

pwa = 7+30(0.10468)

fowa = 0- 8 ksi
and, the nornal warping stress(tension) at point B is:

fwa = E WnB S

: 4 61.42(0.10468)

bwB

fwa = 6. 4 ksi .

Now, addi ng the warpi ng nornal stresses to the
unsynmet ri cal bending stresses at points A and Bw Il give
the total bending stresses for the torsion nethod. So,

fop = 13.2 + 0.8
£, =140ksi = F o =20.4 QK

and
4

bB 17.2 + 6.4

be = 23.6 ksi> Fop = 22.0 ksi No Good

a8 shown, the all owabl e tension stress in the béttom
flange is exceeded, so the torsion nethod of anal ysis
I ndi cates the beamis overstressed while the "conservative"
nethod indicates it is not overstressed. Thus, it appears

the "conservative" nethod may not al ways be conservati ve.

I n conparing the stresses cal culated by the two
net hods, a very interesting itemis observed. The torsion

e b



met hod of anal ysis and t he conventional ‘method yi el ded

al nost equal val ues for the conpressive bending stress;
13.9 ksi versus 14.0 ksi. But, the conventional method
underestimated the tensile bending stress , grossly.

The conventional nethod yiel ded a tensile bending stress of
14.2 ksi while the torsion analysis yielded a tensile
bendi ng stress of 23.6 ksi. So, it seens the conventional
method i s conservative only with respect to the conpressive
stress and i s unconservative wth respect to the tensile

stress.
| n the design of a crane beam the process is not

straight-forward due to the many unknown quantities encoun-
tered. Most often,the designer will know the required beam
span and the capacity of the crane (along with all corre-
spondi ng manuf acturers' di mensions and wheel |oads) that are
to be enpl oyed. Therefore, a suitable conbination section
must be chosen. This usually requires a trial and error
procedure, but the design can be considerably shortened if,
for a given wheel |oading condition and conbi nation secti on,
t he maxi mum al | owabl e span for the beamwas known. By
expandi ng the conputer programused to cal cul ate section
properties for conbination sections (see Appendix A), a set
of tables has been constructed i n which the naxi num al | ow
abl e I engths have been |isted for a variety of wheel | oads,
| at eral | oads, and wheel bases. Al so, tables are given for
either 36. ksi or 50 ksi grade steel. These appear as

Pable 3-3. The conbination sections listed inTable 3-3
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TABLE 3-3 (cont.)s Maxi mum al | owabl e beam Iéngths

[ 8§ =7'-0 B o
i é ..Py = 0.08p Fy = 36 ksi
, -WHEEL TLOAD P_ (kips)!
SECTION — 3 ! ,

5.0 | 10.0 | 15.0 | 20.0 | 25.0 | 30.0 | 35.0 | 40.0 | 45.0 | 50.0 | ss.a | 60.0 | 5.0 | 70.0 | 15.0

