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LESSON 1
STRENGTH TERMINGOLOGY

1.1 STRESS

[n aircraft strength analysis the word stress refers to unit stress which
is a measure of the intensity of the internal load or force,acting at a point
in a structural component. Stress is measured in units of force per unit
area. The units used are pounds per square inch, abbreviated psi, or kips
(1000 pounds) per square inch, abbreviated ksi. :

The stress distribution acting on a cross section of a structural member

may or may not be uniform, depending on the nature of the loading and the
geometry of the cross section.

The stresses acting at a cross section of a structural member can be
resolved into companents normal to the Plane of the t¢ross section and paraliel
to the plane. Stresses perpendicular to a plane are called normal stresses
and those paraliel to the piane are called shear stresses. These are
explained further in a subsequent paragraph.

In engineering practice, several different symbols, fincTuding s and the
Greek letter sigma {g), are used to denote stress. For aircraft strength
analysis the symbols used are f for an actual stress and ¥ for an allowable
stress, both usually followed by a subscript denoting the type of stress, Qdne
exception is shear stress in a thin panel, for which the Greek letter tau (7).
is often used in place of f and F.

The maximum load expected in any structual member is called the design
limit load or, simply, limit load. The stress in the member at Jimit load is
called 1imit stress. The structure is designed to withstand, without failture,
a higher stress called the design ultimate stress or, simply, ultimate stress.
The ratio of ultimate stress to 1imit stress is called the ultimate factor.
For nearly all aircraft design the ultimate factor is 1.5. i

1.1.1 Types of Stress

The principal types of stress are normal stress and shear stress as
described above. Normal stresses are either tension or compression stresses,
depending on whether they are pulling or pushing on the section being
considered. The symbols for temsion and compression stress and fy and fc,

respectively. The formula for tension or compressfon stress due to an axial
load is: :

f =P/A

where P is the force, or load, and A {s the cross sectional area on which the
force acts.

The symbol for shear stress is fs or, in some cases, T as noted above.
The formula for shear stress on a compact section is fg = V/A where V is the
shear force and A is the cross sectional area.
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The other type of stress to consider is bearing stress which is the
affective intensity of the shear load in a fastener acting on the surface of
the fastener hole. The symbol for bearing stress is fyp and its formuia is:

_ P _ p
for =% ° OF

where P is the applied lcad, D is the fastener diameter and t is the thickness
of the part.

1.1.2 Other Stress Terms

There are several terms of interest which relate to the effects on metal
structure of various stress levels. Some of these are illustrated in the
stress-strain diagram that follows.

o Proportional 1imit - This {is the highest tension stress at which the
strain ldeflection) is proportional to the stress.

o Yield stress - The tension and compression yield stresses are the
Towest tensjon and compression stresses at which the strain increases
without an increase in stress, Because the exact stress is difficult
to determine, the value used is the stress level that causes a .
permanent deformation or set of 0.002 inches per inch,

o Elastic 1imit - This is the lowest stress that will cause permanent
set. For practical use it is the same as the yield stress.

) Perménent set - (also ca11ed set, permanent deformation, plastic strain

or plastic deformation). This 1s any strafn remaining after removing
~ the stress.

o Ultimate strength - The ultimate strength {or ultimate allowable
stress n tension, compression shear or bearing is the maximum stress

- of the specified type that the matarial can sustain without rupture.
Ultimate strength in compression is very rarely a design stress because
structural members loaded in compression nearly always have a Jower
failing stress due to instability (buckling or erippling). Similarly,
thin shear webs usually fail at a lower stress than the ul timate
allowable shear stress due to instability (buckling that precipitates
failure). Note that this ultimate stress is an allowable stress,

whereas the ultimate stress discussed in paragraph 1.1 is an appiied

o Stress-strain diagram - A stress-strain diagram i{s a graph showing a
plot of stress versus strain for a particular alloy and heat treat.
The following graph depicts a typical shape for a tension stress-strain
diagram for aluminum, titanfum and high strength steel.
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Fty---——"-
Pld — | - Ftu = Ultimate strength
Fty = Yield strapss
Stress, P.L.= Proportional Timit
psi
~—= |} 002 Strain, in/in |

STRESS-STRAIN DIAGRAM

0 Elastic stress - An elastic stress is a stress that is within the
elastic TImit. An elastic stress distribution is the stress distribu-
tion over a particylar cross section of a structural member under a
1oading condition that does not cause the elastic Timit to be exceeded.
At all points on the section the stress s proportional to the strain.

0 Plastic stress distribution - As the load on a structural member with
an unequal stress distribution is increased, the stresses Increase in
proportion to the load until the maximum stress reaches the yield

- Stress. " As the load increases further the stress wil] increase every-
where except where it is at yield. Before the member wilj fail the
Stress over the entire sectfon will be at or near the ultimate stress.
Because of the permanent set inherent to this stress distribution 1t is

known as a plastic distribution. The stress in this case is not
proportional to the strain. .

Plastic stress distribution s hsed for design of structural components
loaded in bending or torsion. It is not used for ma jor components such

as a fuselage or a bulkhead. This topic will be explained further in
Lessons no. 12 and- 14. oo : -

1.2 STRAIN

Strain is the term used to denote unit stra{n:which is the elastic
deformation per unit length caused by a stress. The symbol for strain is the

letter e. The three types of strain are explained in the following
paragraphs.
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1.2.1 Normal strain

The strain of most interest is normal strain. This is the strain
associated with a normal stress and takes place in the direction of that
stress. A normal strain is also called an axfal strain because it is the
strain in the direction of the load in an axial member. A normal, or axial,
strain is either a tensile strain caused by a tension stress or a compressive
strain caused by a compression stress. A tensile strain is an elongation of
the member and a compressive strain is a foreshortening. The Greek letter
delta (&) denotes the total deflection over a Jength L. Strain (e} is the
deflection over a unit length. Therefore:

g =

o

1.2.2 Lateral Strain

A narmal, or axial, strain is always accompanied by lateral strains of the
oppesite sign. That is, in a tension member the lateral dimensions will
decrease and in a compression member they will increase. The ratio of lateral
strain to axial strain is approximately constant within the elastic range ‘and
is called Poisson's ratio, denoted by the Greek letter mu (:). For the metals
used in aircraft structures, Poisson's ratio is usually between .30 and .35.
In some books, Poisson's ratio is denoted by the Greek letter nu (v).

|

| | DY
)P —— T . 4
fwr_-f" ' L-x " ‘4’+ F._-élq |
i ' : o - e : _ i;
1.2.3 Shear Strain o _ _ _ PR '
~ A shear stress causes a displacement in the . : / >

direction of the stress. The shear strain is oA : / H
obtained by dividing the displacement between - /
two planes by the distance between them. Because / : / f
the displacement is small, the shear strain is 5
also equal to the change in angle (in radians)
between two lines originally perpendicular to 4 o
each other. o ' . ‘:f'

: S5

1.3 RELATIONSHIP OF STRESS AND STRAIN:

For stresses within the proportional limit, strain {s proportional to
stress as explained in paragraph 1.1.2. The ratios of stress to strain in
- tension, compression and shear are measures of stiffness of the matarial.

They are used to determine deflections and to predict buckling and crippling
stresses, s I . O | |
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L.3.1 Tension - The ratio of stress to strain in tension i
straight Tine portion of the stress strain diagram below th

This ratin is called the modulus of elasticity, or Young's modulus

E = f/e

where f is the tension stress

and e is the strain, or elongation, at that
stress, ' - '

For a particular material, i.e. aluminum, the value of £ varies only
slightly from one alloy to another and does not vary with heat trea tment,
Because strain (e) has units of im./in. it can be seen from the equation that
the units for modulus of elasticity (Eg must be the same as for stress {psi).
The values are approxima ely 10.5 x 10° psi for aluminum alloys, 29.0 x 106

psi for steel, 26.0 x 10 pst for corroston resistant steel and 16.0 x 106 psjy
For titanium alloys. : :

1.3.2 Compression - The modulus of elasticity in compression, E., is
essentically the same as in tension. The exact value is the same as the
tension modulus for steel, about 2% higher than the tension modulus for
aluminum, and about 3% higher than the tension modulus for titanium alloys.
The tension modulus can be used without significant error.

1.3.3 Shear - The ratio of shear stress to shear strain.is called the modulus
of rigidity, or the modulus of elasticity in shear. It is designated by the
letter G. The relationship between the modulus of rigidity and the modulus of
elasticity is shown in the following equation: ) o .

E
2(1+u)

where ;i is Foisson's ratio. The values of G are approximately 4.0 x 106 psi
for atuminum alloys, 11.0 x 106 for steel and stainless steel and 6.2 x 106
psi for titanium alloys.

1.3.4 Modulii above the elastic 1imit - The modulii of elasticity described
above are only valid below the elastic limit. Above that stress level the
stress-strain curve is no longer a straight 11ine and the slope of the curve
varies with stress level. Stress analysis in the plastic range sometimes uses
one of two modulii: the Tangent modulus, Et, or the secant modulus, Eg. The
tangent modutus for a particular stress is the slope of a tangent to the
stress-strain curve at the point corresponding to that stress. The secant
modulus is the slope of the secant to the curve that passes through the arigin
and the point on the curve corresponding to the stress lavel.
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PROBLEMS

LESSON 1 STRENGTH TERMINOLOGY

What types of stress cam act on a cross section of a structural member?

What is the stress in a rectangular aluminum bar with a cross section
1.50" x 2.0" subjected to a tension load of 186,000 1b?

[f the bar in the above problem has a 132,000 b shear load, what is the
stress?

What is the 1imit bearing stress for a .250 inch diameter bolt in-a .100
inch thick plate with a limit load of 2,000 157 o

What is the ultimate bearing stress in the above plata?

What would be the approximate strain in an aluminum stringer with a
compression stress of 35 ksi?

[f the stringer in the previous prob1eﬁ was initial1y 84 inches long,

what would be the length with the load applied?

Determine the modulus of rigidity for a material with.d modulus of
elasticity of 10.5 x 108 psi and Poisson's ratio of 0.33,

At a stress level between thé proportibnal 1imit and the yield stress:

a) Would the tangent modulus be greater orgsma11er than the modulus- of
slasticity of the materfal?

b) Would the secant modulus be greater or smaller than the tangent
modulus?
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LESSON 2

REVIEW OF STATICS
2.1 GENERAL '

balance) and of forces in space (three dimensiona?t

A structura) component for which all extarnal

ba1ance).

forces (loads) are known

and in equilibrium is called a free body because it can pe analyzed by itself,
free of the mating structure. The forces on this free body constitute a

static balance.

2.2 FORCES ACTING IN A PLANE

Many structural components iie essentially in
loads applied in that plane. Examples are spars, r

a plane with all external
ibs, bulkheads, rings,

frames, floors and keel webs. The following paragraphs consider forces acting

vin a plane,

2.2.1 Resultant Loads

Loads that intersect at a point can be combine

Toad. If the forces to be combined are mutually pe

load is found by using the equation: -

1/2
R = (pxz f Pyz)

If the forces are not perpendicular, the resu)
taw of cosines:

R = (P12+P2242P Py cosa)l/2

6 = arctan [%Fy
IFx

= arctan [ P1 sino
P77 cose

Conversely, a force acting in any direction can be
any two other directions by using trigonometric fun

2-1

d intc a single resultant
rpendicylar the resul tant.

Py | /'R
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) |
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tant load is found from the

P

resolved into components in
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2.2.2 Equilibrium of Forces

For the forces in a plane to be in equilibrium, three aquations must he
satisfied. They are:

Fy = 0, IFy = 0, T =0

where x and y are two perpendicular axes, IF is the summa tion of forces

parallel to one of the axes, and M is the summation of moments about any
pdint,

These equations of statics are used to determine the reactions to the
loads on structural components. Because there are -three equations, three
reactions can be determined. In order to determine these reactions it is
necessary to know their locations and the directions in which they may act.

In addition to being used to find external reactions, these equations of
statics are also used to determine internal load distributions. An example of
this is the example problem on a truss in paragraph 2.4,

2.3 FORCES IN SPACE (Three dimensional balances)

Structural components that have applied loads having components in three
mutually perpendicular directions require a space halance. Fer equilibrium in
three-dimensional space, six equations must be satisfied. They are:

EF; = 0, EFy‘ 0, EFZ =0
My = 0, EHy’ 0, EHZ =0

where the meanings of symbols are the same as {n the preceding paragraph

except that the summations of moment are with respect to the three axes,
rather than a point. - ' -

These equations are used to determine the reactions to the toads on
structural components which have loads that are not all coplanar. Because
there are six equations, they can be used to solve for six reactions,
Usually, the number of reactions 1s less than six so only a few of the

equations are required. If there are more than six reactions the load balance
is redundant and cannot be solved by the equations of statics alome.

2-2



2.4 EXAMPLE PROBLEMS

o Example 1 Find the reactions at points A and B for the peam shown in
the sketch Point A cannot have a

horizantal reaction.

130G 16 2000 b

-~
157 g
' ) "~

b.S;—l—‘B.S ——--5.0%-%

Point A cannot have a horizonta] reaction. Therefore:

Solution:

Resolve the 20004 1oad into A |
vertical and horizontal components, ;%Ei-
—

Ph = Py = 2000 sin 45° = 14144

IF, =0 = Rah - Pp
RB,, = Ph = 14144

EMA = 0 = 6.5 x 1000 + 15.0 x 1414 - 18.0 Ry, ' i

RBv = 1539#
——
tFy = 0 = 1000 + 1414 - 1539 - Ry .
Ra = 875# ' B0 20001, -
Note: The equation IMg = 0 l \\\\\ -
could have been used to solve - | 44
For Ry instead of the equatjon A . TR
tFy = 0. : t
FBIS b S 1539 b
0 Example 2 Find the reactions at points A and B for the truss shown in
the sketch and find the internail
loads in each of the three members
intersecting at point A,
Solution:
External balance:
IMg = 0 = pp - Ry (a+b)
8
.R "'.E.E '
! a+b A f B
R | p R
EFV=0=P-R1-R2 R, z
Rz = p -~ R
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Note that the equation “Fp = 0 was not used because there were no horizonta)
forces. The equation LMy = 0 could have been used to find Rz instead -
of £Fy = 0. .

Internal loads at A:

At point A the vertical load Ry is
known. P, and Pp must put this joint
in equilibrium. -

fFy =0 =Py sin® - R

Pa = _R1
sin B

iFp =0 =Py - Py cos®

Py = P4 cos B

Note that the equation IM = 0 was not needed.

0 Examg]e 3 Find the reactions for the equipment she1f shown in the
skete he three applied loads’

act at the center of the volume- ' )
shown. Supports A and B cannot

take reactions in the y direction
and support C cannot take a reaction
in the x direction.

Sojution:
S iMy = 0 = 400 x 12 - 300 x 5 - 24 R3
R3 = 1384

LFy = 0 = 200 - Rg
Rg = 2004

IMy » 0 = 400 x 8 - 200 x 5
- 8R3 - 16R2
Rp = %8 3200 - 1000 - 8 x 138 = 69¢
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tFz = 0 = 400 - Ry - Ry - R3

Ry = 400 - 69 - 138 = 1934 7
tMz = 0 = 200 x 12 - 24Rg - 300 x 8 + 16Rg
Rg = 1_[-2400 + 4800 + 400) = 3004
= TF'( ? - R
X —

Rs = 300 - 300 = g
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PROBLEMS
LESSON 2 REVIEW OF STATICS

2.1 Find the reactions at the 1450 @4&
supports for the beam shown in :
the sketch. 150 b
50 B4y
NIRRT EN Y

| B
R

Ht.
R,

L~S“-4-r5“ t 10" (0" —i
2.2 A 1000 b weight is supported by the system of cables shown in the

sketch, Find the tension in
each cable.

L 2L Ll

A5 450

1000 b

2.3 The two cylinders in the sketch are each 20 in. in diameter. The upper
cylinder weighs 200 1b and the 1ower

cylinder weighs 180 1b. Find the N

Toad at each point of contact:
A, B, C and D.
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2.4 For the keel web shown in the sketch find the th

Ry for the nose landing gear loads shown.

