Homogeneous and Hybrid Girder Design in the

1969 AISC Specification

W. A. MILEK

Tue rULES for design of plate girders in the 1969 AISC
Specification are basically unchanged from the 1963
edition, except that a highly significant extension has
been made to provide for the design of hybrid beams.
In addition, Section 1.10 has been editorially revised to
increase clarity of intent. The principal formulas govern-
ing girder design are unchanged, but the designer now
has the option of achieving an economical design by
either of two concepts: (1) tension field action in the
thin web of a homogeneous girder, or (2) hybrid design
using a low strength steel web plate welded to high
strength steel flanges.

BENDING

In the design of plate girders by either concept, they may
be proportioned for bending on the basis of the moment
of inertia of the gross cross section. In both cases, how-
ever, a reduced allowable bending stress, different for
cach concept, is necessary.

Homogeneous Girders—The case of a homogeneous
thin web girder in which the compression portion of the
web is on the verge of buckling as a column due to axial
bending stresses is represented in Fig. 1. The upper dia-
gram, Sect. AA, represents the lateral deformations
resulting from bending compression stresses about the
neutral axis of a relatively thin girder web. Below the
neutral axis, tension stresses due to bending tend to hold
the web straight. For a short distance down from the top
flange—say about 30 times its thickness—the web plate
is restrained from buckling by the flange.

The effect of the displacement is to somewhat reduce
the bending resistance furnished by the compression
portion of the web. This reduction is represented by the
area OC’C in the stress diagram (Sect. BB). The area to
which this reduction applies is only a small part of the
total arca of the web and is relatively close to the neutral
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axis; thus its effect is small. A much smaller area, located
in the compression flange, can furnish as much bending
resistance as that lost by buckling in the web.

It is convenient, in designing the compression flange,
to provide for this web deficiency by the use of an ad-

justed allowable bending stress, I/, slightly lower than

that which would otherwisc be permitted. Formula
(1.10-5) gives the reduced allowable stress in terms of
I, , the ratio of the web arca to flange area, and the
depth-to-thickness ratio of the web:

, . _ A (k760
F'y < Fy| 1.0 = 00005 % (2 )| (1.10-5)
I

In most cases, the reduction in allowable flange stress is
only a few percent. No reduction is required when the
web depth-to-thickness ratio is less than 162 for A36
material. When the web depth-to-thickness ratio does
exceed 162, Formula (1.10-5) reduces to:

()
Fl,< 22 — 0.011 222 — 162

A\t
Hybrid Girders—When high strength flanges are
welded to a lower strength web, the member is termed a
hybrid girder. During the initial stages of loading (Fig.
2a), strains and stresses will be proportional to the dis-
tance from the neutral axis. As loads are increased,
eventually stresses in the web adjacent to the flanges will
reach the yield strength of the web material (Fig. 2b).

Section AA
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Figure 7
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Since the flange stresses will still be well below the yield
strength of the flange material, web strains will be
effectively controlled. Further increases in load are
safely possible up to the point where stresses in the
flanges reach the yield strength of the flange material
(Fig. 2¢).

Figure 3 is a plot of the same action as parallel stress-
strain diagrams for a hybrid beam vs. a homogeneous
girder made of the same grade of material as the flange of the
hybrid beam and with a web of such proportions that ten-
sion field action is not counted upon. Up to the point
where initial yielding occurs in the lower strength web
material of the hybrid beam, the two curves are identical.
As the loading is increased the curve for the homogeneous
girder will continue to be linear; however, the curve for
the hybrid beam will become slightly nonlinear as
yielding penetrates further and further into the web.
The difference between the two curves will be small,
since the web contributes only a small part of the stiff-
ness. Eventually, as the load is increased still further,
the stress in the flange will reach the yield strength of
the flange material and large deflections will take place.
The load at this level is well above the working load,
which would be at about 24 of the initial flange yielding.

At all levels of load, the stresses and deflections are
completely predictable; therefore, hybrid design is a valid

engineering concept. As with a thin web girder designed
on the basis of tension field action, the allowable stress
in the flanges must be adjusted to a slightly lower value
than that which would be permitted if the entire girder
were made of the high strength material. Formula
(1.10-6) gives F’, in terms of F,, the ratio of the web
area to the area of one flange and the ratio of the web
yield strength to the flange yield strength, a.