Wi2x 26-C1l0%X15.3 | 26.25 15.17 1M.67 8.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Wi2X 26-C12X20.7 | 20.25 |16.25 | 12.42 9,42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Wi1aX JQ-C10X15.3 30.83 17.31 13.17 10.42 .17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0C 0.00 0.00
Wwléex 30-C12%20.7 33,617 18.175 14.C0O 1L.67 9.17 0.00 0.00 0.00 0. 00 0.00 0.00 0.00 0.0C 0.00 0.C0
W16X 3A-CI2%X20.7 | 39.42 | 22.61 16.58 | 13.67 J11.92 9.83 0.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.C0
Wl16X 36-C15X33.9 | 47.58 | 25.50 | 18.42 | 15.00 12-92 | 11.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.C0
Wisx 50-C12%Xx20.7 | 41.00 31.58 | 22.17T |1 1767 J15.08 | 13.42 | 12.25 |10.83 9.50 0.00 0.00 0.00 0.00 0.00 0.00
W19X S0-C15%X33.9 | 54.00 | 36.CO0 | 75.08 | 19.83 J1¢€.83 J14.83 |13.42 | 12.33 11.25 0.00 0.00 0.00 0.00 0.00 0.60
W21X 62-C12%X20.7 | 43.25 34,67 | 27.58 | 21.58 J18.17 ] 15.92 | 14.33 |13.17]|12.33 | 11.33 ] 10.25 9-33 0.00 0.00 0.00
W2iX 62-C15X%X33.9 | 56.58 | 45.33 ] 32.C3 | 24.92 | 20.75 18.08 16.17 | 14.75 13.67 12.83 12.17 ] 11.25 0.0C 0.00 0.00
W21X 68-C12X20.7 | 43.50 34.92 | 36.00 | 23.25 19.42 | 17.00 15.25 13-92 | 12.92 12-17 11-17 | 1017 9.33 0.00 0.00
W2IX 68-C15X33.9 | 56.75 | 45.50 ] 34.83 26.92 22.33 19.33 | 17.25 15.67 14.50 13-58 | 12.15 12.17 | 11.33 0.00 0.00
H24X 68-C12X20.7 | 44.92 | 36.00 | 30.42 | 23.67 |16.83 | 17.33 | 15.58 14.33 | 13.25 | 12-50 | 11.75 | 10.75 9.83 9.17 0.00
W24X 68-C15X33.9 | 58.58 | 46.92 36,17 | 27.92 | 23.17] 20.00 | 17.92 |16.25 ] 15.00 | 14.08 | 13.25 | 12.58 12-00 | 11-17 0.00
h24X 84-C12X20.7 | 45.92 36.83 | 32.17 28.58 | 23.67 20.42 ) 18.C8 16.42 15.17 14.17 13.33 12.67 | 12.0¢8 11.25 | 10.50
W24X 84—-C15%X33.,9 | 59.17 47.31 41.42 33.92 27.67 23.75% | 20.92 18.92 17.33 16.08 15.08 14.25 | 13.58 12-92 112-42
W2TX 84-C12X20.7 | 47.58 | ¥8.0A 23,33 | 28.67 | 23.75 ] 20.50 | 18.33 16.67 15.33 14.33 13.50 | 12-83 ] 12.25 11.58 | 10.83
W2TX B4-C15%X33.9 | 61.08 | 4B.83 | 42.75 ]| 34.33 | 2¢€.08 | 2417 | 21.33 | 19.33 | 17.75 ] 16-50| 15-42 | 14.58 | 13-92 | 13.25 12.75
HW2TX 94-C12X20.7 | 48.42 38.67 | 33.92 30.42 26.25 22.50 19.92 18.08 16.58 15.42 14.50 | 13.75 | 13.08 ] 12-50] 12.60
W2TX 94-C15X33.9 | 61.50 | 49.1T7 | 43-17 | 38.25 31.08 | 26.50 23.33 21.00 | t9.17 17-75 16.58 15-67 | 14-03 ]| 1417 | 13-58
WIOX 99-C15X%X33.9 | 61.50 | 49.17 ] 43.CH | 37.33 | 30.50 26.08 | 23.00 | 20.75 19.00 17-58 | 16.50 15-58 ] 14-75 14-08 ] 13-50
HIOX 99-CI8X42.7 | 73.17 | 58.50 | 51.25 | 41.50 | 33.83 | 28.82 | 25.33 | 22.75 20.75 19.25 | 18.00 | 16.92 | 16.00 | 15.25 | 14-58
W30X116~-C15X33.9 | 63.75 | 59.92 | 44.67 | 40.58 | 37.08 | 32.17 28.08 | 25.00 22.75 | 20.92 19,452 18-25)] 17-25 1 16.33 | 15.58
W30X116-C18X42.7 | 75.42 60.17 ] 52.83 ] 47.83 | 42.67 35.92 | 31.17 | 27.715 | 25.08 | 23.08 | 21.42 | 20.00 | 18.83 | 17.92 17.C0
W3IIXLLO-C15X33.9 | 65.75 52.50 46.00 ]| 41.81 | 38.33 32.7% | 28.58 25850 23.25 21.42 | 19.92 | 18.67 | 17-67 | 16.75 16.00
W3IX118-C18X42.7 | 77.58 | 61.92 | S4.25 | 49.25 43.67 36.75 | 32.00 28.50 | 25.83 | 23.75 | 22.00 20.67 19.42 | 18-42 17.58
WIMX141~-C15X33.9 | 6T7.25 53.58 | 47.C0 | 42.83 | 39.67 | 36.83 34.00 30.08 27.17 | 24.83 23.00 21.50 20.11 19.08 | 18-17
W3IX141-Cla%42.7 | 718.50 | 62.%58 | 54.92 | 50.00 46.17 42.75 38.08 | 33.67 | 30.25 | 271.67 | 25.50 | 23-75] 22.33 ] 21-08 | 20.00
W3IRX1I5N-C15%X33.9 | 6R.83 | 54.81 66.08 43.75 4C.58 | 37.83 35.42 31.83 28.67 26.17 24.25 22.58 21.25 20.08 ] 15.08
HW3I6X150-C18X42.7 | 80.08 63.81 56.00 | 51.00 41.25 43.92 | 40.58 35.75 32.17 29.33 27-00 ] 25.17 23-58 22-251] 21.C8

Note: A value of 0.00 indicates allowable web shear stress exceeded.
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TABLE 3-3 (cont.)s Maxi mum al | onabl e beam | engt hs

g P 3
¥ : S =7'-0 ¢ n
X &
= F,, = 50 Kksi
Py—O.IOPx %
WHEEL LOAD P_ (kips)
SICTICA X
St Loy Jasaa o v 7saa | e | 3s.y | aa.n | 45.0 | 500 | ss.0 | 60.0 | 65.0 70.0 | 75.0