0"

o

k-—
'T“

le"”

ree reactions Ry, Rz, and

R, R
| z
‘*— { .—-:BLDO “: I ju'.
g :
L-mm\
2]
2.5 Find the reactions faor the truss shown in the sketch and de termine the
internal loads in eaph member,
2000 I 3300 1b 4600 b S000 6 -,
A B C D [_}_
12"
E S G m
R‘I Ry
|_-___qu - qu qn > l

2.6 An equipment shelf ts Supported at three points as shown.

reaction at each support for
the load shown,

Determine the
R X



2.7 For the nose landing gear shown in the sketch, find the load in the drag
brace and the vertical, drag and side

reactions at each of the two trunnions
(A & B). The side reaction is by

bear-up so only acts on one of the RN |
two trunnions, _ Ko §Z

LO°AR
20" ;ab

32" ] b"l’

12000 b

7000 \b

8"~ 55000 b
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LESSON 3

REVIEW OF STRENGTH OF MATERTALS
3.1 GENERAL :

materials will be considered in detail in subsequent lessons so are not
included in this lesson. These topics include columns, bending and shear
Stresses and torsion. Also omitted are statically indeterminate structures
and deflections of beams which are beyond the scope of ABDR. :

3.2 TENSION MEMBERS

It was shown in Tesson 1, paragraph 1.2.1 that elongation e = §/L within
the elastic limit. And in paragraph 1.3.1 it was shown that the modulus of
elasticity £ = f/e. Equating these two expressions we have: '

§/L = f/E o S

1]

]
ar

i = fL/E

Substituting P/A for the stress f, we have

3 = PL
i

where 5 is the total deflection, P is the axial load, L is the member length
that is subjected to the load, A is the area of the cross section and £ {s the
modulus of elasticity. This equation is the standard equatian for determining

the total change in length of a tension (or compression) member due to an
axial load. : S SRR . -

Rearranging the equation to solve for P/A and substituting f for P/A we
have: A _ o s

f:'SE
—E

This indicates that for any given & and L the stress, f, is proportional to E.
This shows that if two or more members with different moduli of eltasticity are
attached together such that they will have the same deflection, the stress in

each will be proportional to the modulj of etasticity. The sign convention

foraxial loads and stresses is that tension is positive and compression is
negative. o —
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3.1 COMPRESSION MEMBERS

The equations and .statements about tension members in the precedinag
paragraph 3.2 are equally valid for compression members. As for tension
members, the upper limit for the stress level at which the equations are valid
is the proportional limit. However, compression members freguently have a
lower 1imit because of stability. A column may buckle and a thin section may
cripple at stresses lower than the proportional limit, These modes of failure
will be investigated in subsequent lessons,

1.4 BENDING MEMBERS

The strength of bending members {beams) will be investigated in a later
jasson. This lesson is concerned with determining internal loads in bending

members. These internal loads include both shear and bending moment because
most beams have both types of loads. :

To find the critical section, or sections, of a beam, it is often helpful
to-draw a shear and bending moment diagram. These are plots, over the Tength
of the beam, of the values of shear and bending moment at each point. The
following subparagraphs will illustrate the derivation of shear and bending
moment diagrams for various types of beams and loading. The sign convention
for bending loads {s that a moment that causes compression stresses in the
upper portion is pasitive. :

3.4.1 Simple Beam with Concentrated Loads

The beam in the sketch is first balanced, using the equations of statics
to find the reactions., The value '

of shear at any section can be found 7'* P
by taking, as a free body, the portion
=

of the beam between the section of

interest and any point at which the . Y —n

i
S i

shear is known. In this example, the R, a ! b ——
. —

shear at each end is equal to the reaction,

Summing the vertical forces between v | R,
Ry and point A, it is apparent that the
shear at point A is equal to Ry. -Summing

moment about point A of the forces on
this same portion of the beam we find
that M = Rj(x)at any section between ~
x=0and x = a. This establishes the R -P:-R:
values of ¥V and M for the length “a".

The values for the length "b" are found
either by balancing a portion of the

beam with x greater than “a" or by

considering the other end of the beam.

For a beam with two or more applied loads, the same procedure can be
followed or the loads can be treated independently with the values for shear
and bending moment added algebraicaily.
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J.4.2 Simple Beam with Distributed Load

For a uniformly distributed load
as shown in the sketch, the reactions
are equal to wl/2. At any cross
section, the shear and moment can be
‘found as above. At a distance x
from a support, the shear is:

V=R]—wx="-u-2L-’-wx

and the bending moment is:

.M .= Rl(_x)-_wx (%) =(%—)x -e)xz

The shear and moment for a non-
uniformly distributed load can be
found by the same procedure. In the
case of complex loading, it is helpful
to know that the change in shear
between two cross sections of a beam
due to distributed loading is equa)
to the area of the load diagram between
the two sections. Also, the change in

I "!.i'; L‘-"IV
EREEREEEER! .
- X

R, a ___:4 le

bending mament between the two sectfons is equal to the area

of the shear diagram between the two

sections. Then:
%2
Vo = ¥y = wdx =
x1
and
x2
Mz - M) = Vdx =
xi

3-3

area of load diagram between xj and xj.

area of shear diagram between x; and xj.



Thus, the shear and moment at x = & in the sketch are found as follows:

vp.= Ry = 300 x 12 - 18004
2
o Y*
Ml = [ ) | - THLJ:I‘:'/"\‘
6 * RRR RER
2 -1
Vg - ¥y = [ wdx = / 300 dx f—— e —= . |
1
X, 0
_ \
' o 1200 4 '
= 300 x:l = 18004 v \
0 : PO
;- e 4\\
X2 6 - 12004 : :
Vo - ¥ = [ wdx = 300 dx .
| § 5400 w10
X, "0 . :
6 M _
' - X
= 300 x ] = 18004 —_— e ]
0
and ‘ .
Vo = ¥ - (V2 - V}) = 1800 - 1800 = 0
or, using the area Ag-g of the load diagram:
Vo = Vi - 300 x 6 = 1800-1800 = 0
x2 6 6
- = = 00 = | 1800 _JOUX:I
My - M2 / Ydx ] {1800-30C x) dx |: X =t
x1 0 0

= 10,800-5400 = 5400"#
Mp = - [My - (M - M)} = -(0-5400) = 5400“¥
or, using the area Ag-g of the shear diagram:

My = 1800 x 6 = s400"#
2
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For a non-uniform distributed load as’ shown
in the sketch, at any value of x between zero and L:

Wy =W (x/1)
: W
Taking Fy:
2
Vg = Ry - WX | X = py - Wx4 . oL
Taking  My: x _ . =
My = RiX—WXS | X = R; x - WX b L IR
RN < B S |

Simple beams with concentrated loads, distributed loads or a combination
of both have maximum bending moments at points of zero shear. The shear
diagram has steps at applied concentrated loads and reactions and changes of
stape at points of changes in the magnitude of distributed load. Bending
moment diagrams have steps at applied moments and changes of slope at points
where the shear changes. For distributed loads, the shear changes
continuously; therefore the slope of the bending moment diagram also changes
continuously, forming a curve. S S o

3J.4.3 Cantilever Beams

A cantilever beam is a beam which is "built-in" at one end (supported for
shear and moment) and free (unsupported) at the other. Shear and bending
moment diagrams can be drawn for cantilever beams using the same procedures as
for simple beams. Note that the moment will be zera at the free end {(unless a

moment is applied-at that point) but will not normally be zero at the built-in
end. .

For most loading conditions, cantilever beams have the maximum shear and
bending moment at the support. Steps and changes of slope for shear and
hending moment diagrams are the same as for simple beams. :
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PROBLEMS
LESSON 3 REVIEW OF STRENGTH OF MATERIALS

3.1 Find the total change in length of an aluminum longeron that is 60 incres

long, 1.25 inZ in cross section and loaded with a 65,000 1b tension load.
Assume E = 10.5 x 109 psi,

3.2 Same as above except that the load is a compression load that causes a
compression stress of 35,000 psi,

3.3 The bar in the sketch has a concentric load applied at point B, The
cross section area is .18 in2 and the

material is titanfum 6A1-4Y with a

modulus of elasticity of 16.0 x 106 ..E 3000C 16 y
psi. Find the reactions at points A : b c iy
and B and find the deflection at A YN B C
point B. : S T SR

3.4 An aluminum spar cap and a stae) strdp work together to carry a 172,000
1b tension lodd. The length is 84 inches. Find the load and stress in each
member and determine the margins of safety for each. '

Member | Effective A Net A* E Feu
Ispar cap 150 ©1.35 | '10.4 x 106 | 88,000
Ktrap .75 .65 | 29.0 x 106 160,000

*Area through fastener holes,

3.5 Determine the required cross sectional area of a 6Al-4V titanium strap to
have the same axial stiffness as a 180,000 psi heat treat 4130 alloy steel

strap that is 3.75 inches wide and .156 inch thick. Assume steel £ = 29 x 106
psi and titanium E = 16.0 x 100 psi.

3.6 Construct shear and bending
moment diagrams for the beam shown
in the sketch, 3 S :

1000 b ' mﬂrlb 200G b 500 tb
A B_C P E * %
' G
b 4"1'*-b“*-L-——E”-L-#hT
R’B K¢
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3.7 Construct shear and bending
moment diagrams for the beam shown
in the sketch, Find values for
shear and bending moment at the
centerz of spans a and b, Also
find shear and bending moment one
inch from A and one inch from C,

3.8 Construct a shear and bending moment

1iagram far the cantilever beam in the
sketch. Find bending moment at centers

of spans a and b to estabiish the shapes

of the curves,

3.9 Construct shear ang bending

1000 (b

w:2oo'y
w TIUG oA
] .
B pay
-..I | ’
R r"'——-.ﬁfr.. — b |
A Re
JEDOO b
400 by,
_ N
zca% 1 N
114 1R
Al BE . LR "
' t:6 —---—-—bzﬂ-—--\

moment diagrams for the eccentrically

loaded simple beam ARC in the sketch.

tCCO b

L~

R, ‘ gL
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LESSON 4

AIRCRAFT EXTERNAL LOADS

4.1 GENERAL

External loads are luads appliad tb the aircraft structure by outside
forces. The principal types of external loads are aerodynamic and inertia
loads, The Other types of loads are grouped under the heading nf

miscellaneous loads., These three types of external loads are considered
further in the following paragraphs, : :

4.1.1 :Aerodynamic Loads

Aerodynamic loads, nften calied airloads, are the loads applied to the
external surface of the aircraft by the flow of air. The principal
aerodynamic loads are 1ift and drag on 1ifting surfaces (wings and tail
planes) and drag on. the fuselage. Lift can be positive {acting upward) or
negative (acting downward). The fuselage also has some 1ift. '

The Teft-hand sketch below shows a typical positive airload distribution
on an airplane wing. The right-hand sketch shows a typical negative airload .
distribution on a stabilator {(horizontal tail control surface). Both spanwise
And chordwise distributions are shown as well as the resul ting torque.

: H va oN.
SIANIYE 4.AL3A0 0I5 TRIBYTION c SPANWIGE AALAAD CiSTAIFuTION

%—5 A-A A-h
CHOROWISE ARLOAD DISTRIBUTION . . -

-CHORDWIEN AMILOAD QISTAIBUTION
LA TR T M oag Lo :

o MALIEN DY B
ARG A0 . .
x AA AESULTART A IRLOAD *
N WThn .
i Sndsh Gpm TER ,-uo- oull
- T8 simLoa®
4

i = — A-A
C:-‘, SHEAM CTHTLA

TORSION ABOUT T SHEAR SENTER

TYPICAL AERODYNAMIC WING LOADS TYPICAL AERODYNAMIC STABILATOR LOADS
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Aerodynamic drag on the fuselage is of Jittle concern structuraily as it
jcts paraliel to the plane of the skin. However, there are also aerodynamic
pressures that act perpendicular to the skin surfaces. These vary in loca-
tion, direction and magnitude depending on the attitude of the aircraft as
well as speed and load factor; and they seldom exceed about 3.0 psi limit.

4.1.2 Inertia Loads

Inertia loads are loads caused by acceleratigns. The acceleration may be
translational, caused by a constant rate of change in direction of motion, or
rotational, caused by varying pitch, yaw or roll rates. N

it is a basic law of physics that for each force acting on an object,
there is an equal reaction in the opposite direction. When there is no
reacting force available, the object will accelerate with an acceleration of
a = F/mwhere a is acceleration, F is the unbalanced force and m is the mass
of the object. Similarly, unbalanced moments cause rotational accelerations.

For an airplane in flight, accelerations may be caused by maneuvering,
gusts, or changes in flight speed. On the ground, they may be caused by
landing, taxiing, field arrestments, etc. 1In any case, these accelerations
cause inertia loads that balance the otherwise unbalanced load. The ratio of
these accelerations to the acceleration due to gravity is called a load
factor, Load factors are given in aircraft coordinates and may be positive or
negative. ' B

0 Nx'{s.positive acting forward. S -
o Ny is positive acting to the left.
0 Nz is positive acting down .

Load factors are non-dimensional but are frequently referred to as a number of

g's, where g is the gravitational force. Thus, a load factor of Ny =-6.5°can
pe called "6.5¢g down". '

Applied external loads and load factors may be specified as limit or
ul timate.

o Limit load is the maximum load the airplane {(or load application

point) is expected to experience. The structure must not sustain
_permanent set under limit Toad. :

o Ultimate load is l1imit load times a safety factor. For most aircraft,
including the F-4, the safety factor is 1.5, The structure may
sustain permanent set if 1imit load is exceeded but must not fail at
ultimate load.. Most structural materials have a yield strength
greater than 2/3 of the ultimate strength so that the ultimate
strength 1imitation usually prevaiis. ' ’



4,1.3 Miscellaneous Loads

In addition to aerodynamic and inertia loads, there are several other
sources of loads applied to the aircraft structure. These include, but are
not 1imited to, pressure, pilot effort, engine thrust, actuator loads, cAnopy
- and seat ejection, and crash. (The latter is actually a special case of

inertia toad.} Some of these miscellaneous loads will be discussed further in
subsequent paragraphs, :

4,1.4 Aircraft Load Balance

At any time, the forces acting on an airplane must be in static
equilibrium, Therefore, the aerodynamic loads {and/or ground locads) and

engine thrust must be balanced by imertia loads. ‘A typical balance is shown
in the sketch.

STABILATOR LOAD

" FUSELAGE
AR LOAD
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4.2 UDESIGN CONDITIONS

A design condftion is a set of circumstances that produce a critical load
on some part of the aircraft. For f1ight conditions, these circumstances
include speed, altitude, weight, weight distribution, load factor and
rotational acceleration. Ground conditions include catapulting, arrested
landing, field landing, taxiing, towing, noisting, jacking and crash, For.
these conditions, the circumstances include weight and weight distribution.
Other circumstances are catapult tow load for catapulting, sink speed for

landing, field roughness for taxiing and towing and load factor for hoisting,
jacking and crash. ' '

4.2.1 Load Factors - When an airplane is being designed, the maximum load
factors are specified by the licensing agency. For the F-4, the limit load
factors are:. ; o : o » S

+6.0.(forward); -5.2 (aft)

0 Nx =
0 Ny = :0-9 (s‘dE)
o N, = +8.5 (down); -3.0 (up)

These lcad factors are the maximum for the airplane as a whole,
a design condition in¢ludes rotational acceleration, the linear acceleration
increases with distance from the axis of rotation. This results in higher
load factors at the airplane extremities as shown on pages 4-5 and 4-6.