A, \
12 4+ (A—) (Ba — o)

242 ()
Af

In girders of usual proportions using 100 ksi material in
the flanges and 36 ksi material in the web, this formula
will indicate a reduction in allowable flange stress of
about 5 to 10 percent.

Fy < F,

(1.10-6)

SHEAR

In the design of bending members, two types of struc-
tural action are recognized as providing resistance to
shearing forces. Up to the level of loading where the
combined effect of the axial compressive bending stress
in the web and the shear stress produce elastic buckling,
the shear forces are resisted by conventional beam shear.
It was long thought that the onset of buckling determined
the limit of strength; however, buckling of a girder web
is not significant as far as the strength of a girder is
concerned. Subsequent to web buckling the girder will
continue to carry increasingly larger loads by virtue of
tension field action, provided adequate transverse stiff-
eners are installed. The action may be likened to the
action of a Pratt truss in which the forces in the tension
diagonals resist the shear forces. In a girder with trans-
verse stiffeners, tension stresses diagonally across each
web panel continue to resist shear forces after web
buckling occurs, up to the point where tensile yielding
takes place. In girders utilizing tension field action,
anchorage is required for the tension field near the ends
and in panels adjacent to panels with large web open-
ings. The Specification requires that shear stress in such
panels be limited to that provided by beam shear only—
Formula (1.10-1) governs.

Homogeneous Girders—The concept of tension field
action to provide shear resistance in a bending member
has been basic in the design of aircraft since metal
replaced fabric covering. In building construction, the
concept has been recognized since it was introduced into
the 1961 AISC Specification. Extensive analytical re-
search, confirmed by numerous full scale tests, was con-
ducted as the basis for the 1961 rules. No adverse per-
formance in members designed for tension field action
has been noted since the provisions were adopted.
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It is not simple to visualize the complex actions that
take place at all stages of loading in a girder web subject
to shear forces, but if the problem is considered in parts
it can be clarified somewhat.

First, failure of a girder can occur by general yield-
ing of the web in shear. Von Mises’ yield-stress criterion
predicts the value of yield stress in shear to be F,/V/3;
thus, one limit for allowable shear stress would be:

Fo< !
V) X Safety Factor
In the Specification this is reduced to /7, < 0.40 F,.
Next, according to plate buckling theory, the critical
stress at which buckling will take place in a plate subject
to shearing forces is:

_  mEXk
for = 121 — ) (h/0)?

It is seen that f, is inversely proportional to the square of
h/t. As the slenderness of the web increases, the critical
stress at which elastic buckling will take place is sharply
reduced. The critical stress is also directly proportional
to k, which reduces as the ratio of the stiffener spacing,
a/h, increases. The effects of these two geometrical
parameters, //t and a/h, according to AISC Specifica-
tion Formula (1.10-1), F, < F,C,/2.89, is provided for
in the term C,. Graphically their effect is reflected by the

dashed curves of Fig. 4. Since the buckling formula is for
critical elastic buckling, account has been taken of the

effect of residual stresses due to welding as reflected by
the slight sharp changes in slope at upper stress levels.
Notice that as 4/¢ increases, the allowable I, is sharply
reduced. As a/h is reduced, the effect is essentially to
shift the curves to the right. The upper cut-off for all
curves is at 0.4 F,.

Formula (1.10-1) and the dashed curves predict the
level of stress at which shear buckling will occur. They
ignore the very large reserve of shear capacity due to
membrane action that may be counted upon.

If a term is added to take account of the contribu-
tion of the tension field, Formula (1.10-2) becomes:

1-a,
1.15\/T+‘(T/W}

One can recognize F,/2.89 times C,, the first term
within the brackets, as the value of F, in Formula
(1.10-1). The second term within the brackets times
F,/2.89 is the contribution due to tension field action.
The solid curves of Fig. 4 indicate the allowable shear
stress in a girder web, taking into account the combined
effect of beam shear and membrane action, and the geo-
metrical parameters. Notice that tension field action has
the effect of flattening the slope of the curves and that
the effect is greatest for small values of a/A.

ho< ol
* =289 "
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Note in particular the shaded area. This area indi-
cates the increase in allowable shear stress gained by
means of tension field action, for the case of a/h = 1.