Wi2X 26-C10X15.3 ]| 29-58 | 18-33 | 13.75 |uL.L7 8-75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
W12X 26-C12%X20.7 | 35.92 | 20.00 | 14.75 | 12-25 9-83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.CC 0.00
Wl4X 30-CL10X15.3 | 30.58 | 21-08 | 15.42:]12.75 10-58 8-67 7-42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.€0
Wiex 3IN-CL2X%20.7 | 37-25 ]113-25 | 16.83 |13-75]12-00 9-92 8-42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.C0
Wi6X 36-CI2%x20.7 | 38.58 | 28-58 | 20.17 | 16-11 | 13-92 J12-42 |J10.83 9-42 =3 0.00 0.00 0.00 0.00 | -0.00 0.00
Wl6x 36-C15%X33.9 | 51-00 | 32-92 | 23.00 |18.25 | 15-50 | 13-67 | 12-42 ] 11-08 9-75 0.00 0.00 0.00 0.00 0.00 0.00
W1BYX S0-C12X20.7| 40.08 | 32.25 | 27.58 | 21-50 | 18-00 | 15-75 | 14-17 | 13-00 | 12-08 ] 11.00 9-92 9-00 0.00 0.00 0.00
Wi8X 50-C15%33.9 | 52-92 | 42-50 | 32-08 | 24.83 | 20.58 | 17.82 | 16.00 | 14-58 ] 13.50 | 12-58 | 11-92 | 10.83 0.00 0.0C 0.C0
W21x 62-C12X20.7 | 42-00 | 33.67 29.67 26-42 | 21-83 ] 18.83 16.83 | 15.33 | 14-17 | 13-25 | 12.50 | t1.83 | 10.92 | 10.08 9-33
W2LX 62-C15%X33.9 ] 55.25 | 44-25 | 39-00 | 31.50 | 25.75 | 22-08 | 19-50 ] 17-61] 16-17 | 15-08 | 4447 | 13-42 | 12-75 | 12-17 ] 1l.58
W21X 6B-C12X20.7 | 42-25 | 33-92 | 29-83 | 27.00 | 23-58 | 20.25 | 17-92 ] 16-25] 15-00] 14.00 | 13-17 | 12-50 | ¥1.92 | 11.0C] 10.17
W2ilx 68-C15X33.9 | 55-33 | 44-42 | 39-00 | 34-25 | 27.92 | 23-75 | 20.92 | 18.83 | 17-25] 16-00 | 15-00 | 14-17 | 13-42 | 12-83] 12-33
W24X 68-C12%20.7 | 43-50 | 34-92 | 30.75 | 27-83 | 23.75 | 20.50 | 18.25 | 16-58 | 15-25 | 14-25| 13-42 | 12-75 | 12-17 | 11-42]| 10.¢€7
W24X 6R-C15X33.9 | 57-08 | 45-75 | 40.87 | 35-17 | 28-67 | 24-42 | 21-58 | 19-42 ] 17-83| 16-50 | 15-50 | 14-58 | 13-83 | 13-25] 12.75
HW24X 84-C12X29.7 | 44-42 | 35-59 ] 31-33 | 28-58|2633]24.50 |J21-58] 19-33]17-75] 16-42] 15-33 | 14-50 ] 13-75] 13-08| 12-58
W24X R4-C15X33.9 | 57-50 | 46.08 | 40.50 | 36.92 | 34.08 | 29-50 | 25-67 | 22-92 | 20.83 | 19-17 | 17-83 | 16-75 ] 15-83 | 15.08| 14.42
W2IX B4-C12X20.7 | 46-00 | 36-15 | 32-33 | 29-50 | 27-25 | 24-33 | 21-50 | 19-42 | 17.75 | 16.50 15-50 | 14-58 | 13-92 | 13.25] 12-75
W2TX 84-C15%X33.9| 59-25 | 47-42 | 41-61]38-00 | 35-00 ] 29-58]25-92 | 23-17]21-08] 19-50| 18-17 | 17-08 | 1617 | 15-33| 14.€1
W2TX 94-C12%20.7] 46-75 | 37-33 | 32-83 | 30.00 | 27-83 | 25-92 | 23.67 | 21-25 ] 19-33 | 17-92 | 16-75 | 15.75 | 11-92 | 14-25] 13.58
HZTX 94-C15X%33.9 | 59.67 | 47-67 | 41-83 | 38-25|35.50 | 32-83 ] 28-50 | 25-42 | 23-00 | 21-17 | 19-61 | 18-42 | 17-42 | 16-5( 15.75
WINX 99~C15X33.9| 59-67 | 47.67 | 41-83 | 38.17 | 35.42 | 32.08 | 27-92 | 24-92 | 22-67 | 20.92 | 19-42 | 18-25 | 17-25] 16-42] 15.617
W30X 99-C18X42.T| 71-25 | 56-92 | 49-92 | 45.98 | 42-17 | 36.17 | 31-42 ]| 27-92 ]| 25-25| 23-25] 21-58 |.20.17 | 19-00] 18-00| #7.17
W3OX116-C15X33.9 | 61-67 | 49-25 ] 43-17 | 39.42 | 36-67 | 34-50 | 32-50 | 30.58 | 27.50 | 25-08 | 23-17 | 21-58 | 26.33 | 19.27] 18-25
W3I0XL16-C18X42.7 | 73,17 | 58-42 | 51-25 | 46.75 | 43.50 | 40.83 | 38-42 | 34.58 | 31-00| 28-25 ]| 26-00 | 24-17 | 22-67 | 21-33]| 20.25
W33X118-C15X33.9] 63-50 [ 50.67 §44-42 §40.50 §31-75 ] 35-50 | 33.50 | 30.83 § 27-83 | 25.42 23-50 }22-00] 20.67 } 19-50} 18-58
WIIXLL O-C1BX42.7 } 7517 }59-92 | 52-58 }41-92 | 44.58 | 41-92 | 39.50 ) 35.17 | 31.58 ] 26.83 | 26-58 | 24.79% | 23-17 | 21-92| 20.15
W3I3X141-C15%33.9 ] 64-32 | 51-75 | 45-33 |41.33 | 38-50 ] 36.2% | 34.42 | 32:75 | 31.25 | 29-83 | 27-58 | 25-58 | 23-92 |} 22.50 | 21-33
W33X141-Cl8X42.7 | 75-92 | €0.58 | 53.08 148-42 | 45-00 | 42-50 | 40.25 38.25 | 36-42 | 34.08 | 31-17 | 28-92 | 26.92 25-33% 23-92
HA6X150-C15%X33.9 ] 66-33 | 52-83 | 4€.25 | 42-17 | 39-25|37-00| 35.t7 ] 33-58 | 32-00 | 30.67 | 29-00 | 26.83 | 25-08 | 23-58 | 22-33
W3I6X150-Cl8X4A2.T | 77-42 |61-67 | 54.C8 | 49.25 | 45.83 | 43.25 ] 41.08 | 39-08 | 31-25 | 35-58 { 33.00 | 30.50 | 28-42 | 26-67{ 25-17