However, when

Crash joad factors for the F-4 are 40g forward, 409 acting at any angle
up to 20° either side of forward and 20g down {not simultaneously). These

load factors are ultimate and apply only to the crew seat and items in and
directly behind the cockpit.
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4.2.2 Pressures - The entire external surface of the aij
derodynamic pressures in flight. These vary from abo
ultimate) on portions of the fuselage skin to signifi
on 1ifting surfaces., Most of these pressures are act

Less obvious are the internal pressures which act on other portions of
the structure. These include: '

0 The cockpit area Floors, bBulkheads and skins are designed far cockpit
pressurization of 1]1.q psi ultimate,

6 The engine air duct skins are loaded by a pressure as high as 32 psi
Timit (48 psi ultimate) during engine stall.

o0 The engine compartment has an interna] pressure of 20 psi ultimate,

0 Fuel celT.f1oor§, liners and bulkheads have a pressure of 3.75 psi due
to fuel cell pressurization plus additional pressure due to load

factors acting on the fuel. The total pressure exceeds 20 psi
ultimate in some areas. '

4.2.3 Pilot Effort Loads

A control'system parts that are loaded by pilot effort are designed to - °

the loads shown in the table .on page 4-8. Except for rudder controls, the
parts are designed to the loads of Alr Force Specification MIL-A-008865 shawn
in the third column. Rudder system components are designed.to the more
tonservative load in the first column labeled MCAIR
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PROBLEMS

LESSON #4 AIRCRAFT EXTERNAL LOADS

4.1 In which direction does the applied load act on a mass ijtem for each of
the following Toad factors:

A, tNg
.l +Ny
C.) +Ny

4.2 Determine the sign and magnitude of the load factor Nz for a manuevering
airplane with a weight of 37,500 1bs,, an airload on the wings of 252,000 1bs.
acting upwards, an airioad on the stabilator of 40,000 Ibs. acting downwards
dnd an airload on the fuselage of 31,750 1bs. acting upward.

4.3 What is the maximum limit design load factor not including crash safety,

in each of the six directions For mass items in the following locations in an
F-4 aircraft.

a) 0n the forward cockpit conscle at F.S. 180,
b) In the nose fuselage at F.S.0.

¢) In the aft fuselage at F.S.650.

d4) In the wing at B.L.60.

e) In the wing at 8.L.220

4.4 For which of the locations listed in problem 4.3 would the crash }oad

factors apply and what would the magnitudes and directions of the ultimate
crash louad factors be?

4.5 HWhat is the highest design ultimate pressure for any portion of the F-4
structure, what causes this high pressure, and on what portion of the
structure does it act?

4.6 What are the design limit and ultimate pilot effort loads for the F-4 on
each of the following controls. '

a) A rudder pedal.
b) A foot brake {on the rudder pedal}.
¢} The control stick (forward acting Toad).

d) The control stick (side load).






'LESSON §
INTERNAL LOADS

5.1 DEFINITIONS

The internal loads in a structural member may be one or more of the
foilowing: I s ' o '

Bending moment in beams
Torsion in torque boxes
Tension in axial members
Compression in axial members _
Shear in beams and shear webs

.00 0C O

5.1.1 Beams

A beam is a structural member that is loaded primarily in bending (and
usually also in shear) as it carries its applied loads to one or more

reactions, Most structural members that carry internal loads are some farm of
beam: _ .

0 Wing and empennage spars are cantilever beams. The skins are part of
these heams becayse they act as part of the beam caps. Ce

& Ribs that are between two spars are simple beams while leading edqge
and trailing edge ribs are cantilever beams. - :

0 The fuselage itself is a beam with wing and tail loads being reacted
By 2 distributed inertia load. o P

0 rings and frames are curved beams,

0 Most bulkheads ére beams. |

@ Cockpit sills are continuous beams on several supporté.
0 Many shear webs and intercostals are actually beams.

5.1.2 Torgue Boxes

Most major structural assemblies are also "torgue boxes", i.e., they are

(non-circular) cylindrical members carrying torsion as shear flow in the skins
and webs,

0 Wings and empennage cakry torsion as shear flow in the skins and
spars, - Co )



o A fuselage is a torque box carrying torsion as shear flow in the
moldline skins, floors, shear webs and sometimes duct skins. Usually,
where the structural skins are interrupted by cockpit closures and
nose landing gear doors, there is no torque box.

5.1.3 Axial Members

Axial members are structural members which carry primarily tension and/or
compression. Most axial members are actually caps of bending beams:

o Spar caps carry the axial loads caused by bending moment in the spar.

o Fuselage longerons carry axial loads due to bending moment on the
fuselage.

o Ribs, frames, rings and'bd1kheads have caps thaf carry axial loads due
to bending.

Axial members that are not caps of beams are usua]]y members that pick-up A
concentrated load and distribute it into a shear web. Examples include:

o Stringers that carry engine thrust.
o Stiffeners that back-up hydraulic actuators.

o Members that distribute 1ongitud1nal 1oads from eJect10n seat tracks
into shear webs.

o Keel web members that carry nose landing gear loads oo
5.1.4 Shear Webs

Panels that are primarily 1oaded by shear are ca\]ed shear webs. These
includes:

Spar and rib webs

Cockpit and fuel cell f1oors
Keel webs

Frame, ring and bulkhead pane1s
External skins

00 0oCOo

The shear carried by shear webs can be due to applied shear loads on a heam or
torsion on a torque box. Frequently it {s a combination of the two because
much of the structure acts as both a beam and a° torque box.

In thick walled sections, the shear stress is not uniform over the height
of the section but when the shear web 1s thin, in comparison to other section
dimensions, the shear stress is, for practical purposes, uniform over the
distance between centroids of edge members. Essentially all F-4 structure is
in the latter category. For convenience in determining internal loads the
shear force is converted to shear flow with units of pounds per inch. Shear
flow is denoted by the letter q. .

q'= v/h

where:q is shear flow, V¥ is total shear load and h {s the height of the beam
or shear panel betweencap centraids. Shear flow due to torsion will be
explained in Lesson 14 "Torsion"



5.2 INTERNIAL LOADS IN SPECIFIC STRUCTURAL ITEMS OF THE F-4

Each item of structure has one or moré_Specific functﬁons and must be

incurred in performing that function. The
first requirement for designing a structural repair is to learn the function
of, and internal loads carrieq Dy, the damaged part, S

5.2.1 Center Section Wing Main Box

This box is the structure inboard of the wing fold between the front

{14.50%) and main (40.475%) spars. [t carries the wing primary shear, bending
and torque. The major componets are: S » S

¢ Upper and Tower skins carry most of the compreséion and tenéion due to
wing bending. They carry shear due to wing torsion and drag. They

also carry normal loads due to aerodynamic and fuel pressures on the
skins to the spars and ribs, ' Lo o

o Front and main spars carry bending due to wing bending and shear due

to wing shear and torque. The main spar also picks up loads from the
-main landing gear trunnion. ' o o _ .

0 The intermediate (29.70%) spar carries shear due to wing shear and
torque and acts as a fuel baffle. It a1s0 carries tension
perpendicular to the skins due to Fuel pressure on the skins and
stanilizes the compression skin against buckiing. E

o Post beam posts at 22.75% and_35.602 stabilize.the_compression skin
: and carry tension due to fuel pressure on the skins.

o The BL 0.00 rib caps splice the upper and Jower skins and the rib web
© - carries shear due to vertical kick loads from skin axial Joads. It
‘also acts'as a fuel baffle. o ’ . -

0 'Thé torque rib near the fuselage side wall is loaded in shear due to
kick loads caused by the change in sweep angle of the skin axijal
loads. It also acts as a fuel baffle. A s

0 The landing gear actuator rib is a sheet metal rib loaded .only in
shear. It also acts as a fuel baffle.

‘0 The Tanding gear rib carrias shear and bending, méin]y due to loads
from the outboard external store pyton.

0 The fold rib at 8L 160.00 transfers the outer wing shear, bending
moment and torque from the outer wing fold rib into the main box spars

and skins and the rear spar, It also carries lToads from the wing aft
structure into the main box and reacts fuel pressure. It is loaded in
shear and bending.

5-3



5.2.2 Center Section Wing Aft Structure

The portion between the main and rear spars is open on the bottom,
inboard of about BL 117, to allow retraction of the main landing gear,
this region, the landing gear actuator rib at BL 82.4 supports both the
landing gear side brace actuator and the uplatch. It is loaded in shear,
bending and torsion. The upper skin in this region carries aerodynamic loads
and shear. At the outboard end of this bay is the landing gear rib. It picks
up the landing gear drag load from the MLG and most of the aft MLG trunnion

vertical load from the rear spar and carries them forward to the main box.
The rib is loaded in shear, bending and axfal load.

In

Qutboard of BL 117 in this same bay the structure is a closed torque box.
It carries loads from the trailing edge structure forward to the main box.

The skin is loaded by aerodynamic pressure and by shear. The ribs are loaded
in shear and bending. ,

The portion from the rear spar aft is a closed torque box. It carries
aerodynamic loads, including those on the T.E. flap and aileron to the main
box and fuselage. The rear spar carries loads from the wingfold rib, the aft
landing gear trunnion and the trailing edge structure to the ribs and
fuselage. The rear spar and aft beam react torque in the aft box as couple
loads at FS 359 and FS 400. The ribs carry aerodynamic and control surface
loads to the rear spar and aft beam and are joaded fn shear and bending
moment. The skins are loaded in shear and by aerodynamic pressures.

5.2.3 Quter Wing Structure T )

The outer wing structure consists of a main box from 12.00% to 41.70%
chord, an aft secondary box from 41.70% to 70.70% and a honeycomb trailing

edge. "The only loads on the outer wing are aerodynamic and inertia loads, and
on slatted airplanes, L.E. slat loads.

- The main box skins carry tension and édmpression'due to wing bending,
shear due to torsion, and aerodynamic pressures., The spars and ribs carry
shear and bending and also stabflize the compression skin against buckling,

The aft secondéry box skin carries on1y shear and aérodynamic pressure,
The skin stringers stabilize the skins against buckling in shear and cracking
due to buffet. The spar at 60% carries shear and bending to the fold rib.

The ribs are loaded in shear and bending due to airloads on this box and the
honeycomb. ' ' ' - : hy

The honeycomb trailing edge panel carries both shear and bending due to
-aderodynamic pressure. T _ o .

5.2.4 Fuselage

- The fuselage is a beam, tofdue box and axial member carrying airloads,

Tnertia loads and empennage loads to the wing and to the inertia balancing
loads. : ' ' =
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Langerons and, to a lesser extent stringers, carry tension and
compression loads due to fuselage bending and most large forward or aft acting
Rxternal loads on the fuselage. Longerons loaded in compression are generaily
not critical as columns because attached skins, floors, keel webs and frames
preclude column buckling. Some longerons also are loaded in bending and
shear, The upper longeron in the cockpit area is the outer cap of the cockptt
sil1 beam which has lateral bending and shear due to cockpit pressurization.

. Stringers serve a varijety of purposes, They sometimes carry axial
tension and compression }ike langerons, serve as sills for doors, frame around
non=structural doors, distribute Tocally applied loads and pressures and
divide the skins into smaller panels, permitting them to carry higher shear
and compression stresses without buckling. In addition to axial loads they

Frequently carry small bending moments and shears due to pressure and local
loads. ' - L . ' S

Bulkheads have three basic purposés.and-any one bulkhead may serve fram
one to all three. The three purposes are: o

0 bﬁstrihute 1argé applied loads into the shear and bending structure of
the fuselage. Typical applied Toads are loads from the nose tanding
year, crew seats, wing attachment, arresting hook and empennage,

n Redistribute loads where there is a change in the fuselage shear or
torque load paths.

o Distribute loads that afe applied perpendicular to the plane of the
bulkhead to the fore and aft load carrying members. These 1oads are
frequently due to pressure such as cockpit or fuel pressure.

and. stiffeners carry tension and compression and stiffeners_sometimes also
carry bending moment and shear due to normal Toads, : SR

Bulkhead webs are loaded in shear and sometimes by pEessure loads., Caps

Frames, sometimes called formers (and frequently called rings, if they
are continuous around a section of approximately circular cross section),
serve several purposes. Their main function is to distribute applied loads
into the fuselage bending and shear structure like a bulkhead. Frames are
used instead of bulkheads when the loads are small or internal requirements
preclude using a bulkhead. Applied loads on frames can come from any of many
saurces including equipment supports, ACtuators, engine mounts, externa) or
internal pressure and control system supports. They also divide skins into
smaller panels and stringers into shorter lengths, 1ncreasing the buckling
strength of both. Most frames are Joaded in bending moment and shear. When
loaded by pressure, they also sometimes carry tension.

External skins carry shear due to fuselage shear and torqué. They
frequently also carry tension and compression stresses due to fuselage
bending. Skins also carry pressure loads to the frames and stringers.

Floor webs carry shear loads, particularly those due to side shear on the
fuselage. They also carry locally applied shear loads such as those from
equipment inertia, NLG drag brace, seat rails, etc., to the axial membears,
Floor webs also frequently carry normal loads and pressures to the floor
stiffeners which carry them to the fuselage vertica) shear structure.
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[nternal webs, such as keel webs, carry shear dur to fuselage shear and
torque. They also distribute locally applied loads fram the nose landging

gear, engine mounts, arresting gear, actuators, etc., and sometimes, like
floors, react normal loads and pressures. S

Intercostals are local shear webs or beams between two other structural
nembers, such as frames and bulkheads, that usually also attach to the skin ar
a stringer. Intercostals carry shear and, 5ometimes. hending moment.

5.2.5 Empennage

The empennage consists of the horizontal and vertical tail planes. These

are made up of three distinctly di fferent structures: the horizontal
stabilator, vertical fin and rudder.

" The horizontal stabilator {s built very much like the center sectian
wing. The main box spars and thick skins carry the spanwise shear and bending
and most of the torsion, as for the wing. The leading edge structure carries
aerodynamic loads to the main box by shear and bending moment in the ribs and
spanwise members and by shear {due to torsion) in the skins. The trailing
edge structure aft of the main box is honeycomb which carries applied air
loads forward to the main box as shear in the honeycomb core and tension and
compression in the skins due to the resulting bending moment. The skins also
carry shear due to torsion. The inboard portion of the stabilator is made of

stee] and titanium because of elevated structural temperatures from the engine
exhaust.

The vaertical fin is of conventional thin-skin construction. The spars
and ribs are loaded in bending and shear due to air loads on the fin and
rudder. The skin is loaded by shear due to torque and by pressure loads. The
skin is also loaded in tension due to fin bending but carries very little
compression because the buckling stress of the thin skins is Tlow. -1

The rudder structure carries the rudder aerodynamic loads to the hinges
and actuator. The honeycomb trailing edge panel carries shear, bending moment
and torsional shear like the stabilator honeycomb. The ribs are loaded in
shear and bending. The forward spar is also loaded in shear and bending,as it
carries the applied loads to the hinges,and shear due to torque. A torgue

tube carries the torsion from the lower rib to the actuator. It also carries
shear and bending. . . o o _
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PROBLEMS

LESSON 5 INTERNAL LOADS

5.1 List the types of load that might be carried by each of the following
types of structure: '

a)
b}
c}
d)

5.2 In

geams
Tarque boxes
Axial members

Shear webs

«4hich one or more of the apave structure types does each of the

following F-4 components bhelong?

a)
b)
c)
d)
e)
f)
ga)
n)
i)

Center section wing main box
Fuselage

Vertical fin

Bulkhead

Fuselage longeron

Cnckpit floor

Hing spar

Cockpit sill

Wing main box upper skin

5.3 For each of the following F-4 structural components tell what types of
external loads are applied and what types of internal Toads these produce:

a)
b}
c)
d)
e)
F)
9}
n
i)
J)
k)
1}

Inner wing front spar

Fold rib at B.L.160.00

Wing main box lower skin

Leading edge wing ribs

Outer wing honeycomb trailing edge panels
Cockpit frames between the cockpit floor and sill
Engine air duct rings

Bulkhead at F.S.77.00

Center fuselage frames

Rudder ribs

Rudder trailing edge honeycomb panel
Stabilator main box lower skin

5-7






LESSON 6

STRESS AND MARGIN OF SAFETY

6.1 DESIGN STRESS

In Lesson 5, "Aircraft Interna] Loads" we discussed the various types of
internal loads. Invariabty, they were bending moment, tension, compressiaon,
shear and torsion. FEach internal Toad produces stress in the member carrying
the load. Tension, compression and shear loads Cause tension, compression and
snear stresses respectively. Bending moment is carried as a couple, consist-
ing of a tension load and a compression load, so it produces tension and
compression stresses, Torsion produces shear stresses.