The dotted curves indicate arbitrary limitations ona/A
in terms of %/¢, not concerned with the strength of the
girder, imposed by the Specification to facilitate han-
dling during fabrication and erection.

Hybrid Girders—For homogeneous girders, the allow-
able shear is limited by general shear yielding in stocky
webs and beam shear plus tension field action when the
webs are of such proportions that buckling can occur.
This is shown by the upper portion of the dashed curves
plus the solid curves. Recall now the explanation of the
concept of hybrid beam design and consider the re-
sistance to shear provided by the web. Once significant
yielding due to axial bending strains has taken place,
tension field action to resist shear forces cannot be
counted upon. Hybrid girders must rely upon conven-
tional beam shear in the web, Formula (1.10-1), repre-
sented by the dashed curves.

Three other limitations on the applicability of hybrid
girder designs under the 1969 Specification deserve
mention:

1. The concurrent axial load must be less than 0.15F,
times the gross area.

2. Flanges must be of equal arca.

3. Flanges must be of the same grade of steel.

(Composite hybrid design is not recognized.)



Formula (1.10-7)
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COMBINED BENDING AND SHEAR

At large concentrated loads and at points of interior sup-
port for continuous beams, high moment and high shear
may occur simultaneously. The possibility of failure of
the web due to combined effect of bending tensile stress
and tensile stress due to membrane action must be con-
sidered.

Shown in Fig. 5 is an interaction diagram for shear
and moment applicable to a homogeneous girder. As
long as the moment is below the value which can be
carried by the flange alone, the ability of the web to
resist shear forces is not diminished by the presence of the
axial bending stresses in the web. If, on the other hand,
the moment is larger than the moment which the flanges
can resist unassisted by the web, the web bending tensile
stresses reduce the ability of the web to resist shear. The
relationship of M, to M, will vary, depending upon the
geometry of the cross section. At about the economic
practical limit of such girders, M,/M, can reduce to
about 0.75. For girders of usual proportions, M ;,/M, will
be larger. It is sufficiently accurate for design purposes
to approximate this curve for the limit of practical pro-
portions by straight lines and apply appropriate factors
of safety. This has been done in Specification Formula
(1.10-7).

In proportioning a girder for real cases in which high
moment and high shear occur simultaneously, rework of
calculations will be minimized if the combined effect is
anticipated and conservative values are assumed for
shear and moment stresses taken separately. This will be
illustrated in the examples to follow.

A number of other Specification provisions covering
the area of stiffeners, the stiffness of stiffeners, web
crippling, etc., are similar for both homogeneous and
hybrid girders and are unchanged since the 1961 Speci-
fication.
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A

Figure 6

EXAMPLES

Two examples will highlight the differences between the
tension-ficld action and hybrid girder design concepts.

Example 1: Assumec a girder on a 72-ft span that is
required to support a distributed load of 3.6 kips/lin ft
and two uncqual concentrated loads delivered by 12-in.
columns at the onec-third points of the span (Fig. 6a).
The shear and moment diagrams will be as shown in
Figs. 6b and 6¢. A homogeneous girder of A36 material
will be developed to satisfy these conditions.

The required section modulus is determined in the
usual manner as:

S = 8315 X 12/22 = 4,585 in.?

The AISC Manual, page 2-84, gives the section prop-
erties of typical economically proportioned girders;
sclect a girder cross section with 24 X 214-in. flanges
and a 72 X lg-in. web plate. From Manual pages 2-67
and 2-71, calculate the section modulus as 4,730 in.? for
the exact dimensions chosen. Since the flanges would
probably require splicing, due to the span length, try a
114-in. thick flange at each end; this provides a section
modulus of 2,577 in.® The maximum moment capacity
for the section with the thinner flanges determines the
flange splice point; however, the maximum moment
capacity is dependent upon the reduced allowable
bending stress determined by consideration of combined
moment and shear stresses, to be considered later.