Note: A value of 0.00 indicates allowable web shear strese exceeded.
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are the same common sedtions listed in part one of the AISC
Steel Manual, , |

To use the table as a design aid, it is first
neéessary to select the correct table. There are listings
for wheel bases of 4'-0, 5'-0, 6'-0, 7'-0, 8'-0, and 9'-0.
Also, the listings are fepeated for varying | ateral | oads,
P_, which are expressed functions of Per 1.etP IS

¥ Y
ei t her 0.08P,, 0.10P,, Or 0.12P_. Thus, t he desi gner nust

use the table with the wheel base. |ateral |oad, and grade
of steel that corresponds to the design situation. Once
the proper table is selected, the colum for P the direct
wheel |oad, nust'be selected so that it again corresponds to
the design situation, The values of P_ range from a |
mninumof 5 kips to a maximum of 735 kips,‘vvith inter-
medi ate values of P_ in multiples of 5 kips. with the
correct value for Px~selected, t he designer must find the
‘length inthis colum that is closest to the actﬁal | ength
used. Cbviously, the I ength selected cannot be |ess than
t he design | ength needed. The combination section-that
corresponds to this length shoul d be used.

In constructing these desi gn tables, sone simpli-
fying assunptions were nmade. The first assunption made was
t hat constant rail height.of five inches will 'be
"enpl oyed. The rail height has a direct effect on the
torsional stresses since the torque increases or decreases
with a change in wheel height. Crane rails are avail able
indifferent sizes, with the heights varying from 3.5 in. "

to 6 in. The lengths i n the tables, however, useonly 5 in.
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and differ by |eas than ¥8#% for other actual rail heights.
| N most cases the error "is about 2%, which is not too

significant. This is demonstrated in Table 3-4.

P, = 20 kips Py = 2,0 kips ~ Wheelbase = 4'-0
RA|L HEIGHT
SECTION i % DIFF.
| 4.00" |5.000 | 6.00n |5"%0 €
W12X50-C10X15.3 '3.03% | 11.33 | 11.00] 10.75 | 2.27%
W18X50-C12X20.7 | &4.22% | 14.42 | 13.83| 13.42 | 4.22%
W24X84-C12X20./ 2.80% | 23.75 | 23.08( 22.42 | 2.89% .
W30X99-C18X42.7 3.29% | 36.67 | 35.50| 34.42 | 3.05%

TABLE 3-4: Typiéal difference in maximum allowable
lengths for varying rail heights.

The use of 8%, 10%, or 12% of the vertical |oad
for the lateral | 0oad applied at the top of the rail was
another simplification used. |t is neither feasible nor
desi gn expedient t0 try t0 use anything nore precise. The —
| ateral | oads on a crane beam seldom fall bel ow 8% or
exceed 12%. Therefore, if "the lateral Iéadllies bet ween
tWo percentages given in the tables, |inear interpolation
can be used to derive the maximum al |l owabl e | ength. This
Interpolationyields a length that is al nost precisely
the correct value wth an error far below 1%4. This is
illustrated in Table 3-5 in which lengths . are conpared
from I nterpol ation and by actual calculation for a lateral -
| oad not included in the design table. The design tables
can al so be extended linearly past the 8% or: 126 range

and still yield very satisfactory results.
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W21X62-C12X20 15.50
W27X84-C15%X33.9
W36X150-C18%42. .83

Table 3-5: Conparison of allowable | engt hs obtained by
calculation and by intarpol ation of Table 3-3.

Using a similar simplifying assumption foOr the
crane wheelbases, linear interpolaﬁon may again be used
for an actual wheelbase that lies between the ones |isted.
Wheelbase dimensions vary from one nanufacturer to anot her
and it is not possible t0 even attenpt to list all the
di fferent possible spacings that ean be encountered. But,
the range présented should be sufficient to cover most
desi gn situations that wll oceur. Linear I nt erpol ati on
between tabl e8 can be used for a wheelbase not |isted
Wth a very insighificant error.

When using Table 338 if a length of 0.00 is
listed, this signifies the shear stress in the beam web

exceeds the all owabl e stress (as defined by Al SC Section
1.5.1.2). In evaluating the actual Wb shear stress in

the beam, a value o' twice. the vertical |live | oad was

al ways used t0 calculate the shear stress. Wile this is
not .correct.and i s only approxi nate shown by Fig. 3-%,
the length of the beam in which shear controls is €0 short

that a veam Of that length is not practical to use.
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S LOAD CONDITION
FOR MAX. SHEAR
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<
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Ra Re
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Voax net™ at, = ¥ : = qﬁ-l;"—x-
d‘tw “Yw

Figure 3-4, Approkination of web shear.

" In Table 3-3, the lengths listed are the naxi num
Iengths that can be used for that particul ar conbi nation
section. Therefore, the actual bending stress in the beam
woul d be approxi mately the same as the al | owabl e bendi ng
stress as defined by AlSC Section 1.5.1.4.5. The al | owabl e

tensile stress is given as 0.60F,, and the al | owabl e com-

Y
preesion stress is given by either eq(1.5-6a) or eq(1.5-6b)

dependi ng on the val ue of L/rt for the conbination section
bei ng used. The lengths |isted are thus the maxi mumlengths
that may be used for a sinply-supported span.