For all three kinds of stress the'magnitude of  the S£Eess 15-equa1 to the
magnitude of the Toad divided by the effective area {f ;.;) . For individual

pieces of structure loaded in shear, bending and/or torsion there are many
other formulas for calculating stress levels. These formulas take into:
dccount the section properties of the member carrying the load. Some of these
formulas will be considered in later lessons.

The fourth kind of stress of interest is bearing stress. This is the -
Stress or pressure acting on the cylindrical surface of a fastener hole due to
load transfer from the fastener shank. - For analysis purposes, the stress is
considered to be equal to the load divided by the projected bearing area,
where the projected bearing area is the diameter times the thickness (f;?Ji_).

ot

6.2 LIMIT AND ULTIMATE STRESS

The terms "1imit" and "ultimate" have the same meaning for stresses that
was given for loads and load factors in Lessons 1 and 4. Limit stress is the
actual stress acting on an item of structure. Design limit stress is the
maximum 1imit stress expected at a given point. The limit stress is not
allowed to exceed the yield strength of the material,

Ultimate stress is equal to the limit stress times an "Ultimate factor",
sometimes called a safety factor, The factor for the F-4 is 1.50. The o
ultimate stress is not allowed to exceed the fajlure strength of the material.
Stress analysis is performed using ultimate loads and stresses except for
special cases such as fatigue analysis or deflection calculations.

6.3 ALLOWABLE STRESS

An allowable stress, as the name implies, is the maximum stress that can
be safely carried. Exceeding that stress level could cause rupture, permanent
set, collapse or permanent buckles depending on the kind of stress and the
type of structure. Allowable stresses fall into two general groups: mechani-
cal properties and allowable stresses that depend on geome try,
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6.3.1 Mechanical Properties

The mechanical properties of a material depend only on the alloy, heat
treatment and to some extent on the form by which the material was produced
{rolled, forged, cast, extruded, etc.). These properties include the yield
and ultimate strengths in tension, compression, shear and bearing and the
modulus of elasticity. These values are not affected by the geometry of the
member and are found in MIL-HDBK-5 "Military Standardization Handbook -
Metallic Materials and Elements for Aeraspace Yehicle Structures”. For
elevated temperatures this handbook includes plots of factors to apply to the

tabulated room temperature mechanical properties to obtain the properties at
eievated temperatures. :

MIL-HDBK-5 has tables of mechanical properties for a number of aluminum,
steel, stainless steel and titanium alloys, as well as some other metals not
used for F4 structure. For some of the metals, particularly aluminum, the
mechanical properties vary somewhat for different types of stock {sheet,
plate, extrusion, bar, forging, hand forging, etc.) and for different
thicknesses. This, along with other information in MIL-HDBK-5 that is not
applicable to ABDR, make that handbook toe bulky and time consuming to be used
for ABDR. For use in this course, and {until better data is made available)

for use in designing ABDR repairs, the table at the end of this tesson can be
used to find mechanical properties.

The properties given in the table are taken from MIL-HDBK-5 for the
fo]]owing_materiaIs:_

o 2024 sheet and plate: 2024-T4 alclad, t less than .063.
o 2024 extrusion: 2024-T4, T3510, T3511, t less than .250.
v 2024 tube: 2024-T3, all thicknesses,
o0 7178 sheet and plate: 717BfT5 or T62, t .045 to ,249.
o 7178 extrusion: 7178-T6, T6510 or T651L, t 062 to .269.
o Ti-GA1-8Y: annealed, t .045 to ,249. | R
o Alloy steel: AISI 4130, 4340, 8636. 87{0. etc., all thickﬁesées.

o Corrosion resistant steg]:f-AISI 301 stainless steel sheet,:all
thicknesses. . . . : . S L

£.3.2 A1lowaﬁle Stresses That Depend on Geométry

Allowable stresses can never he higher than the mechanical propertjes but
they can be lower due to instability. Instability includes panel buckling in
shear or compression, column buckling and crippling. Methods for determining

these allowable stresses are found in company stress manuals and some
engineering textbooks. : .

At McDonnell Aircraft Company the manuals used are Report 339 "Structures
Handbook" and Report 338 “Structural Analysis Bulletins". These manuals will

be referred to extensively in subsequent lessons and can be used in working
the homework problems.



6.4 ALLOWABLE LOADS

For some types of structure it is more convenient to work with allowable
loads than with allowable stresses. Generally this is the
items with stress distributions that are compliex or nonuniform and/or
difficult to determine byt are common enough to require a fast, accurata
method of analysis, This includes mechanical fasteners, tension clips,
columns, and torsion members, Methads of determining these 2llowable loads
are found in the same sources as are allowable Stresses that depand on
jeometry. Some of these will] pe considered in Jater lessons.

6.5 MARGIN UF SAFETY o L o

M.5.=allowable load or stress

ultimate Toad or stress- =~ 1.0
P
Thus, M5, = 8 aie oy 0 M.S. =t g
ult ult
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PROBLEMS

LESSON 6 STRESS AND MARGIN OF SAFETY

6.1 iList the principal types of stress carried by aircraft structure.

6.2 What types of stress would there be in a simple beam loaded in shear and
pending?

8.3 Is permanent set allowed at limit load? Is it allowed at ultimate load?

6.4 Calculate the margin of safety of a part with a design limit load of 1000
b, that fails at 1500 1b.

h.5 List the allowable stresses, modulii and ratios that are included in
mechanical properties.

6.6 Give the name of a document where values can be found for mechanical
properties of aircraft structural materials.

6.7 Tell which, if any, types of stress sometimes have allowable stresses of

lower values than the mechanical properties and the reason or reasons for
each.

6.8 Tell which, if any, types of stress sometimes have allowable stresses of
higher values than the mechanical properties and the reason or reasons,

3.% List several sources for allowable stresses that differ from the
mechanical properties,

6.10 Using the allowable stresses given in the table of mechanical properties

in this lesson, find the margin of safety {M.S.) of the following: A1l loads
Are ultimate,

a) A 2024 extruded tee section with a net cross sectional area of .188
square inches carrying a tension load of 9500 6.

b) A strap of 7178-T6 plate with a net area of .312 square inches and a
tension Toad of 25,000 1b,

c) A flange of a 2024-T4 forging with a .25 square inch cross section
and a shear load of 6500 1b.

d) A 5/16 inch diameter high strength bolt bearing on a hole in a sheet

of .050 thick titanium alloy Ti-8Mn with a load of 3500 °1b. Edge
distance (e/D) = 2.

B.11 A 125 inch thick beef-up plate of AISI 301-1/2 hard corrosion resistant
steel is to be replaced with a plate of 125 ksi 4130 steel with the same
width. Find the thickness required to have at least as much strength as the
original plate in tension and fastener bearing.
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LESSON 7
SECTION PROPERTIES

7.1 DEFINITIONS

Section properties are thosge geometric characteristics of the Cross
section of a structural member that affect the magnitude and distribution of
stress over the section for a given loading. They are area, centroid, moment
of inertia, static moment of area and radius of gyration. The use for each

section property and methods of determining its value are presented in the
following paragraphs.

7.2 AREA

The area of a cross section is used to determine the magnitude of
tension, compression and shear stress. For tension and compression the area

is measured normal to the load direction and for shear it is measured parallel
to the load. ' : :

For a member with holes, the gross area is the total area without sub-
tracting the area removed by the holes.. The net area is the gross area minus
the area removed by the holes. C S SRR

The effective area is the area that can carry load. ‘For tension and
shear, the effective area is equal to the net area. For compression, the
effective area is equal to the gross area minus the areas of any holes that
are not filled by fasteners. If a hole is filled by a fastener, a compression
Toad can be carried through the fastener shank by bear-up. The following
sketch illustrates the areas effective for the three kinds of stress,

A . B . L
f _ " —~ e /.50 HOLE
- o~
1,00
@ O
_.L’/r?mfr / L)'A : L"B L"C
‘.’.

4
50

N

N
ol b
N
N

/’f1 f : A T
3 .50 b=
A-A B-8 c-c
Ay = effective area in tension
Ac = effective area in compression
Ag = effective area in shear



Section A-A: Ay = Ac = Ag = gross area = 1.0 x .5 = .5 in?
Section B-B: A¢ = A; = net area = ,5-.5%x .25 = .375 in |
Ac = gross area = .5 in?
__ft=__P£_. _ . fc=ﬂ:. . fs=_L
L3715 : .5 _ .375
Section C-C: Ay = Ac = As = net area = .5 - 5 x .5 = .25 in2
ftz.P_t fe =P fs=L
.25 .25 .25

7.3 CENTROID

The centroid of an area is that point at which the area could be
concentrated and have the same moment with respect to an axis as the actual

section. It can also be defined as the point through which any axis would
have a static moment of area equal to zero.

Axes that pass through the centroid are called centroidal axes. In
analyzing sections, two mutually perpendicular centroidal axes are generally .
used. The centroidal axes of a section are the neutral axes in bending.
Usually, bending moment is about one axis only so that we are only interested
in that one centroidal axis. For columns, we are only interested in the cen-
troidal axis about which the column will buckle, which is the axis about which
the moment of inertia is minimum. For these cases where only one centroidal
axis is of interest, that axis is usually called the centroid. _ -

Centroids of simple geometrical sections can be found by integfation'and.
for complex sections, by a tabular summation.

7.3.1 Centroids by Integration

The centroidal axes of a section can be found from the eguations:

A?=fxda and A7=/yda
where A is the area and x and ¥y are centroidal distances from reference axes.

o Example 1 Find the location of the
centroi5a1 axis that is parallel to the

base of the triangle in the sketch.

fe— > —f
~
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So]ution;

Selact a differential area daA having all paints equally distant from the

{1 axis and take moments about that axis.

3y similar triangles:

4= hoy
b "h
u=>n

. h
Then Ay =(9;)§'= )/r (%)(h-y)ydy”
0 .

.
-0 [y o - y2)
0 -

| | -
b [hyz_ 3}

"l T

Q

b | n3 _ndj_ bn?

Flz o T1lw
7 (%) (&)
y= 3

7.3.2 Centroids by Tabular Summation

The vquations for this method are a variation of the equations for the

integration method: : : .

(ZAn} ¥y = L(Apy) or ¥ = &(Ay) and

(TAp) X = I(Apx) or X = Z{Ax)
K

where An, usually simply called A, is the area of an element of the section
and x and y are the distances from reference axes to the centroid of the

element.

dy
3 | i
KD e— . —d |
¥
< b .
.5 ‘
A= ?f- d4=zudy



o Example 2. Find the centroidal

—C

axes of the section in the _i- C)
sketch. T ‘ W 1
. - '30 o C) 3,00
.30
L @ |
I X

T 2 a——\

r‘.—-Z.DO

Solution

Divide the section into elements for which the centroid is known, £hoose

arbitrary reference axes and calculate vA, tAx and LAy. Then find % and Y
from these terms.

Element A y x - Ay Ax
1 .60 2.85 1.0 1.71 .60 ".
2 .60 .15 1.0 .09 .60
3 .48 1.50 .10 .72 .048
1.68 : z.52 | T.248
X = I{Ax) _ 1.248 _ .743 in.
~A 1.68
7 = s(Ay) _2.52 _ 1.50 in.
A 1.68

7.4 MOMENT OF INERTIA

The moment of inertia (I} of an area’about an axis is the sum of the
products obtained Dy multiplying each element (dA) of the area by the iquare
JF its distance {y)} from the axis. Thus, 1= fly2dA) or 1 =L {Ay©) For

structural cross sections, the moments of inertia of interest are those about
the centroidal axes.

Moments of inertia are used in determining stiffness and bending stresses
in beams and the buckling loads of columns. For beams, the moment of inertia

of interest is the one about the bending axis. For columns, it is the minimum
moment of inertia,



7.4.1 Parallel Axis Theorem

This theorem, also known as the transfer formula, states that the
difference petween the moments of inertia_about a centroidal axis and a
parallel axis is equal to the quantity AdZ where A is the cross section area
and d is tne distance between the axes. This theorem is only valid if one of
the axes is centroidal. To find the moment of inertia about a non-centroidal
axis from that about another non-centroidal axis, it is necessary to transfer
From the first axis to the centroidal axis and then transfer from there to the
second axii. The quantity Ad2 is added to the moment of inertia about the
centroidal axis to obtain the moment of inertia about the other axis. To
transfer from a non-centroidal to a centroidal axis, the quantity is
subtracted. Example problems in succeeding paragraphs illustrate the theorem.

7.4.2 Moment of Inertia by Integration

The moment of inertia of an area with respect to any axis can be found
from the equations Ix = fy2dA and I, = f'x2dA.

X

of the triangle shown in the sketch about

2 horizontal axis through its apex (the x

axis). Then find the moment of inertia about

the horizontal centroidal axis and about the _;L
base u51ng the para11e1 axis theorem. =

o FExample 3. Find the moment of inertia T

e b ——

Sb]ution:

As for the centroid derivation, select a differential area dA having all
points equally distant from the x axis. ' '

=/y2dA =/y2u dy
fyz( )ydy

n

h
h
]
h

=b[4] = b(h4)
FF i, "A\T

Ix = bh3

T
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From the previous example:

F=h-h=2n
3

And from the parallel axis theorem:

. = Iy - Ad?
=-b—h-3_b—h- Q)z
7 2 (53
[, = bh3
c
38
Similarly:
Iy = I + Ad?
= bh3 + bh ( h )2
¥ 7 \3
Ib=P-tl3
12

7.4.3 Moment of Inertia by Tabular Summation

Most structural member cross sections are not suitable for determination
of moment of inertia by integration because of complexity of the geometry.
These moments of inertia are determined as follows:

1) Divide the cross section into elements of geometrical shape (usually

rectangles) with easily determined area, centroid location and elemental
moment of inertia.

2) Select a reference axis parallel to the centroidal axis of interest.
This axis can be anywhere but it is usually most convenient to assume itat
the lower or upper extremity of the section so that all elements have the same

sign for y.
I 3? ¥ind the moment of inertia of each element about its own centroid (Iy
and/or Iy).

4) Find the moment of inertia of each §1ement abogt the reference axis
by using the parallel axis theorem { al = Ay and/or Ax“).

5) Find the centraid of the section from the equations:

¥ =z(Ay) and x = I{Ax)
B LA
6) Find thé moment of inertia of the entire section about its centroid
by using the parallel axis theorem again.

A convenient way to accomplish the above calculations is to use a table
as shown in the following example. If the location of the section centroid is

not known, the calculation for its Jocation can be combined into the same
tabie.
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Example 4. Find the moments of inerti

centroidal axes parallel to axes x and Y. Note: The
rectangle about its centroid is I = bh3/12.

a of the section in example 2 about the

moment of inertia of 3

Solution:
tlement A ¥ X Ay2 Ax2 - Ih' ly
1 .60 2.85 [ 1,00 | 4.8735 .60 .0045 .200
2 .60 .15 | 1.00 .0135 .60 .0045 .200
] .48 1.50 .10 | 1.0800 .0048 | -,2304 . | .02
1.68 5.967 1.2048 2394 | 7402
X = .743 in. and y = 1.50 in. (from Example 2, page 7-4)

Ix = ¥y + X(Ay2) - A(32) = .239 + 5.967 - 1.68 (1.50)2 = 2.426 in?

ly

CZL, E(Ax® - A(x2) = 402+ 1.205 - 1.68 (.743)2 - 679 ind

Note that the above equations for Ix and Iy include both axis transfers.

7.4.4 Moments of Inertia About Inclined Axes

Except for special cases,
same with respect to all axes ]
perpendicular centroidal axes a
and minimum are called principa

By use of Mohr's Circle, it can be shown
metrical section about an axi
found from the equation:

s inclined r

the moment of inertia of a section is not the

assing through a given point. The mutually
bout which the moments of inertia are maximum

1 axes. For a section with at least one axis
of symmetry, that axis and the one perpendicular to it are the principal axes.