Next, check shear stresses for the web plate selected :

Atrightreaction: f, = 390/72 X 14 = 10.8 ksi
At left reaction:  f, = 350/36 = 9.72 ksi
In center 14: fo = 84/36 = 2.32 ksi
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Table 1

ALLOWABLE SHEAR STRESS (F,) IN PLATE GIRDER WEBS
TENSION FIELD ACTION NEGLECTED - FORMULA (l10-1)
Specified yield stress -36 ksi

Aspect Ratio - a/h
05|06|07|08|09| 10| 12| 14| 16| 18| 20| 25| 30| ©

60 1451145|145| 45
70 145|145|142|138|13.6 | 130
80 145|14.1134|130|126 (124 120119114
90 145\143|134|125|119|11.511.2| 11007105 |10./
100 145|139|128|120| 112|107|104|10.1 | 99| 93| 90| 83

110 145|138|126|11.7109| 112| 95| 89|84|82| 77| 75|69

|20 14312.7|11.6|/07|100| 88| 80| 75| 7/ | 69| 65| 63| 58
T 130 145(132|117 |107| 98| 86| 75 68| 64| 60| 58| 55| 53| 49
o[ /40}/92|l22|109| 98| 84| 74| 65 59| 55| 52| 50| 47| 46|42
E 150 |132|114[/10] | 85| 73| 65| 56| 51| 48|45|44|4/ (40|37
- 160 |/24|107| 81| 75| 64| 57| 49| 45| 4.2/ 40| 39| 36 32
81 /70]117(101| 80| 67| 57| 50| 44| 40 37| 35|34 29
§ 1801110 90| 72| 59| 5/ |45/ 39|35/ 33/ 3/ |30 26
E 200199|73 58/ 48|4/)| 36|32/ 29|27 2/
% 220182\ 61(48(40|34| 30/ 26/24 1.7

240168|5.1|40 33/ 29|25 14

260|58|43/ 34|29/ 24| 2/ 1.2

280150|37|30|25

320]139|29

For the center 14, referring to Table 3-36 for 4/t =
144 and a/h > 3 (24/6 = 4), the allowable shear stress is
found to be 4.2 ksi. Since this is larger than the 2.32 ksi
required, the web is adequate without stiffeners. The
allowable shear stress indicated in Table 3-36 as 4.2 ksi
results from Formula (1.10-1) with a/A taken as infinity.

At the right reaction, where the required shear capac-
ity is 10.8 ksi, the first panel must provide an anchor for
the adjacent panels which will rely upon tension field
action. Formula (1.10-1) must be used as the criteria for
allowable stress. The Specification suggests that, to avoid
tension field action in end panels or panels adjacent to
panels containing large holes, the smaller dimension a
or & must not exceed 348tV/f, ; however, the author
prefers to use Formula (1.10-1) directly. This may be
readily done by simple interpolation in Table 1, which
could be added to the Specification Appendix as Table
3-36A. Whereas Table 3-36 in the Specification gives the
maximum allowable web shear permitted by Formula
(1.10-1) or (1.10-2), as applicable, when tension field
action may be counted upon, Table 1 gives values of
allowable shear by Formula (1.10-1) only at various
values of a/h and h/t. For h/t equal to 144 and a required
allowable shear of 10.8 ksi, interpolation in the table
indicates the maximum value of a/h to be 0.68. Multi-
plying 0.68 by the girder depth, 72 in., indicates that the
first stiffener should be located not more than 49 in.
from the end bearing. Use 48 in.
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Table 2

AN I 08 | 09 I .0 l 1.2
140 | 120 | 116 | 1o | 105 | 98
144 | 19 |14 |08 | 103 | 96
50 | 118 | 112 | 106 | 101 | 94

With anchorage provided by the end panel, the re-
mainder of the panels between the right reaction and the
concentrated load may take advantage of tension field
action. Table 3-36 provides a convenient means for
determining the stiffener spacing by interpolation,
although in this case the interpolation turns out to be
trivial. Table 2 is provided only for the purpose of
illustration.

By plotting the interpolated values of allowable I, vs.
the panel length a on a parallel plot of required f, vs. x,
the distance from the reaction, using the same ordinate
scale for both curves, i.e., a curve of allowable F, vs.
the shear diagram, a very convenient tool for determin-
ing stiffener spacing may be constructed (see Fig. 7).