. -‘The fol |l ow ng exanples wi || denonstrate t he use
of Table 3-3.
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EXAMPLE 3-2:

Q@VEN The foll ow ng crane | oad conditi ons,

. K - '3
ﬁno‘ ) 25'0 25. L8
=0

; \ .
J 5'0"

25-0

gy

TOF ND Using Table 3-3, find the |ightest suitable
conbi nation section for both 36 ksi and 50 Kksi
grade steel s.

SAUNON _36 ksi_steel :
Wsing Tabl e 3-3 on page4 , and using the

colum for p = 25 ki ps:

Sel ect either
W24X84-C15%X33.9 A | owabl e | engt h= 26. 08'

or W27X84-C15X33.9 A | ownabl e | engt h= 25. 83
Wil e both sections are satisfactory and both
have the sane weight, it is advantageous to use .
the w27X84-C15%33.9. S nce this section has a
|arger allowable length, it wll have a | oner
bendi ng stress. In addition, it wll also
defl ect |ess.. -
Now, the stresses can be checked in the
section using the torsional theory.

Tensi on stress:

fyp = 21. 4 ksi Fop =220 ksi  OK.
Conpr essi on stress:
fo = 12.8 ksi Foe = 20. 3 ksi O.K.

Thus, the section is adequat e.

(i



50 ksi steel:

Wse Fabl e 3-3 on page63 and the col umm for
P. = 25 kips.
el ect
W21X62-C15X33.9 Alowabl e length = 25. 75
Acheck of the bendi ng stress vyi el ds:

Tensi on stress:
= 29.5 ksi Fup 30. 0 ksi QK

£y
Gonpr essi on st ress:

c = 16. 2 ksi FbC = 26.5 ksi QK

Ty
Therefore, a w21X62-C15X33.9 section of 50 ksi

grade steel is adequate for the | oad condition.
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EXAMPLE 3-73:

A@MVEN The fol l owi ng crane | oad conditions!

35.0"° 35.0° 38.0%
8. 0
y Y 3. ‘5_"
A 4 ;
5,0
20-0

TOFIND Using Table 3-3, find the |lightest suitable
conbi nation section for 36 ksi grade steel.
SCLUTION For this | oad condition

P
P IS 0.09

Tk

Therefore, it will be necessary to interpol ate

bet ween t he tabl es for PY = 0.08PX and Py = 0.10P_.

Sel ect :
W27X84-C15X33.9 Al l owabl e | ength = 21. 50

A check of the bending stresses yields:

Tensi on stress:

fyp = 20.4 ksi Fop = 22.0 Ksi QK
Conpr essi on stress:
f.~ = 12.0 Kksi F,. = 22.0 Kksi QK

bC bC
Thus, a w27X84-C15X33.9 section is adequate.

T



EXAMPLE 3-4:

GIVEN: The follow ng crane | oad conditions:

s0% 1S, 0%
-6 |
“ 120 %
X i |
A 5,0
2580

TOHND Wsing Table 3-3, find the |ightest suitable
conbi nation of 36 ksi steel .
S UM ON:

P
—PL:O.O8
X

For -this | oad condition, the wheel base is 6'-6",
Therefore, it wll be necessary to interpol ate
between the tables for S=6-0 and S = 7'-0.
Sl ect :

W21X62-C12X20.7 Alowabl e length = 27.04°
A check of the bending stresses for this sel ection
using the torsiona theory vyields: -
Tensi on stress:

fop * 201 ksi F

BT 22.0 ksi | QK

Qonpr essi on st ress: .
18.1 Ksi 0.K.

fio =132 ksi F

bC

Thus, this section is adequate for the | oad
condi tion gi ven,
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Chapter 4

DISCUSSIONS AND CONCLUSIONS

By making a comparison of the torsional theory of combination sec-
tions and the so-called "conservative" method, a very interesting point
7 154 WaS observed. It appears the "conservative” method is not always con-

servative. This is dramatically shown in Example 31. In the conserva-
tive method, the top flange of the combination section is assumed to
carry the entire lateral force while in the torsional theory, the entire
cross-section resists the lateral load. Since the first method over-
estimates the compressive stress in the top flange, the method is con-
sidered to be conservative.

When a channel is mounted to the top flange of a wide-flange shape,
which, in turn, is to be unsymmetrically loaded, three things are accom-
plished. First, the stresses in the top flange due to the vertical

load are reduced since the neutral axis is shifted closer to the top.
Second, the bending stress in the top flange due to the lateral load
I's also reduced since there is a greater section modulus in that direc-
tion. And third, the radius of gyration of the built-up top flange
i s increased and thus, the member is less likely to fail by lateral
torsional buckling. Also, the AISC specifications address this by
permitting a larger allowable compressive stress. The resulting built-
up wide-flange shape is also more effective because the shear center
Is shifted toward the top flange, thereby making the torque on the sec-
tion smaller so the warping stresses are, .inturn, |ower.

While the addition of the channel is beneficial for the top flange,

it is detrimental to the tension flange. Since the neutral axis is
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shifted toward the top, the section modulus for the tension flange is
reduced, often by a very significant amount. This will, in turn, yield
a higher bending stress in the bottom flange. This fact was highly
evident when Table 3-2 was initially developed. Obviously, the per-
missible length of a beam is at an optimum when the bending stress in
either the compression or tension flange has reached its allowable
stress. In the vast majority of the cases for sections listed in Table
3-2, the allowable tension stress in the bottom flange was reached
before the allowable compressive stress in the top flange.