- s 2
Iy = I, cos? @+ Iy sinc 8

where Ij is the moment of inert
the maximum moment of inertia,
the angle between the inclined
noment of inertia is maximum. -

Example 5 - For the rectangle shown .
in the sketch, find the moment of inertia
about each principal axis and about the

i axis for ® = 30° and for

Solution:

0= 60°,

The x and y axes are axes of symmetry'and
therefore, the principal axes.

Ix = bhd = 1.0(3.0)3 = 2.25 ind

I, = 3.0(1.0)3 = 0.25 in?

12
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are,

ia about the inclined centroida] axis, Iy is
Iy is the minimum moment of inertia and @ is
axis and the principa] axis about which the

Y




For = 30°:

p—
—
1]

i, cos 26 4 Iy sin 2p
2.25 cos 2 30" + .25 sin 2 30° = 1.6875 + ..0625
1.75 in% - | o

For = 60°%:

Ij = Iy cos 20 + Iy sin 29 _
2.25 cos ¢ 60° + .25 sin 2 §0° = .5625 + .1875
0,75 in? ' . B

7.5 STATIC MOWENT OF AREA

The static moment of area (Q) about an axis is the sum of the products
obtained by mu1t1p1y1/g each element (dA) of the area by its distance (y) from

the axis. Thus, Q =/ ydA, or, by dividing the area into elements {(A),
Q = CAy. .

The static moment of area is used to find the shear stress distribution

over a cross section of a shear - carry1ng member, as will be shown in a
subsequent 1esson

Example 6. For the section used in Exampies 2 and 4, find the static .
moment of area about the horizonta) centroidal axis of the area above section °
A-A and qf the area above section B_B

Solution: _
Above section A-A the area is a retfanguIaf element.

Q= Ay =(2.0 x .30) 1.35 =.0.81 in 3

gAY
. . N
Above section B-B the area must be divided into A # :}___kA
two elements. : N
- N
Element A Y Ay :
1 .60 1.35 .81 . . :

Q = LAy = .954 ind
7.6 RADIUS QF GYRATION

The radius of gyration (p) of an area with respect to a given axis is
equal to the square root of the quantity obtained by dividing the moment of
inertia with respect to that axis by the area. Thus:

p =YI/A

The radius of gyration with respect to the centroidal axis is used to
determine the buckling stress of columns.
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txample 7. For the section of Example 4,
2ach of the two centroidal axes

find the radius of gyration aboyt

S0lution:

o Px =V£.;= 1/2_1% = 1.252 in
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7.1

7.2

7.3

T 1 i
1.5(T78 J2(7) L5 L 22
} |L+ R e

7.4

PROBLEMS

LESSON 7 SECTION PROPERTIES

i
For the section shown in the sketch, find ) Y~ 50 HOLE ?
the stress for each of the following loads \ !
and find the margin of safety for 2024-T4 F (:)‘/1 B
plate. ' e Pr =
S ;| ——— ,
a) P, = 10,500 1bs. & 7 \ u

b) Pc = 10,500 1bs. | /D v
c) ¥V =7,200 ibs. .25 HOLES wWiTH 0 ]
cx® F-?lVET.S‘—/.___.....__! R

Y

By use of integration, find the centroid and
moment of inertia of a rectangle about the *T_
centroidal axis paraliel to its base. h

L

—~ b

Find the area, centroid, moments of inertia about both centroidal axes

X

and radii of gyration about both axes for the cross sections shown in the -,

sketches. uUse tabular method of Example 2 and Example 4.

vy~ o )
T

fe—2.0 —= -t ]
a) angle b) Tee c) channel

Find the minimum moment of inertia and radius of gyration for the angle
in problem 7.3a). (Note: It could be shown by
using Mohr's Circle that the minimum moment of
inertia is about a centroidal axis parallel to
the x axis in the sketch}.
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7.6

1.

7

For the section shown,
about the horizonta] centroidal axis., Note:
when an attached skin i

= f—. 12 {Trm)

 OSD SKIN

=

a) angle

this case, the effective skin is the thick

land portion plus a wid

the thickness of the thinner part,

For the section shown f

find the area, centroid
s chem-milled, as in

th of about 30 times

(Note: A
imes the thickness).

‘LL‘T:——“

Joo '

to a horizontal axis. Assume We = 15t = @ 9Qin

a)
b)
c)

d)

e)

Area,

Centroidal distance from the mold Jine.

Moment of inertia about the centroid.

First moment of area of the mold line
skin about the section centroid.

First moment of area of the inner cap

{the .125 thick tee) about the section
centroid. )

-100 CEREM MyLLED
™ .060

7-11
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b} channeil

reasonable

» and moment of inertia

i
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LESSON 8
FASTENERS & JOINTS

B.1 GENERAL

Mechanical fasteners, usually simply called fasteners, include rivets,
bolts and nuts, hi-shear rivets, hi-loks and many special-purpose fasteners
such as blind rivets, blind bolts, quick-release fasteners, etc., Rolts with
flush heads are commonly called 'screws. Almost all kinds of fasteners are
available with either protruding heads or flysh heads. Flush heads are used
on the moldline of the airplane far aerodynamic reasons and sometimes on
Interior structure to avoid interference with another part, Fasteners are
used to transfer loads of all kinds from one structural member to another,
Rivets, bolts, screws, hi-shears and hi-loks are the most widely used ajrcraft

fasteners because they are reliable, economical and convenient to install,
inspect and service, :

For -ABOR the fastener most commonly used is the protruding head Jo=bolt.
[t is 3 high strength, blind fastener which does not require access to the
back side of the structure being repaired and can be installed quickly. The
protruding head is used on moldline repairs as well as interior repairs
because the requirement for fast repairs overrides the aerodynamic
considerations, . S e . T

The fastener strength criteria, design policies and ultimate allowable
fastener strengths used by McDonnell Aircraft Co. in the design of the F-4 are
presented on pages 1,00 through 1.83 of McDonnell Report 339. These pages are
appropriate for use in repair design and for determining -the strength of
existing structure. Some of these pages have different aliowable loads for

two different ratios of ultimate factor of safety to yield factor of safety,
The Air Force uses aratio of 1.5. ' ' : SUT s

8.2 SINGLE FASTENERS LOADED IN SHEAR

Most aircraft fasteners are loaded in shear rather than tension. The
failure modes and sources of allowable locads for protruding head and flush
head fasteners are shown in the following paragraphs. Fasteners smaller than
1/8 inch diameter are not used for structural applications.

8.2.1 Protruding Head Fasteners

The failure modes for protruding head fasteners loaded in shear are shear
- failure of the fastener and bearing failure of the attached parts., These are

treated separately in the following paragraphs. McDonnell Report 339 (herein-
after called MAC 339) has tables of failure loads for several of the more
common fasteners bearing in various thicknesses of various alloys,
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¢ Shear failure - single shear - In this mode the fastener shank is
sheared through. The sketch shows the start of a fajlure,

Pai1 = Pgyqq from MAC 339

or

°)

Pa11 = Fsu A where Fg, is the Y
allowable shear stress of the ’ P
. fastener and A is the cross o '

sectional area of the fastener.

Shear fai]ure - doub]e shear - In this case the. rivet must Fail 3lang
two pianes as shown. oo :

Pall = 2Ps,q from MAC 339 | % F———’L?——l' . P
or : . o ,7-4'—-,\- i — 7
2 ~

Pa1y = 2 Fgy A

o Bearing failure - In this failure mode the materijal be1ng joined fails
as shown 1n the sketch or . tears out.

Paiy= Fbru ot . -.  L —1 _
where Fppy = the ultimate ‘4——‘% | @)}3 e

allowable bearing stress. P \ P
D = fastener diameter S ——
.t o= mater1a1 th1ckness R "

_For edge distance of 2.0.0r 1.5 times d!ameter Foru can be obta1ned
from MIL-HOBK-5. For values between 2.0 and 1.5 a straight line -
variation between the two allowable stresses can be used, For values

less than 1.5 times the diameter, Fbru can be obtajned from MAC 339
page 12.12.

8.2.2 Flush Head Fasteners

: Fasteners w1th f1ush heads are used with either machine countersunk or
: dxmpled holes. _ o

o Countersunk fastehers - In almost all cases only one of the pleces
being joined is countersunk. Therefore, countarsunk joints can fai}

in either shear or bearing as for protruding head fasteners. However,
‘they also have an additional failure mode which is critical in many

cases. The countersunk portion of the fastener hole acts as a wedge
and tends to 1ift one side of the fastener head as shown in the

sketch | | B \\\ ~‘
+ e R
M ‘~t;; '

Y

N H
i 4 |
| S—

P

L
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This puts both a tension load and a bending moment in the fastener, in
~addition to the shear, and can lead to a complex failure at a smaller
load than for a protruding head fastener. ‘Because of the difficulty
of analyzing this complex failure, the allowable loads for countersunk
fasteners are tabulated fram test values. MAC 339 pas allowable
ultimate loads for many types of countersunk fasteners, '

o Dimpled fasteners - Dimpled fastener joints can be either double
dimpTed {Both sheets dimpled} or dimple-countersunk (upper sheet
dimpled, lower sheet countersunk) as shown in the sketch, '

—f— Y™

L |
TS T T TS e

Double Dimpled R - Dimple Countersunk

However,
in this case the sloped flange of the upper sheet bears against the

slope of the lower dimple or countersink, Although, as with the
countersunk fastener, this puts tensfon and bending loads in the
fastener it also helps transfer the shear load. Thys the allowahle
loads for dimpled fasteners are larger than for countersunk and in
Some cases larger than for protruding head fasteners,.

The failure load of a dimpled fastener is even more complex than for ‘a
countersunk fastener. Therefore the allowable loads are based on test
values and are available in MAC 339, S P S

8;2.3 Blind Fasteners

without access to the other side are called blind fasteners, These incTude
Jo-bolts made of aluminum, steel and A-28§ {a heat-resistant alloy) and pull
stem rivets made of aluminum, mone) and A-286. These fasteners and their
designations and usages are shown on pg. 1.41 of MAC 33% which also includes
strength reduction factors. These factors, applied to the allowable Toads
presented on pages 1.42 through 1.46, depend on the amount of vibration and
the inspectability of the blind side of the fastener.

The diameters of the three smaller sizes of Jo=bolts are slightly larger
than other fasteners of the same nominal diameter. These diameters, which are
to be used in calculating bearing strengths, are 164 for 5/32 inch, .200 for
3/16 inch, and .260 for 1/4 inch, which are designated ~08L, ~-3L and -4L

respectively. The larger sizes, -5L and -6L (5/16 and 3/8 inch) have nominal
diameters of .312 and .375 respectively,
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8.2.4 Temperature Effects

Elevated temperatures reduce the strength of ail fasteners whether shear
Reduction factors for allowable loads in shear
and in bearing for several rivet alloys and sheet materials are given on pages

critical or bhearing critical.

1.31 through 1.84 of MAC 339.
on page 1.05 and 1,06 of MAC 339,

shown on page 1.80 of that report.

Rivet alloys For all common fasteners ars given

The procedure and an example problem are
That page refers to MIL-HDBK-5 for bearing
strength reduction factors; however, most of the factors needed for ABDR
purposes are given on the above pages of MAC 339.
the 1/2 hour exposure time factors are to be used except in areas of known
Tong time exposure such as the engine compartment,

For both shear and bearinng,

Because temperature factors for the bearing strength of alloy steel and stain-
“less steel are not given in MAC 339, the following tables are presented.

~—

Temperature factor for Fppy, 1/2 hr. exposure

emp,

Matl. 200 400 600 800 1000 1200
Alloy steel .97 .96 .92 74 .57 .38
301 st. 1/2 hard. .87 .74 .67 .59 .52 .44

For temperatures below or between the tempékétures shown, use straight line -
interpolation between values shown. All temperatures are measured in °F.

8.3 MULTIPLE FASTENERS LOADED IN SHEAR

8.3.1 Symmetriéal Loading

With one or two rows of fasteners the

load is evenly distributed if the fasteners

are the same size, Otherwise it is in
proportion to the fastener's cross-

sectional area (w ré).

l?ow ’*— )

._.ﬁus'\.rz -
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For three ar more fasteners in a Tine (paraliel to the Toad) the load
peaks at the first and last fasteners, The reason .for this is clear when
strains in the o (or more) parts are considered as in the following sketch.
If the load was evenly - A : C
distributed (25% in & Q,) ' |® @

5 o -

each of the four 1000 , 1000
Fasteners) the load at T — ———
sectian A-A would be 7

750# in the upper ' t
member and 250# in the A
lawer. For the same

area and modulus of elasticity (A and E) the elongation between fasteners 1
and 2 would be 3 times as great in the upper member as in the lower because
elongation 7 = PL Byt the elongation must be approximately the same in both

AE. _ ' ’
members and, because of this, fastener #1 has to transfer more than its share
of the load. The same is true .of fastenar #4,

[f the Fasteners were infinitely rigid all of the load would transfer at
fasteners 1 and 4, If they were totally flexible the load would be equally
divided between the four fasteners. The actual load distribution is between
these two extremes and ig dependent on the spring constants of the fasteners,
Usually, the distribution is fairly close to being equally divided. However,
when the fastener spring constant is unknown, a safer assumption on 1oad -
distribution is that shown on the following table. This distribution is based -
on a high but realistic spring constant, :

No. of . End Fastener Load
Fasteners ' in % of P
— : T

4 _ ... 37.5

5 37

This unequal load distribution can be aileviated by stepping or tapering
the members. For the tapered

@' m '@ |
configuration shown, the Ij-—-f-—f—-___ (:) '(:)
L___f'__‘__"_""l

Cross sectional area of the \
upper member at section A-A b= -/
can be approximately 3 times i | J ) —

the area of the lower member. o [
Thereforg, for.equal elongation, fastener #1 transfers one fourth of the load.

Another way of obtaining uniform load distribution is to have the
fasteners that tend to overload be bearing critical; that is: weaker in
bearing than in shear. Thus, when a fastener starts to overload, the hole can
“lungate in the direction of the load and yield sTightly, allowing the next
fastener to load up fully. End fasteners can be made bearing critical hy
tapering or stepping the thickness, counterboring the fastener hole, using a
larger fastener that has a high -
shear strength, or by using . -
multiple thin layers of material, : ! \
each being thin enough for the ! I -
fasteners to be bearing critical, —-— i
This last methed is usually the ’
only one suitable for ABDR repairs. ! ] i I
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8.3.2 Antisymmetrical Loading

An antisymmetrical load (a moment) on a fastener pattern is reacted by
loads that are proportional to the fastener '
cross sectional area and act normal to ‘ »
lines drawn from the fasteners to the '

\ [
pattern centroid as shown in the sketch, 9] '®) >
This is an elastic load distribution. o ’/ _ : [

o o) C \

- The centroid of a Fastener pattern is found by the method used in section
properties. The area used for each element (fastener} is the cross sectional
area of the fastener or a number proportional to it, such as diameter squared.
Lf the fasteners are all the same size, a unit number such as 1.0 can be used
For the area. The load on each fastener is found from the equation:

MeA

P =
E(ezA)

where P = fastener load, e is the distance from the fastener to the fastener
pattern centroid and A is the rivet cross sectional area or number o .
proprational to it, ' ' : ' : o

B.3.4 Shear Clips

When two pieces of structure are joined by a shear clip, the intarnal ‘
loads are balanced with the load transfer at the apex of the clip angle as T
shown in the sketch of a beam.

Thus, there is a moment
at the rivets as well as
a shear, The moment is
balanced by a Couple as

shown in the second _ ' -
ketch. l—. 80 : . f
sketch -. ] R’IOOO*P'_ /0'0 -]-( - 10.0 . ,-‘

On the flange that attaches to the beam the couple loads are: ' F?=/OOC)ﬁ

Pm = 1000 ﬂ): 890¢#

and the resultant fastener load is:

R = (8902 + 5002)1/2 x 10204

On the other fIanQe the couple

loads are: f
P = 1000 { -89 Y= s00#
1.0
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and the resultant fastener ioad is:

(5002 + 5002)1/2 = 7504

Note that in the first instance, although two rivets carry a 1000 1b. 7oad,
the Toad on each rivet is greater that 1000 1b. Three-rivet clips are more

efficient but often unnecessary. -It should now be obvious why one-rivet clips
ire unacceptable, : o '

A less desirable, but sometimes both necessary and adequate,
shear clip has rivet lines at right angles to the load direction a

S shown in
tre third sketch, This 1ip is balanced by the laws of statics as

above,
.80 1600
iM =0 Rp = 1000 (—53) = 890# b -
~Fy =0 Rz = 1000 + Ry = 18904 .