Without such an aid it is necessary to assume an a/A,
calculate the maximum shear in the panel for different
positions along the span, and then compare the calcu-
lated shear with the allowable shear from Table 3-36.
A number of trials are usually required.

To use the graphical aid, begin at 48 in. on the lower
abscissa scale (the length of the end panel previously
determined) and move vertically to the calculated shear
curve for the specific problem. Move horizontally to the
curve for allowable F,; then move vertically downward
to the upper abscissa scale and read the maximum size
panel for the required shear capacity.

For the succeeding panel add the first and second panel
lengths and repeat the cycle. The minimum number of .
web panels can be determined in minutes. In this exam-
ple, the chart (Fig. 7) plus some arbitrary adjustment to
cause the total of all panels to equal the length of the
shear span indicates that panels of 48, 66, 78 and 90 in.
would provide conservative stresses with the minimum
number of stiffeners required.

This type of diagram also provides a convenient tool
for investigating the maximum allowable bending tensile
stress in the presence of high shear by Formula (1.10-7).

In the panel adjacent to the right concentrated load,
which is most likely to be the critical panel, f, varies
from 8.4 to 9.2 ksi and F, = 9.5 ksi. This would appear
to be conservative; however, if these values are sub-
stituted in Formula (1.10-7), it will be discovered that
the allowable bending stress in combination with the
shear is reduced from 22 ksi to 16.6 ksi. Calculated
bending stress at this point is 21 ksi. Therefore a revision
of the initial assumed design is required.
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£, , Formula (1.10-2)
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In the panel adjacent to left concentrated load:
fo = 8.0 . F,=095

F, < (0.825 — 0.375 X 8.0/9.5)36 = 18.2 ksi

f» = 7,354 X 12/4,730 = 18.6 ksi > 18.2 ksi

A check of Formula (1.10-7), using the maximum
shear at the left end of the panel and the maximum mo-
ment at the right end of the same panel, indicates that
there would be a 2 percent bending overstress. This over-
stress may be ignored for several reasons: (1) Formula
(1.10-7) was developed on the assumption of uniform mo-
ment and uniform shear throughout the panel; (2) For-

mula (1.10-7) is conservative and based upon the lowest
limits for economically proportioned cross sections; and
(3) a 2 percent overstress is so small that it can frequently
be ignored. Even the small overstress could be com-
pletely eliminated by establishing a 6’-6” length for all
tension field panels in the left shear span.

The moment capacity or the shear capacity must be
increased in the right shear span. A little study of For-
mula (1.10-7) and the diagram for allowable shear (Fig. 4)
will indicate that an adequate increase in shear capacity
would move the web stress into the region where tension
field action is not relied upon; hence, Formula (1.10-7)
would cease to be applicable.

JANUARY /1970



2

-t

-p—

/
nt/ 5"

.;8"_

©
|
x:36"
——
+
pgnel 49"

.
x =78
—

f, Calculated from
applied loads and
web area

,,h

"
y——

N \*\ 3
8- + 5*‘ El §l §\§‘ +
’ 5 : 30§ 3 S\
S [ " - © ©
bg §
R Y IR B I B
40 50 60 70
“a" for F, curve - inches
L *1 ’ 1 ’ | | * [ 1
0 50 100 150 200 250 300

“x"= distance from reaction for f, curves - inches

Figure 9

Note that a substantial change in the ratio f,/F, would
be required, since it is multiplied by 0.375 to make a
significant improvement in allowable bending stress.

Note also that the intersection of 4/t of 144 and a cal-
culated shear of between 9 and 10 falls in the narrow
upper part of the curves for a/k slightly larger than 1.0
(90/72). A shift to a thicker web by moving horizontally
to the left, or to a smaller a/A by moving vertically up-
ward, will accomplish the required change to values
based upon Formula (1.10-1).

The required design modification may be accom-
plished by use of a 13{4-in. web plate with stiffeners
spaced at about 6’-0” centers (1,840 lbs of additional web
' material required) or by reducing the aspect ratio to 0.75
without increasing web thickness, requiring two addi-
tional stiffeners. Alternatively, the moment capacity could
be increased by increasing the flange thickness to 3 in.
(requiring about 4,080 lbs of additional material).