It should be noted that it is perhaps preferable that the tension
flange reach its maximum allowable stress first. Since, if the compres-
sion flange controlled the design, the beam could eventually fail much
more suddenly due to lateral-torsional buckling. Local buckling problems
are also minimized. As with any.type of buckling failure, the failure
is usually sudden and catastrophic as compared to a tension failure
in which the steel would first begin to yield, going from an elastic
state to a plastic state at a progressive rate. All engineers have
seen stress-strain curve for a tensil specimen of steel. The steel
must yield considerably before rupture will occur.

Although Table 3-2 is very useful in the design of crane beams,
it is subject, to a few shortcomings. The first being that the maximum
lengths listed in the table do not take into account the beam weight
or the crane rail weight. This dead weight can be considered by merely'
increasing the value of P, by a very small percentage, for example,
an equivalent concentrated load procedure could be easily developed.

In any case, the bending stresses arising from the beam dead weight in
this instance will be very small considering the magnitudes of the live

. loads involved.
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Another limitation of the tables is that the sections listed were
not checked for compliance to Section 1.9 of the AISC Steel Code Speci-
fications. This section deals with the width-to-thickness ratios of
elements under compression. Usually, for hot-rolled shapes, this is
not a controlling factor for the grades of steel considered.

Finally, the members in Table 3.2 are not loaded in such a way
as to produce a fatigue failure. Obviously, for a beam that has a large
number of loading cycles, Table 3-2 cannot be used and the design of
the beam must be handled by a long-handled solution.

Even with these shortfalls, the design tables still provide a very
useful aid for the design of crane beams. Table 3-1, the table of
section properties, is extremely useful in that it provides properties
for over 150 possible combination sections. Even though Table 3-2 has
a maximum wheel load of 75 kips, it is still useful for the structural

engineer who only occasionally designs beams for medium-sized cranes.

ooy -

Obviously, for a heavy duty crane, such as in a steel mill, a built-"
up plate girder will most likely be used. For occasional use, however,
and especially for purposes of quickly estimating a crane runway, this

design aid is extremely useful.
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APPENDO X A

This programhas tw nain functions. Frst, for a
gi ven w de-fl ange shape and channel section, the program
Wil calculate the elastic.,torsional, and warpi ng
properties for the resul ti ng conbi nati on secti on. Second,
for this conii nati on section, the propgram Wwll give the
naxi numal | onabl e length of a crane beamfor a gi ven two-
wheel crane | oading condition and grade of steel. using the
torsional theory devel oped in Chapter 2.

| NPUT
To use this program, the crane | oadi ng conditions and steel
grade nust first be entered. Using a fornat of (5F10.3),
the first line contains:
4 , S, RKH, F

i y
wher e P, = \ertical wheel load(kips)
P, = Lateral wheel |oad (ki ps)
S = Qane wheel base (in.)
RH= Gane rail Height (in) o
Fy = Seel yield stress (ksi)

Next, it 1S necessary to input the di nensions and
properties of the individual w de-flange shape and channel
section, inthat order. Hrst for the wde-fl ange shape,
using a fornat of (2I5,7F10.3), the dinensions and proper-

ties needed are entered in the fol | ow ng order:
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HGTW ,WTW ,AWF ,DW, BFW, TF, TW, IXWF, IYWF
wher e HGTW = Nom nal hei ght of the w de-flange (in.)
wTw = Wi ght of the wi de-flange (I bs)
AWF = Area of the section (i n2)
w = Depth of the wide-flange(in.)
BFW = Flange width (in,)
TF = Flange thi ckness (in.)
™ = Wb thickness(in.)
IZWF = Monent of inertia about X-axis (i n4)
IYWwr = Monent of inertia about Y-axis (i n.‘}
Next, for the channel, using a Fo&MaT of (I5,F5.1,
7F10.3)the dinensions and properties needed are entered in
the fol | ow ng order:
HGTC,WTC,ACyBFC,TFC,TWC,IXC,IYC,XBAR
HGTC = Nom nal hei ght of channel (in.)
WC = Wight of the channel
AC = Area of channel (in. )
BFC = Channel flange width(in.) .
T™C = Channel flange thickness (in.)
| XC = Monent of inertia about the X-axis (i n4
| YC = Monent of inertia about the Y-axis (j’n 4y

XBAR = Di stance fromneutral axis to the
back of the channel, (in.)

This programis designed to handl e any quantity
of conbi nation sections for the one set of given | oadi ng
conditions that were entered on the first line. Therefore,
It 1s only necessary to enter additional dinensions and

properties of individual wide-flanges and channel s, as before.



When t he desi red‘conbi nation sections have been entered,
the programis halted by the insertion of a blank card
as input.
_OUTPUT
The first line of output gives:
AREA, Y1, | X 1IY, RT, EB

wher e AREA = Area of the combination section (in?)
Y1 = Distance from the neutral axis to the
bottom flange of conbi nation sectlon(in)
IZ = Moment of inertia about X-axis(in )
|Y = Moment of inertia about Y-axis (i n4)

RT = Radius Of gyration of top flange (in)

EB

n

D stance from shear center to the
pottom flangs (I N

The second line of output gives:
K, A, CW, WNA, WNB

whrer K = Torsional constant(ir147
A =1/ = (ECy/cK) %
CW = \Mrpi ng constant (i n6)
wNA = Nornalized warping funciion at point
on t he toparFange 5 ’
wNB = Nornmal i zed warping functioa at p0|nt

on the bottom flange (in .