Similarly for the other flange:

il

.60
1060 | 7y gn/= 6004

1000 + 600 = 1600#

R1

R2

~ ‘Note that the 1890# is considerably greater than the 1020# maximum rivet
load on the first shear ¢lip. . o
~For-a clip with more than five fasteners in a row, the eccentricity of

the load can usually be neglected because it would have 1ittle effect on the
resultant fastener loads. B I L

4.4 FASTENERS LOADED IN TENSION

Rivets and blind fastehers are not used in joints where the primafy load
is tension, They do frequently carry smali secondary tension loads. The
allowable tension loads, or methods of determining them, for a variety of

fasteners are given in MAC 339 on the pages listed in the following table,
Note that in many cases there is a _

prying action which causes the = -Fastenar

_ rage

fastener load to be higher than A NS C04/0 BT X &Y 1.11
the applied load. Examples of - MS 20426 (BB & CY) 1.11
this are shown in following _ Steel hi-shear rivets 1.20
paragraphs. Co Co . Lock bolts 1,26

: o o ~ Bolt-nut combinations 1,32

Flush screws “1.35 - 1.39



8.4.1 Tension Clips

Angle and tee tension clips are frequently used to transfer tension loads
from one member to another. McDonnell Report 339 pages 12.00 through 12.02.03
present criteria and curves of allowable 1imit or yield loads for sheet metal
tension clips and allowable ultimate load for extruded (or machined) tension
clips. The limit or yield aTTowables must be multipled by 1.5 to obtain the
allowabie ultimate load, . : :

Tension clips are difficult to free bady because the loading is complex
and statically indeterminmant. The following sketch gives an idea of the
external balance and deflected shape. Nearly always a tension clip mates with
a piece of structure that causes toe-up loads as shown in the right hand

sketch,  The boit tension load is equal to the applied tension load plus this
toe-up load. S D - -

The deflection is also an important consideration. Because the holted
flanges of tension clips are cantilever beams of low bending stiffness they
have to deflect in order to carry a tension load. Therefore, a tension clip
will be ineffective in tension if 1t i1s working with more rigid continuous
structure that prevents deflectfon of the clip. Because of this, if a joint

that includes a tension clip 1s overlaid with a repair strap the strap must be
capable of carrying the entire load.

A bathtub fitting is a special form of tension clip in which the bolted
flange is supported on two or three sides. These are somewhat stronger and
more rigid than other tension clips. o S

3.4.2 Lugs

, The tension lug analysis methods used at McDonnell are presented on pages
12.10 through 12,16 of MAC 339. - The allowable ultimate bearing stress is
found on pg 12.12, the permissible clampup on pg 12.14 and the allowable loads
for double shear lugs on pg 12.15. Page 12.16 gives correction factors for
lateral lug loads. As was mentioned in section 8.2.1, pg. 12.12 of MAC 339 is

also used to determine the allowable bearing stress when edge distance is less
than 1.5 O. ' '

For a double shear lug joint, the bolt may have a tension nut torqued to
the proper tension nut torque of page 1,31 of MAC 339, a nut torgued to the
proper shear nut torque, or it may have a nut bolt combination with no applied
torque. In the latter case, the bolt might be replaced with some other type

of pin. The amount of torque determines the amount of clamp up, which affects
the aliowable load.
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8.5 EXAMPLE PROBLEMS:

o Example 1 - Find the allowable ultimate load for the joint shown in
the sketch. Both sheets are

7075-T6 and the rivet is
an M520426 ADS (BB5),

Solution:

In ,063: Py1y

4704 from MAC 339 pg. 1.14 for e/D
In .032: Pam

551# from MAC 339 pg. 1.13 for e/D

[/}
NN

Therefore the .063 sheet is critica].

Pa]] 470#

0 Example 2 - Find the al]owable uUltimate load for the joint shown. The
090 sheet is 2024-T3

alctad, the 080 is a -

7&78-T6 extrusion and l

the fastener js a 3/15" . --l‘— ﬁ)—-_-
diameter NAS 1054 . Tﬁ‘ =
Ni-shear rivet,

44»+*4o /080

Solution:

[n both sheets e/D is greater than 2 so use allowable bear1ng stresses

For e/D = 2. For 2024 sheet Fory = 121, 000 psi and for 7178 extrusion
Fory = 157 000 psi (from Lesson Hﬁ)

Upper (.090) sheet Pyy 11 = Fhpy A = 121,000 (.090 x ,189)

"

20604

Lower (.080) sheet Ppp i = Fypy A = 157,000 (.080 x .189) = 2370#

The fastener is steel with Feu = 160 ksi as shown on page 1,05 of MAC
339. Fastener strength is:

I

PSa]] = 2690# (from MAC 339 pg. 1.33)

The joint strength is the lowest of these three different allowable
loads Therefore, the upper (.090 2024-T3) sheet is critical and:

Pal1 = 20604

e —————



Note that for a double shear joint the joint strength js the lower of:

a) The allowable bearing strength of the center member.
(Phrgyy = t O Fpel.

or

b) The lesser of the allowable bearing strength of the upper member
or the single shear strength of the fastener; plus the lesser of
the allowable bearing strength of the lower member or the single
shear strength of the fastener.

o Exampie 3 - Find the allowable ultimate load and margin of safety for
the ;U75-T5 extruded

tension ¢lip shown in el r*——
the sketch, The bolt -t

is a 1/4" NAS 464 bolt -
with an NAS 686A nut. ; .
The load is 2350 Ib. TP=2350

f:p—” S

--."_O'I‘_'-

— .50 -

e 1,00 —=t T

Solution:

From MAC 339 pg. 1.32 it.can be seen that the nut and bolt are tension
fasteners and have an allowable tension load of 4580#.

From MAC 339 pg. 12.02: T = .200, Tp = .100, O = .250, e = .50, and
d = 1.00. Using the graph, the allowable load is 3170#. However, the
chart requires that e = 1,75 D = 1,75 x .25 = ,4375 and the actual

e = .50. From MAC 339 pg. 12.00:

m=e/D = .50/.25 = 2,0 .

Kz = 1.75/m = 1,75/2.0 = .875%

8-10



The chart also requires that W = 4D = 4 x .25 = 1.0. The actual W is

1.00 so this requirement is met. From MAC 339 pg. 12.00:
n=W/D=1.00/.25 = 4
Ky = (n-1) /3 = (4-1) /3 = 1.0

Pail = Pcorrected = Pchart X XK1 x K2
3170 x 1.0 % .875 = 2770#

13

Pall '
M.S. S —p— -1 7 g%%-— -1 = *.18

Example 4 - Determine the proper bolt torque and find the allowable
uTtimate load and margin of safety for each lug and for the bolt in

the following sketch. Also determine the allowable joint load and
wargin of safety. The material of all Yugs is 7178-T6 extrusion with
grain direction as shown. The fastener is a 3/8" NAS 464P bolt with

an NAS 1022A nut.

>\2R
L@l | L .._..@/ |
..r“‘"‘ 1o —"l L . L‘fil:,-

c 25— F::ﬂh::iﬁ__- .25 _. |ff27£r—‘*
I -l AA
p::gc:voo‘#|F
Solution:
Find the required torque:
The nut is a shear nut as shown on pg. 1.32 of MAC 339. The proper

torque for a 3/8" shear nut is shown on pg. 1.34 of MAC 339 as:

T =95 « 110 in b,

Check the center Tug (lug #2):

R= .50, W=.,75,0=.,375, t = .50
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Note that R is the edge distance of the boit, and is not necessarily
the machined radius of the part.

i

R/D = .50/.375 = 1.33

For = 1.16 Fy per MAC 333 pg. 12.12
u

Fey = 88,000 psi per Lesson #6
For = 1.16 (88,000) = 10Z,100 psi based on R/D
W/0 = .75/.375 = 2.0

Grain is long transverse per figure on pg. 12.12 of MAC 339.

Therefore use curve #2 on that page per the table on.pg. 12.13 of MAC
339,

Fpr = .97 Fyy = .97 x 88,000 = 85,400 psi based on W/D
Using the lower of the two values of Fpr:

P411 = Fpr A = 85,400 (.376 x .50) = 16,0004 for lug #2

p 16,000
M.S. = pa - ehogp -1 = .07 for lug #2

»

Check the outer lugs (1ugs'#1):

R = .56, W=1.10,0=.,375, t = .25

R/D = .55/.375 = 1.47

Fop = 1.29 (88,000) per MAC 339 pg. 12.12
- 112,600 psi based on R/D

W/D = 1.10/.375 = 2.93

Because the grain direction is longitudinal, use curve #1 on pg. 12.12
of MAC 339 per the table on pg. 12.13.

Fop = 1.86 Fyy = 1.86 (88,000) = 163,700 psi based on W/D

Paq1 = Fpr A = 112,600 (2 x .25 x .375) = 21,1004 for Tugs #1

P 21,100
Pl = Toigng -1 = r.l

M.5.

It can be seen from the curves on pg. 12.12 of MAC 339 that whenever W
= 2R {or greater), W/D is less critical: than R/D. :
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ks1, e = 0.0 ,*, e/D =0. Following the graph from Fyp, to Fory

the 160 ksi curve for a c1amped shear nut to e/D =0 to the c1amped
shear nut curve to K:

Check the bolt - per MAC 339 pg. 12.15, Fprz = 85.4 ksi, Fppp = 112 6

K=1.64
¥a11 1s the allowable ultimate single shear load.
Vaii = 10,500# per MAC 339 pg. 1.33

Pal1 = K Vay1 = 1.64 x 10,500 = 17,2004

P 17,200
M.S. = Fﬁll'= 5000 -1 = +.15 for the bholt

Determine the joint strength:

The joint strength is the strength of the weakest component,
Therefore:

Joint P31y = 16,000# {center lug is critical}

p 16,000
S =2 - g -1 = 07

=
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PROBLEMS

LESSON #8 FASTENERS AND JOINTS

Before working the following problems read MAC 339 pages 1.00 to 1.02,
1.10, 1.20, 1.30, 1.30.01, 1.40, 1.40.01, 1.50, 1.80, 12.00, 12.00.01, 12.10
and 12.11. Also become familiar with the contents of the other pages of
Section 1 and the other pages of Section 12 through page 12.16.
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8.1 For the single shear joint o : -(:)
shown in the-sketch find the :

ultimate strength for, each of _
the fastener-material combina- =
tions shown below, o

Member Thickness &'MateriaT Fastener Head Type T E/D
a1 .080 7178-T6 sheet MS20470 D06 | prot. 2
- 2 -040 7178-T6 sheet | .. (CX6). prot.. | 1.5
- | 7818 shee, e (e, | _
] 1 .063" 7178-T6 sheet | MS20426 ADS esk. 2
: 2 .032 7178-T6 sheet (BB5) prot. 2
el .050 7178-T6 sheet MS20426 ADS | dimp. 2
: 2 .080 7178-T6 sheet . |  (BBS) . esk. - 2
la| 1 .063 7178-T6 sheet NAS 1097 ADS sk, 2 )
! 2 .040 7178-T6 sheet (LZ5) prot, 2
te | 1 160 7178-T6 sheet | NAS 1055-6 csk. 2
i 2 ']..0%0 7178-Té sheet | 3/16" hi-shear prot, 2
fI1 | .100 Ti-6AL-4V sheet | NAS 333¢ | csk. 2
2 | 050 Ti-6Al-4V sheet | 3/16" bolt prot. 2
g | 1 .063 7178-T6 sheet - | 3M249A5 ek, | 2
2 063 7178-T6 extrusion| 5/32" stl. hi-lok prot, ‘1.5
hl o1 125 7178-T6 sheet | NAS 1670-3L csk. 2
| 2 | .063 7178-Té sheet 3/16" st1. jo-bolt| prot. 2
il 125 7178-T6 sheet | NAS 1674-3L . | csk. 2
2 .063 7178-T6 sheet 3/16" al. jo-bolt | prot. 2
il o1 .190 2024 T4 sheet .| NAS 1669-6L - | prot. 2
2 190 2024 extrusion 3/8" stl. jo-bolt | prot, 2

Note: Prot. is an abbreviation for protruding,
Csk. is an abbreviation for countersunk,
Dimp, is an abbreviation for dimpled.
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8.2 For the double shear
joint shown in the sketch
find the ultimate strength
for each of the fastener-

material combinations shown
below. = '
Member | Thickness & Vaterial rastener Head Type | E/D
a 1 .040  2024-T3 sheet ~M520470 DD6 - prat. - 2
2 .040 7178-T6 sheet . {cxe) prot, 2
3 .080 2024-T3 sheet . 2
b| 1 .050 Ti-6AL-4V sheet | NAS 1054-5 prot. 2
1 2 .050 Ti-6Al-4V sheet 5/32" hi-shear prot. 1.5
3 100 Ti-GAl-4V sheet * _ o . 1.2
c L .125 2024-T4 sheet IM248A-4 prot. 2
2 .190  2024-T4 sheet 1/84" ni-lok prot. 2
3 250 7178-T6 extrusion ' 2 .

8.3 For each of the following joints, fjﬁd theIUItimate allowable load at
room temperature and at the given temperature exposure,

/D = 2.0 or greater.

For all members
See the sketch of problem 8.1 for the single shear

joints a) and.b) and the sketch of problem 8.2 for the double shear joint c}.

TWMember Thickness & Material Fastener Head Temp. | 1ime

a| 1 .063 2024-T81 sheet MS20426 ADS csk. | 300° | 1/2 hr,
2 .040 7178-T6 sheet - (BJS) prot.

o 1 Same as 1 above same as above csk. 300° | 1000 hr
2 Same as 2 above _ h ' prot. :

c 1 .100 Ti*6A1-4V sheet ST3M415C4 csk. 650° | 1/2 hr,
2 -.063 301 St. St. 1/2 {1/4" A286 prot. _

hard. - hi-lok)

3 160 125 ksi. steel -
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8.4 In problems a) and b) determine the load on each fastener.

al
[Fastener Fastener
: no, { 2
. -+ O O
1 NAS 1054-6 hi-shear SYalala
2 NAS 334 bolt b —~
b) :
Fastener Fastener i y
noe, # o T O
- 2150 '
1 M520470 AD5 (BJS) I N 1,20
2 MS20470 ADS (BJ5) . 50 2 q
3 MS20470 DDE (CX6) e) . O
4 M520470 DD6 (CX6) T— :

¢} In the fastener pattern shown
find the value of dimension
H 1]

a" that will allow the load . - ' 2 [
P to load the three fasteners

- (:)
concentrically. _ —_T—

[.CD
4*';— 2 ‘f
Fastener Fastener P o
no, a LoD
1 NAS 1669-4L ' 3
2 NAS 1669-08L J’— O ‘-L
3 NAS 1669-3L . :

d) Find the allowable load P for the configuration shown in problem c)
above and find the load this would produce on each fastener, °

8.5 For the load and fastener configuration in each of the fol]owing

problems, find the load on each fastener. 1In each problem, a1l fasteners are
of the same type and size. ' pe

a) In this case the fasteners can ()' le
carry load in any direction, ’
o000 " # 3.0
o o4

.0
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b} Same as a) above except that
the rivets pick up two axial
members that can carry sig-
nificant loads in the axial
direction only.

c) In this problem the fasteners
can carry load in any direc
tion.

4} In this problem the fasteners
can carry load in any direc-

tion. - : .: JL—— C§ :

o 200
S Q‘*_i
l—3.00—

8.6 For the splice in the sketch determine the distribution of load amcng the
four fasteners., The two straps are of the same material and thickness.