The alternative of reducing the aspect ratio of the web
panels to 0.75 in the right shear span is selected.

The stiffener area required to carry the vertical com-
ponent of the tension fields would be determined from
the values shown in italics in Table 3-36.

Clean up checks on web crippling, flange stress reduc-
tion, heavy flange to light flange splice points, etc.
would indicate that a final girder design such as shown
in Fig. 8 is satisfactory.
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Example 2: A girder to satisfy the same load condi-
tions (Fig. 6) may be designed by use of hybrid design
concept with A514 flanges and A36 web material.

The required section modulus is determined in the
usual manner on the basis of the high strength flange
material and the gross moment of inertia

S§ = 8,315 X 12/60 = 1,663 in.?

A reduction in flange stress will be required by For-
mula (1.10-6); therefore, the section modulus will be
arbitrarily increased 10 percent to 1,830 in.? to minimize
recalculation effort.

A trial section using 20 X 1-in. A514 flanges with a
72 X Y4-in. web, providing a section modulus of 1,860
in.3, is selected.

The reduced allowable flange stress by Formula
(1.10-6) is calculated as follows:

a = 36/100 = 0.36

o [12 + 36/20(1.08 — 0.362)]
v b 12 + 2(36/20)
F', = 0.89 X F, = 53.4 ksi

f» = 8,315 X 12/1,860 = 53.6 ksi =~ 53.4 ksi
In the design of hybrid girder webs, tension field action
may not be used; therefore, only Formula (1.10-1)
applies. Table 1 provides values of allowable shearing
stress for this case.

=~
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As in Example 1, the spacing of stiffeners may be
readily determined by plotting parallel curves of allow-
able F, vs. the shear diagram to the same ordinate scale
(Fig. 9). Arbitrary adjustments of the web panel sizes,
based upon judgment, are required, since the maximum
panel lengths for equality between allowable shear and
calculated shear result in a total of all panels that exceed
the length of the shear spans. However, the minimum
number of stiffeners is provided if panel lengths of 36, 42,
48, 48, 54 and 54 in. are sclected for the right shear
span and 54, 57, 57, 57, and 57 in. are selected for the
left shear span.

The final arrangement shown in Fig. 10 will satisfy
the load conditions.

SUMMARY

The rules for design of homogeneous girders in the
AISC Specification, Section 1.10, are unchanged from
the 1963 Specification, except for editorial revisions and
rearrangements to improve clarity of intent. The sig-
nificant difference in Section 1.10 is that rules for the
design of symmetrical hybrid members have been added.

On the basis of hypothetical design examples, the
following observations may be made:

Both homogeneous and hybrid girders may be pro-
portioned for bending on the basis of the gross section
properties.

The allowable bending stress in the compression
flange of a homogeneous girder which relies upon tension
field action must be investigated and perhaps reduced,
because of the reduction of the effectiveness of the com-

pression portion of the web to resist bending compression
stress. The required reduction amounts to only a few
percent.

The allowable bending stress for both high strength
flanges of a hybrid girder must be reduced because of the
controlled yielding of the lower strength web. The
reduction is about 7 percent for girders of the usual
proportions using 100 ksi material in the flanges and
36 ksi material in the web.

Tension field action may not be counted upon in
hybrid beam design.

Under the 1969 Specification, hybrid girders must
have flanges of equal area and made of the same yield
strength material.

In the case of homogeneous girders which rely upon
tension field action, the effect of high combined bending
and shear may require significant modification of a
design proportioned on the basis of bending and shear
considered separately.

There are significant opportunities for economy in the

. hybrid beam concept. For the examples compared in this

paper, the material in the web plate was the same for
both designs. The homogeneous girder required eight
intermediate stiffeners, whereas the hybrid girder re-
quired nine intermediate stiffeners. The homogeneous
girder required 24,900 lbs of A36 material for the flanges
plus four flange splices; the hybrid girder required
11,700 lbs of A514 material for the flanges plus two
flange splices.

Only on rare occasions would it seem logical to design
a girder using high strength material throughout.
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