The third 1ine of output merely gives the | oading
conditions that were entered The last |ine of output prints
t he maximum al | owabl e | ength for the conbi nation section
and indi cates whether the tension flange Or conpression
flange has the larger stress. The fol |l ow ng exanpl e will
il lustrate the use of .the program



EXAMPLE:

GIVEN: Px =20.0, Py = 2.0, 8= 60.0 in.,RH = 4.0 in.,

Fy = 36 ksi

Using t ho program gi ven, cal cul ate the section pro-
perties for a conbination section consisting of -a

FIND:

w18X50-552§go.7 and cal cul ate the nmaxi num al | owabl e
R
| ength i+ nay be used for the given | oadi ng conditi ons.

SOLUTION: - _ _
The individual section properties and | oadi ng

conditions must be entered using the formats Stated

previously. So, the follow ng is entered:

...................

1234567 890nmn ERIRCAURURURCE Bl] 2BABWBAN/NNLNN 353637383540 41 4243 M4 4546 47 434350 51 3253345356 5798 5900 61626364 G508 67686 T0 N 7273 1A 1506 77 7875 §

26,0 2.0 666 4,050 6.6

gl BN - M o ol N .. g e
13 38 " 14,7 17,99 7.43% 5.97205 8.33% ..885.6 20,1
12 28,7 6.0% T 2.942 §.961 @ 6,832 . 123.0 3.53 fi, £33

and the results followwth a maximum al | owabl e

length of 15.33 ft. and the naxi num bendi ng stress
occuring in the bottom fl ange.
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1Jcs

Q(L~4®(n +

10
11
12
13
LS
lb
L7
13
19
20
21
22
23

29

0

i i

233

24—

25
26

27
2a

ey, e

30
Il

¥ - s s

33
34

35
3o
33
19
40
41
42
43
44
45
40

43

= S ———

INTECER %T%+ FGTh, FCTC

KEAL IXwF, IYWF, IXCe IYC, IX, IY,IYCF

REAL L, LFINAL, INCR, LA, LB, MX

THIS FRCGRA¥ CALCULATES SECTIGN PRCPERTIES AND 7CR<ICNAL
PRCFLFT ES CF CC”E”vEC WICE=~FLANGE ANC CHANNEL SECTICNS
RE2AC(E CIPX3FYyS4RF,FY

FCREAT(‘FIO.Z) g it

CCNTINLE T

REBC{S,1CO0) FCThuTh, A“F: Che 8Fhy TFy Thy [XWF, IYWF
IF{FGTW.EQ.Q) GC TC 10QCC

- REAC(542233)FGTC, WTCAC,BFCITFC, ThC 4 IXC,y [YC,XEAR -JE

ECAMATUIS s FEel 4 1R TCS2)
AYBAR=53AWF*CH+A4C*(Ch+ThC—-XEAR)
AREA= AwF+4AC
YL = AYUAR/AREA
¥ = Cw+TuC-Y1
[ [XWFAANF®(Y 1= S*Cw =32+ [YC+ACHF(Y2-XBAK|*32
IY=IYWF+1XC
21=RFC-TwC/2.
E2=BER/ 2 .. gt
RCakC1C
CCab(~TF(C {
B2=.5+CC-~83 - e
T1=TFC
T2=TwC

——13=Tf S RIS e

CT=Cw+(T2-T3)/2.

EE=(E1*T]‘CC*‘2*(81/4 +DT/2.)OTZ‘EC**3*CT/1<-+2 /3 ‘T!*E’**B‘(BT‘
LT242:6=1342e):) 1 1Y Bl e e
ET=01-€B

B4=B3+E2

AN=BI## 9T IRECRR) — ——— - e e
B=823#28(TZ+T3)R(ET-T73/2.)3%2
C=23,3822328(ET-T3/2.)1%%2+3 . *2ET3BR2*EI¥(ET-T2/2.)+(ETHB2)*22
C=3.2(ET¥84=032T 3/ 72, )2+ 2+B1*B4# {2 . #ETHB4-3,/2.%R32T3I+B1%E4) = ot
Ch=2L/2.4(AN+E+02*TZ2*C+81*T120)
XK=(2,8(EFWATFae3I+E13T1483)+(0w=TF)#Tha3+CCHThC23) /3,

= A SCAT I SRS CM Ry N, IR

WNA=83%(T13/2.-ET)-ET*E2 .
WNE=EB 2B "
[YCF=IXC4TF#AFW®23/12,
RT=SCRT(IYCF/(AC+BFn*TF+Th2*(Y2-TWC-TF)/3.))
CCI=PY /P>
CLE=Y L/ IN+RENRCCT /L2 o2 TY))
CLA==Y2/1X-FC2CaT/(2.%1Y)

CLE=WNR2A/Ch

CLA=WAA®A/CHW

BETA=1a4/A

FALL=U.EQ0%FY

TR ETTY b £ L L e e

FVALL=C.4C*FY

[F(FV.GT.FYALLIGC TC 3000

T=FY* (RE+ET) S b o v
L=s

INCR=12.C

- NA=0 A T 2 S R

KK=C
GC TC 46C
JJd=¢C
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&7 LFEMALSS .0