.a) Assume the fasteners © . h o234
have .infinite W < ¢ ) l ,
stiffness. ; —F——+ i { —
P T P

b) Assume the fasteners
have the more S :
realistic, but still o

- Conservative, stiffness that will produce the load distribution of the
table in paragraph 8.3.1.
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c) For the tapered s
ty/ty necessary f
end fasteners and
fastener stiffness.

fasteners no. 1 and 2

b
| J I
*——-—-.J _-_-_-—-—_-—____-_"“

plice illustrated, determine the thickness ratio
or 20% of the load to be transferred by each of the
30% by each of the others, assuming infinjte
ta and t, are average thicknesses between
. Both members are of width w.

e '

4

J
2

d}

[t the fasteners in problem a) above

are bearing-critical in the upper

strap, and the load increases to failure, determine the load distribu- .

tion just before failure

8.7 For the shear clips in prob]

to the beam loads shown in the
sketch. Determine the smallest
size MS20470 rivet that can be
used in each location and find
the margin of safety of each.
Nota: rivets smaller than 1/8
inch are not used in structural
applications. The beam is .040
7178-T6 sheet metal.

a) The clip is .063 2024-T3
sheet metal. Rivets
no. 1 and 2 attach to
125 7178-T6 structure.
b} The clip is .050 2024-T73.

Except for this and the
clip geometry, everything

s the same as in problem
aj.

ems a) and b) find the Toad in each rivet due

wrz S0,

!

!

1

P 4

gl + F

+
b

r

&0

L

3

— _
oA b

b)

+
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c) Find the load on each of the three fasteners in the shear clip flange
shown. All fasteners are the same
type and size. _1_ 4
o0

N 1500#
+

1,00 .4 — 30

v 4

8.8 For the four tension clip confiqurations shown in the sketches, find the
ultimate allowable tension load. A1l materials are .090 inch thick 2024-T3.
A11 bolts are 1/4 inch tension bolts with tension type nuts.

17 te
= 48 k-hoof
- Note: This view
typical for
tension clips
‘ a), b}, ¢), and
d).

a) Sheet metal | b):?Extrusion

.18

c) Sheet metal : ‘d) Extrusion
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g

.9

e) For the angle tension clip in the sketch, find the ultimate allowable

tension l1oad. The clip material is
7178-T6 extrusion with thicknesses
as shown, The balt is an NAS 1306

with an NAS 1021A nut | ..: t '.. '.l_<:::::::a
D ., +

a}l Find the ultimate allowable load for
the .750 inch thick 2024-T3 forged
lug.in the sketch.. The bolt diameter
is 1.00 inch. :

b} Determine the ultimate allow= °
able load per fastener for.
the joint in the sketch.
The fasteners are NAS 334

“bolts.
Member ﬁk Méteria] e
1 .100 | 7178-7T6 sheet |' .35
2 . 1.160 | 2024-T3 sheet .30
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8.10

¢l

a)

b)

¢) D

d)

Oetermine the uitimate allowable load on the actuator su

shown in the sketch. The

fitting is a 7178-T6 extrusion

and has a thickness of 0.378
The longitudinal {L) and
long transverse (LT) grain -

The
bolt diameter is 0.500 inch.

inch.

directions are as shown.

Find the ultimate allowable load for the joint in the

male ‘and female
lugs are 1.80
inches wide and

|

— G —

C ]

are machined from

3 inch 2024-T4 H2

(:)

plate with grain

shown. The pin
is a .500 inch
diameter 160 ksi
heat treat steel
clevis pin, re-
tained by a cotter: L
pin and washer,

directions as [

ISU_ o3

P T

42

-

T

N

.(

D

pport fitting

sketch. The
.60 l-'—
| ’ .E L 3 .
\
p LT
(:) 1.856+,03

=

/S

<250

Find the ultimate allowable load for the above double shear joint if

the clevis pin is replaced with a 160 ksi stee] tension bolt w1th a
_tens1on nut torqued to 480- 590 in 1b.

Determine whether the outer (fema1e) 1ugs in the previous prob]em can
withstand the stresses due to clamp-up in torqueing the nut and bolt.

For the maximum gap shown in the sketch, find the minimum female lug
length (L) that would allow clamp-up.
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LESSON 9

CRIPPLING

9.1 COMPRESSION FAILURE MODES

Axial members carrying compression can fail in ona:of three modes:

o Block compression - A member with a vary short length and a compact
cross section can fail at a compression stress of about Ftu; This

is very uncommon in aircraft structure.

o Crippling - A member with thin flanges or members can fail at a low

stress level by local crippling of one or more flanges. This mode

is generally the: critical one.

o Column - A long, slender member that is not rastrained laterally

can buckle at a low strass lavel. This is not very common because

most membars ars rastrained.

9.2 DEFINITION OF CRIPPLING

Such a failure is characterized by a local distortion of cross-saec-
tional shape. The beginning of such distortion usually occurs at a stress
appreciably less than the failing stress. The more stable portions of the

cross-saction continue to take additional load while supporting the already

buckled portions until collapse occurs.
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For exampla, considar a web with stiffeners as shown balow. The
buckling stress of the skin is much lass than the crippling stress of the
stiffensar. Initially, upon application of a compression loading and up to

the critical buckling load for the skin, the direct compressive stress is

uniformly distributed.

T abde
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Beyond this point; the center portion of the skin will bucklse, and
will be unable to carry addiﬁihhal load. The ndgis of tﬁ. plata howaver,
which are restrained by the stiffﬁnnrs, can and do carry an increasing
amount of load. The stress distribution is as shown in the ﬁravious

skatceh.

The locad carried by the total panel width, (which causes a sinu16i611
stress distribution to develop), can ba approximated by the use of an
"affective width" of skin which will be assumed to act at the stiffener

stress level.
9.2.1 Pﬁrametars

Most compression membars are composed of flanges which hava different
allowable cripplinj stressas. The ultimate or allowable crippling stresa,
Fcc, of a stiffener is computed from the formula: | ' |

F I bt Feo
cc = In nt

I bt
nn
wheare: bn is the width of an element
tn is the thickness of an Gllﬂ.ﬂt_.

Fccn is the allowable crippling stress of an elemsnt, which is

a function of Fcy. Ec and the ratio of flange width to

thickness (b/t).



For strsssss above the proportional limit, Ec is replaced by the
sacant modulus. Section 16 of McDonnell Report 339 contains crippling
curves for several specific alloys and material forms and @ non-dimensional
curve that is applicable to any alloy at room or alevated tﬁmparatura. For

crippling stressas at elavated temperature, values of both Fc and E at

that temperature must be used.

9.2.2 Effects of Cladding

For alclad shest metal, the cladding is assumed to carry no load.
Therefore, the affective thickness is decreased by the total thickness of
cladding. Also, the sacondary compressive modulus, Ecz iz used in place of
Ec. Values of the secondary compressive modulus can be found in MIL-HDBK-5D

or in the crippling section of MAC 339.

The thickness of cladding material varies with the alloy and material
thickness. The following table shows the clad thickness par side as a

percent of the sheat thickness.

Allay Clad Thickness per Side (Z)-
Sheat
Thickness 2024 7075 7178
Under .063 5 4 ) 4
.063 through .187 2.5 2.5 2.5
Over .187 2.5 1.5 1.5

b



9.2.3 Compresaion Caps of Bending Beams

wﬁan the compression is due to bending, only the material in compras-~
sion is included in the crippling analysis. In a case wheras part of a
flange is in compression and part in tension, the width of the comprassion

portion is used as b in the ratio b/t.

Example: Find the allowable crippling stress for the compression

portion of the section shown assuming a 2024-T4 extrusion.

j;;ECT o) .
r% 7 . —lf;_g

t bt tF
COA:b{€%5uaﬂ (:) Element b b/t F. btf
o { .
s 1.90 | .30 | 6.33 | .57 |44000| 25080
. 1.35| .20 | 6.75 | .27 |57000| 15390
ey Lomy—
’}ET"S!O:“J ' 113 ‘ . o -84 _ _‘_‘0“70
‘[\\b _ | -
£ (btF '
| 7.0 el cc = 40470 = 48200 PSI

Fc = T (00) ~84
9.3 EFFECTIVE SKIN

Axial members are usually attached to skins and/or shear wabs which
can carry a significant compression load bacause they are stabilized by the
axial member. The procedure for analyzing effective skin in compression is
explained in HcDonnell Report 319 on pages 16.10 through 16.13. The
procedura calculates an effectivn_uidth of ‘skin on aithgr side of the skin
fastener that can be assumed to act at the same stress leval as the stif-
fenar. Thus, the total width of effective skin is 2wa unless reduced for a

one edge free skin element or by having two rows of fasteners with lass

than Zwe between them.



9.3.1 Non-Chem-Milled Skin, One Row of Fastenars

@, ®

P {
Exampla: .080 7075-T6511 extrusion and szy- 1 !
.050 7178-T6 alclad skin 25" Q5"

(Page numbers are from McDonnell Report 339) @ _i-

b5~
Elament b t b/t | Edge Condition Fec bt btF
(pg. 16.15)
1 .61 .08 7.63 | Cne Edge Free 58,000 .0488 2830
2 .91 ,a8 11.38 | One Edge Free 42,000 g728 3060
I . 1216 5890
T (btF_ ) = 3890 = 48,440 PSI

STB o

Since the average allowable crippling strass is based on alastic

crippling allowable components, tha plasticity flctor.jz, is ona. (The _

plasticity factor,T? is defined by the equation:)

- E secant

E

So, using the "effective width of stiffened sheet" chart on p. 16.13

of MAC 339 with:

E) akin 10.7 x 10 ESI = 103 = 100
JEIEE ’“I!! 10.7 x 10~KSI

a value of

- = 35 is computed.

Tt



Cladding mxtnrial thicknass per side i: 2 1/2% of shaet thickn.;;.
effactive t = .050" (1 -2x .025) = ,0475 in.

2we = 35.0 x .0475" = 1,66" |

for a oha-edga frae skin elémlnt. use:

w 2w
e = .15 (“"a)
T < chart

Se: w ., = .35 (1.66") = 58"

el
but is actually limited to the adge distance of .38 in.
For tha effective width of elemsnt 4 (no edge fres)
w. @ 1/2 (2w ) » {(0.5)(1.66 in) = .83 in.
ad a :

- n " o

Total width is Va3 + Wai .38" + .83 1.21 in.
Effective skin areq = 1,21" x .0475" = .0575 1n2.

P, = F_A=48,440psi (.1216 in® + .0575 in2) = 367s"
call cCc - —

9.3.2 Non-Chem-Millad Skin, Two rows of fastensrs
e e e et VY e L ABLEIINLE
The method developed in section 9.3.1 for determining the effactive

skin widths is also applicabla to stiffeners attaching to a skin with two

or more rows. The only change in the method is that any overlap of effec-

tive skin widths are neglectsd.

Example: CLSYM
2. :‘———‘
= — 7 =
©: l '—@T_M-,. -063" 7178-T6 Skin

o 1t .063" 7075-T6511 Extrusion

9-7
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Element | b | t | b/t | Edge Condition | F_(psi)| bt(in®)| bt F__(1b)

1 |.50|.063|7.9 | one Edge Free | 57,000 | .032 1824
2 |.50|.063| 7.9 | One Edge Fres | 57,000 | .032 1824
3 |.s2{.063) 9.8 | One Edge Fres | 47,500 | .039 1853
7103 5501
¢ o Ffec®™ = 5501 1b = 53,410 pai
ce L obe .103 in®.
For = 1.0

(1E) skin _ 10.7 x 10°KSI = 103 =100

J(?E) stiff /10.7 x 10 KSI

From p. 16.13 of MAC 33%:

¥, 33

t

Ve = (1%)(.063 in.) = 1.04 in.

"The effsctive skin used shall extand a distancea "wa" cutboard of the .

two fasteners and also include the space betwean the fasteners. If this

space excaeds Zwa. the effective matarial utilized shall be equal to a

length "HB" inboard of each fastenaer.

We —= = We —-1
— =




i

So the allowable crippling load for this section is:

P, = (53,410ps1)[.103 in® + (.50")(.063") + (.063")(1,04")(2)]
all ' . :

p = 14,180 1b.
€all

9.3.3 Chem-Milled Skin, One Row of Fasteners

If the skin includes a chem-milled land that attaches to the axial
member with one row of rivets, the sffective skin widths are detarmined by

the method of section 9.3.1, and are measured from the edge of the land.
Example:

r'_\"de__l ©) l"-we—_I f

[ —
4

b

® 9 1 ORI
80"

® 1 .080" 7075-T6511 Extruaion

5 -—‘ .100" 7178-T6 Chem-Milled skin as shown
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Elament b

t | b/t

7?- 1.0

From p. 16.13 of

give

MAC 339:

10,7 x 10° XSI) . 140
§1o.7 % 100 KSI

s a value of

2w —e= 34
t

So the affactive width of slements 4 (no edge free)

P
c

P
c

all

all

- 3Ot
2

13960 1b

= (17)(.05 in.) = .85 in.

9.3.4 Chem-milled skin, two rows of fastaners

Exampla:
— - " jg—
|‘““-‘ T’@ " ® e
1 -}:
r ON @D oo 7178-T6 skin .050"
‘-0" 7075-T6511 extrusion .080"
~-80" 9-10

Q_ SYM

Edge Condition Fcc(psi) bt bt F__
1 .71].08 { 8.9 | One Edge Fras 51,500 .057 2916
2 .76/.08 | 9.5 | Ona Edge Fres 49,000 .061 2989
118 5535
. LbtF . . 5925 1b = 50210 PSI
°C = ¢ obe .118 in?

= (50210 psi){(.118 1n2) + (L100(.75") + 2(;85")_(.05";)] “

U



The analysis procedurs of this type of stiffener ia slightly diffarent
than the method used up to this point. In this situation, use tha skin
material betwsan the fastaners as a saparate flangs, and then treat the

land matarial beyond the rivet linss as acting at the same strass laval as

the stiffener. That is:

Elementl b | t | b/t | Edge Condition P_.(psi) | be(in?) | be P__(1b)

1 | .s0"|.08" | 10 One Edge Free | 47,000 | 064 3008
2 |.80"|.08"| 10 One Bdge Fres | 47,000 | = .064 3008
3 |.96"f.08"| 12 One Edge Fres | 40,000 | .077 | 1080
5 p.oo|.os" | 20 No Edge Fres 68,000 | .0%0 3400
Foom_Fooy® tytRee bytytFecsbits & ogg6 1p = 44,370 pai
e bytj¥bytothyty .205 in? R

determine the effeactive width of skin from P« 16,13 of MAC 339

E) skin = 100
st

o . 36

ret——

t

Ve = % (36)(.020") = .36 in.

This width, along with tha distance between the fastener and the
chem-mill, acts at the average stiffener stress. Its cross-sectional area
is:

A, = (.50 in)(.05 in) + (.36 1n)(.020 in) = .032 in2

Now, the total sllowable crippling load can be determined:

P = Fcclb1t1+Fcc2b2t2+rc=3bjt3 1 (A ' +28,) + [Pec b'c ]
ce Tl—LLlL 222 737331 (0, v, 5Ps*s

1°1¥P25pthsty g
Boo = (44,370 psi)[.205 in? + 2 (,032 1n?)] + 3400 1b

Pcc = 11940 1b + 3400 1b = 15340 1b

L1y



For the preceding analysis of chem-milled skins, it was assumed that
the thinnad-down thickness was considerably lsss than the land thickness,
so the effective width was measured off of the end of the chem-milled land.
Soma aircraft applications do not fall into this category. To datermine

whether to measurs the effective width from the fastener or the edge .of the

chem-milled land, compare the magnituda of,

Q W _(ED = Distance from center of
'(-%) (t1) and ED + (—%) (tz)' fastener to edge of land)

1f ED + (Ye) (t,) exceeds (Je) t;, the effactive width shall be
t ’ t : . - : ;
measurad from tha fastaner.