§3 GC TC alce
€9 46C CUNTIANLE
60 IF(NN=11422,423,423
61 422 CL=CLE
¥4 CLsCLE
53 GC TC 42
33 423 CLsCLA
CL=CLA -

922 IF(S=C.SE6%*L)n20,42C,520
o? 42C MY=PX3((L=S/2.)%22)/(2.%L
63 B=L/2.=5/4.

49 GL=SINF(EETA®8)/SINRIBETASL)
70 G2=SINR(EETA%(L-B ! )+SINH(BETA*(L-B=S)}
71 C2C1#%¢2
72 FACT=ABS (MX#CL+C3CL*T)
A [FLMNJES.IGE T ECC
T4 EL=L
78 CALL STRESSIELRT,PY FALL)
% [FIKK.EC.L)CC TC 11
7 GC 1C 80¢C
k£ 520 MX=FX#L/4.
™ FACT=AQS(MX*®CL + T#CL/2.*TANF(EETA*L/Z.])
20 [F(M EC.O)GC TC PCC
% ELst 7
42 CaLL STRESS(EL,RT4FY,FALL)
43 [F(KK.EC.L1)CC TC S1i- BRI
‘ga eCC If (FACT=FALL)&3C,2CCC,440
a5 430 L=L+IMCR
GC TC 4écC o e e
8T 440 L=L-IMCR
88 [F(INCR=1.0)2C3G,2CCC,45C
89 —45C-- [NCR=INCF/12, — ~————— — - e il
90 GC TC &3¢ )
$1 2000 IF(NA=1)SCC,SCl,6Q1 g
2 - §@C~— LB=L ——— e s e
93 MNA=
54 KK=1
9§ - ————— GG TC 44C -~ —————— " _ il e
S6 Gll [F(FACT=FALL)SCZ,56CZ2,913
¥4 §13 L=¢ &
Sy KK=C
59 INCR=12.C
10 GC TC 4é¢
tct §C1  La=tL
tg2 GC IC SC:
1¢3 §L2 LFINAL=LE/12.
31 Ji=l
1as CC-1C &cc2 --
1Co 963 LFINAL=LA/12.
--1¢7 [ JJ‘I’: S —
1c8 4002 CCNTINLE
1¢9 100 FCRMAT(215,7F10.3)
HYy omm== _WRITE(6,102)
il 102 lzcnfé;5?>,' SECTICA® 98X " AREA® 35X 4 'YL g TX o' IX " oSX5 " [Y",SX,'RT"y
Xy
L1270 773007 WRITC(6y 102)IHGT W yWTWyFCTC, WTC, AREA,Y 1, IX,IY,RT,EE ——
113 LG3 FCRMAT(! W' ylZet' 2,013, =Clyl2s X1 9FaelsF8aZsFT 2,F1C.14FTalsFEe2s
LF7.2
114 WRITE(S,104)
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Wl 5C-Cl2%x2C.7

{18 LC4 FCHENMAT(1FO,22%,!' #%##x TCRSICNAL PRCFPERTIES #xxzx1)
Lin WA ITE(n,10%)
117 FCOMAT 4%, SECTUICNY ol0X o 'KY pE X A o GR e "Cnt s Ty "hNA * 45X 5 "WNS 1)
Lis WRITE(By IDAIHCTH )W TW o RCTCawTC o XK oA ,ChyaNA hihE
11y LCE FCRMAT(! W' lZs" X', [23,'=C1412,"'X"F4al,FEL3FEL2,F1C.142F5.2)
129 WRITE(EZI3CIPXPY 1 SeRELFY
121 130 FCRMAT(LFOI/2X," PX2' ,F5,.1,4X,"'PY="',FS.2,4X, "WFEELBASE=",F5.1,4X,
L*RALL HEIGhT=',F&.2,4X,'FY=",FS.1/1FC)
122 SC4 F{JJ=1)$09,9CS.6C¢
L23 GCS WRITE(6s131)FCTWanTh,FCTC,aTCyLFINAL
124 131 FCRANAT(Y W' L2, X¢,[3,0=C"'yI2s"X* yFhaloSX,"MAXIMLM SPANm?,FT.2,
L' FT."ySX,'TENSICN STRESS CCNTRCLS'/1F1)
125 GC TC 907
126 SC8 WRITE(6,13Z)RCTW wThoFGTC,aTC,LFINAL
127 122 FCRMAT(® W*,12,°%*, 12, 1=C ' l2,"%% ,F4al,5X,"ANIVLM SPAN=',FT7.2,
Lt FTa'sSX, CCYPRESSION STRESS CCATRCLS'/1FL)
L2 BB I8 28Y
Ley S¢S WRITELGH 133 Fe Than o BETC i TC
139 123 FOCRMAT (Y W', 02,9 K1 gL, '=C'yl2,'X" oFbal, S, " ALLCWABLE SPEAR
14 STRESS EXCEECEC'/ 1k 1}
131 SC7 CCATINLE
132 GC T1C 2¢C
113 1CCC CCNTINLE
114 sTCP
135 ENC
116 SUBRCLTINE STRESSUEL«RTVFY,FaLL)
137 R=EL/RT
138 XL1=SART(1C20CA/FY ]
119 M 2=8CRT(51C0C0/FY)
L 40 IF(R.GE.XLLIGL TC §51C
Lal FALL=C.EC*RFY
142 RETURN = o
143 51C [F(R.CTxL2)GC TC =zc
la4 FALL=FY* (2. /3.—FY*J**Z/IEZOGCC)
145 - RETURA - -
146 €20 FALL=17CCOC/R#=2
147 RETURM
148 ENC = ===
$ENTRY
SECTICA ARE R Yl X Iy AT €e
~18X 5C=C12%20.7 2C.7% 11.51 11208 16S.1 3.&7 1&.29%
t*4ax TCRSICAAL PRCPERTIES #a%3>
SECTICA K 2 Ch AhA Wh e
Wl®4 50=-C12X20.7 1.8C¢ 132,24 £175.2 -1.20 1442
BRal D e PY= 200 WREELBASE= €0.0 RAIL FEIGFT= 4.CGC FY= 2¢6.C
NVAXLVLY SPAN- 15,47 BTe TENSICN STRESS CCANTRCLS
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