For example:
’—j:__r—[" Givan: ¥a = 35 from p. 16.13 of MAC 339
L, t t
tl ! 2
Case l: ED =, 50", tl =, 063", t2 =, 050"
detarmins whether (fg)(tl) > ED+(¥a) £,
t t

(f_g_)(tlj = (17.5)(.063") = 1.10 in.
)

(Ya)(t,)+ED = (17.5)(.050")+.50" = 1,375 in.
=2

Since ED + (“a) t
t
maasursd from the fastsnaer.

o exceads (Eg)tl, the effective width should be
t

Case 2: ED = ,50", t1 = 063", t2 = 032"

("__B)(tl) = (17.5)(.063 4in) = 1.10 in.
t .

(:g)(tz) + ED = (17.5)(.032 in) + .50 in. = 1.06 in.

ED + (Eg)tz < (g:)tl, so the effactiva width should be measured
t t

from the edge of the chem-millaed land.
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_ PROBLEMS

LRSSON 9 CRIPPLING

9.1 Find the crippling stress and load for an alclad
sheet matal angle, a bare sheet matal angla, and
an extruded angle, all with the same dimensions.

Material is 7075-T6.

~{f— 10"

}
O,

15"

e

‘ ;®_I _[
=] !

9.2 Find the crippling stress and load of an
extruded aluminus tee and a channel of the

same arsea.

~—f =15
e

1.3

-1_ (:) (:) .thfl-
10 e e T

q-13

{.Oﬂﬂ'
o T
15" .51
>
@ 1 |




9.3 Find the crippling stress and load for the

tas in problam 9.2 at a tamperature of 300°F.

(10 hr. exposurs)

9.4 Find the crippling stress and load for the tes

in problem 9.2 if the material is 6A}-4V titanium.

9.5 Find the crippling stress and load for the tee

in problem 9.4 at a temperature of 300°F.

(10 br. exposurse)

9.6 G SYm

NN
I18-Tb ALLLAD

W5-TL EXT, Detarmine the allowable crippling
D0 = " :

MB-Tb load for the section shown at left.




F‘Dm- ) ]
), — —— 1 -
4 . \ ( 1 Datermine the allowable crippling
load for the section shown at left.
All dimensions not shown are
: same aa for problem 9.6.
. ' | ——— z
7 ]
L.C}‘LD" '
9.8 If the saction shown is loaded by
— 124 TP
} 'f B — In reversible bending, find the

£ L
l—-.—-‘ .sn:r- Lo =t .5 l""-

crippling stress of the material on

each side of the centroid.

400" CHEM MILLED
To .0bD"

_I‘Fﬁ..






LESSON 10

COLUMNS

10.1 DEFINITIONS

A column is a straight slender bar which is acted upon by an axial
compressive load. Buckling of the column arises out of a condition of

neutral equilibrium, when the applied load on the member reaches a

critical value, P __.
er

10.2  LONG COLUMNS

Long columns are émalyzed by the Euler equationm: Pcr = Tf-zE,I

T_‘2

where Pcr is the critical load and L is the length of a pin-ended

column, When the column is not pin-ended, L is replaced by an effective

pin-ended, length L' =1

C.
Uy
» r ' L i ‘[
T T r o v
L L' L' L
£
‘ -
. W )
, N
r L\ )
' ' Ons Ind Piased N
Bath Inds Osa Td Frea
i elbrgy Fized Ous Bad Flaed na Ind Tined
el L' =L Ced cw 2.08 ce.28
. - Ve
R L 1

-1

(e



The equation for critical stress is cbtained by dividing both sides of the

Eular equation by the area and substituting p2 for I/A:

F_ =T2ET = r2Ep° = v2E
ey P42 j=: 2
(LA wh (f)

For stress levels above the proportional limit, the tangent modulus Et is

substituted for E.
10.3 SHORT COLUMNS

As the value L’lp decreases, the Euler equation indicates higher buckling
stresses. At high stress lavels, the Euler equation is not reliabla becguse of
an intaraction between tha column buckling moda of failure and the crippling
mode. This interaction resuits in a lower allowable stress than pridictad for
either mode. In this short coiumn range the Johnson parabola, an empirical

column curve, is used. The Johnson column formula is:

P aF - Fcc2 §L'[g!2 where F_ is critical stress and F is crippling
c cc c cc
4m i E
strass

This formula is valid if:

Ho=2



Pages 16.31 through 16.31.03 of McDonnall Raport 339 prasents plots of a
geries of Johnson parabolas super-imposed on plots of the Fuler equation. PEach
page is for a different value of E. These plots can be used for any valua of

L'/a up to 100, whether short or long. Ths plots are used as follows:
1. Determine crippling stress Fcc of the column saction. (See Lesson 9)
2. Locate Fcc on the vertical (Fc) axis of the appropriate plot.

3. Follow a parabolic curve, intarpolating between plotted curvas, to the

value of L'/p on the horizontal axis.

4, From that point, follow a horizontal line back to the vertical axis.
This intercept 1s at the value of Fc.
Example: Using the section below, find the allowable column stress and

load for L'/p of 45 and 70.

.080 7075-T6511 extrusion and
.050 7178-T6 alclad skin

Page numbers are from McDonnell Report 339,

[%Tve

TI—G_QJ ’ - L aso
as
i
'B?u,s e
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Element | b t b/t Edge Condition Fee bt bt¥
(pg. 16.15)

i .61 08| 7.63 | One Edge Fres 58,000 |.0488| 2830

2 .91 .Q8 1 11.39 Ons Edge Free 42,000 .0728 3060

1216 5890

Fcc = [btF__ = 5890 = 48,440 Psi

E:g = 315.0 (page 16.13)
t
Cladding material thickness per side is 2 1/2% of sheet thickness.
affective t = .050"(1 - 2 x .025) = .0475 in. (page 16.11)
Zwe = 35,0 x .045"= 1.66"
we, = .35 (2w) = .35 (1.66) = .58 in.(but limited to actual edge
distance of .38 in.)(page 16.11)

w, = .5 (ZHE) = .5 x 1.66"= .83 in. {page 16.11)
2

Total width is v+ w_= ,38"+ .83"= 1.21 in.
| )

Effective skin arsa = 1.21"x .0475"= , (575 inz. :
2

F__ = 48,440 Psi A= .1216 + .0575 = .1791 in
The material is aluminum with E = 10,200,000 Psi
For L'/p = 45: F_ = 36,500 Psi; B__ = ssa0’ (p. 16.31, MAC 339)

For L’/p = 70: F = 20,500 Psi; P__ = 3670#
¢ cr
Note that for L'/p greater than about 63, the Johnson parabola and the

Euler curve are colinear, showing that this is in the long column ranga.

1o-4



10.4 COLUMNS WITH DISTRIBUTED AXIAL LOAD
_-"—'_'_-_——-—_-___—_

Axial members, including columns, usually do not have a constant load over
their length; but if loaded by shear flow, have a uniformly varying load.
Analyzing for an average load is uncenservative so s method of analysis is
included in McDannell Report 339 on Page 16.38. Note that the smaller
compression can actually be compression or tension. Tha method is valid for

long and short columns.

10.5 STEPPED COLUMNS

So far, we have only considered columns of constant section where the value
of EI is constant over the length. Such is often not the case. .HcDonnell
Report 339 shows a method of analyzing stepped columns on Pages 16.40 through

16.43. The examples shown are self-explanatory.
10.6 BEAM COLUMNS

Frequently, a column will have bending loads in addition to the column
load. The bending deflections Cause an eccentricity for the column load which,

in turn, causes additional bending moment.

Analysis of beam columns requires the determination of tha final bending
moment and checking for the combination of banding and compression. A maethod of
analysis is availabla in MAC 339, p.16.50 through p. 16.51. Various other

methods are presented in aircraft enginearing texts, such as Peery or Bruhn.



The principle of supersposition of loads must be modified for beam columns.
The total banding momant for a combination of trﬁnsv-rse lﬁads hith'a coiumn
load can bae found by summing the bending momants for the separate transverse

loads, each combined with the total axial load.



Determine the allowable ultimate compresasion lcad and stress for the strut

in problem 1 if one end is fixed and one end pinned.

Determine the zllowable ultimate compression load and stress for the strut

in problem 1 if both ends are fixed.

Determine the allowable ulcimate compression load and stress for the strut

in problem 1 if one end is fixed and one end is free.

For the stiffener below, determine the allowable end load which can be

applied to the end of the angle stiffener:

P

T:.\DDU-'i

1 ;. :10.’.'.
S _‘A

[ )

"n’lB-Th-/

.07

10-8
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LESSON 10 - COLUMNS

HOMEWORK PROBLEMS

Determine the allowable ultimate compression load and stress for the pin

ended strut shown below.

|—-P\ N
@ S

L A

p— S.Dll

t=.032"
0.0.= .50"
2074-T3 ALY TUBING
"A-A- ;

Datarmine the allowable ultimate compression load and strass for the

pin-ended strut in problem 1, if tha“column length 13 15 imn.

Determine the allowable ultimate compression load and stress for the

pin-ended strut in problem 1, if tha column's cross section is as shown

balow:

1

.399" TYP

!

‘L.OBZ" TYP

19-7



For tha strut shown below, determine the allowable compressive and load.

Analyze it as a symmatrical Stepped column.

2074-T3 TUBING ; WALL TRICKNESS = 049~

Gl B,
+ Lo" +
J
14"
t 8" -]

Using beam column analysis, datarmine the margin of safaty for the column

above if a 100 1b 1load is appliad parpendicular to the Strut at mid span.

10-9






LESSON 11

SHEAR FLOW

17.1 Definition and Explanation

In lesson 5, Internal Loads, the concept of shear flow was introduced.
Recalling the definition given earlier, shear flow is the shear load per unit
length, generally expressed in pounds per inch. It is usually a more
convenient parameter than load or stress to use in load and stress analysis,
[t is represented by the symbol “q" and a semi-headed arrow ( ————a ).

The shear flaw in a web is the shear load divided by the web height.
Thus: o :

The shear stress in a wéb is the sﬁegr Toad divided by the web area.
Or: fg = v 1 R '

Substituting the expression for shear flow  into the equation for shear stress
gives: - e
. fo= g

St

11.2 Ralance of Panels Loaded in Shear

A1l shear panels are auadrilaterals, either rectangular, trapezoidal, or
non-trapezoidal. When the shear flow on one edge of a panel is known, the
shear flows at the other edges can be found using the laws of statics.

-1



11.2.1 Rectanqular Panels

Rectangular panels have the same shear flow on all four edges.
The proof of this is as follows:
cor the summation of vertical and
norizontal forces to equal zerd, Qe
qa = Oy and a¢ = Ad- For the d
panel to be in equilibrium, the a

summation of moments about any point Cb’a.

must equal zero: . S _ : _ <
For example: : : '
T. My = (gp-blc ~ (gq¢-d)a = 0 o

‘ e CLI:'b-C, =ad .d- o
Since this is & rectangje/:?_,, QCUD'.W"/é/ ;66'& da

a=b,andc=4d
L ib:ffJ

G
Substitution gives:

dp = 44
11.2.2 Trapezoidal Panels

Trapezoidal panels have the same shear flow on the two non-parallel
sides. For the sum of the_moments about point O'to’équa’l zero:
T Mg = 0: qaxaxe=qb>§b(c.+er) R
or: gp = da X ae

I ——

bic + e} %d c
| | :] ’d/
Using the properties of b %b
similar triangles: e =3 /u. . c
b E}l - —
e e %e

|
c +8 K

Therefore, 9o = da [g.] 2
b

Now for EMg = O: _
Qe x € X 8 *gp x B XC

or: gc = ap &
a

and by summing horizantal forces or taking moments about point ¢ it can be
shown that:

9d * 4c¢

-



11.2.3 Quadrilateral, Non-Trapezoidal Panels

Non-tfapezo1da1 shear panels have four different shear flows. If ane N
shear flow is known, then the other shear flows can be found by taking maments
about three of the corners,
and check ing the_resuTts by taking
moments about the fourth corner.
For example, for My =
O=apxbxf-gqxdxe
Solving for gn: gy = a4 de

R bf

Note that the first term in the moment ecuation above is equa] to the product
of thé shear flow and twice the area of the triangle ACD:
Mgb = ab x b x f = a5 x (b x f)
Or: Mgh = 2ApcD X ap.

Therefore the following statement can be made: A shear induced moment acting
about any point in a field can be comouted by miltiplying the shear f16w by
“twice the area of the triangle described by the two boundary points for the
:shear flow and the point about which the moment is being conputed _ |
. At least two methods exist to compute the area of a triangle. The F1rst .
method as used in the previcus examnle determines the area by f1nd1ng the f
product of one-half the base and the altitude. The second method is useful if
the coordinates of the corners are known. For example, conSider the triangle
ABC at right, with the coordinates as shewn. The area of the triangle can be
found by: Apgc = (xg-xo)(y,—x)-(x;xo)(yg-yo)

2

Y ’ t“*.'l:)
gurit) i

Aln e X

This can be proven, if desired, by using the principle of superposition.
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11.3 Shear Panel and Cap Bajances

Since shear webs do not exist by themselves, but as a component of a
larger detail, such as a channel or I section, the method of balancing these E
sections is of interest to us. The internal loads in sheet metal structure
are found by making a "stick and panel” f{or “cap and web") balance. With this
arrangement, caps carry all axial loading and webs carry all shear loading.

11.3.1 Single Panel

_ _ . . 1000 1b
Consider the cantilever beam shown - h

at right with a 1000 1b vertical load T: __....._......_.___‘E 20,000 in-t
acting upward at its end. For statig | i_ E'+J
equilibrium, a 1000 1b vertical upward 'f""f'""“'"""'“““""“‘F

force and a 20,000 in-1b ccw moment is ' - ZU?'..—"*

required at the wall,

The beam can now be broken down - 400016
into "sticks and panels" as shown at a e =+ 100 tb
right. To balance the elements, first o -~
consider the externally loaded element. ' Hl \ ﬁka. - L1

For it to balance, a 1000 1b force must - 1 ' — .
be applied opposite to the load. The 1000 \e — . ,
shear Tlow is then found: S g : S SEE T F

qa = F = 1000 1b = 200 1b/in
h 5.0 in |

The balance for the panel is determined
next. The shear flow on the left side
is known from the preceding discussion. Since this panel is rectangular, the
shear flow is the same on all four sides. Thus: '

93 = Qp = Q¢ = 9q = 200 1b/in.
The shear flow in the upper and Tower caps is equal to and opposite the shear
flow along the top and bottom edges of the panel. Now, to balance the cap, a
reaction of {200 1b/in){20 in) is required. Note that the 4000 1b reactions
form a couple producing a 20,000 in-1b moment, which was required to balance
the beam initially. The only element remaining which needs to be balanced is



the right vertical “stick®. Its magnitude is found by

FR = (200 1b/in)(5 1n)

= 1000 1b.

(Note that this is also the expected reaction).

11.3.2 Multinle Pane]

Analysis of multiple panels 1s similar to analysis of a single panel
except that the cap loads need to be determined f1rst

lever beam shown at right,
with cap areas = .50 in2 each.
The moment of inertia about the
center of the beam is:

[ = 281y12 + 2Apy,?
2(.50 in2)(6 1n)2
+ 2{.50 1n2}{2 1n)2
a0 ind.

—
1}

—
1]

.For cap #1 ét x=119n. :

fh = Mc = (8000 b x 1 in)(6 in)

1 . 40 ind
f = 1200 psi |
Py = fph = (1200 psi}(.50 in2)
Py = 600 1b

For cap #2 at x = 1 in. :

fe = Mc = (8000 1b x 1 4n)(2 in)
— 40 ind
I

fo = 400 psi

Pe = foA = (400 psi)(.50 in2)

e
13

c = 200 1b

Consider the canti?

N
h
P
N
)
I

"1_'%!'" 000 b =P,
e
! ?‘é F——/200 Wb =P,
hHHLﬂ" NEUTRAL AXIS
U % | 200 t
S 60D b

To determine the “"stick and panel" shear flows, start with the uppermost

cap. The shear flow is: oy = (500 1b}/(1 in)

= 600 1b/in.

‘Since the

uppermost panel 1s rectancular, the shear flows around the edges are equal.
The shear flow for the can -=79nd from the top, is found by:

c = (Pc + (qb)(l in)) = (20C o + (600 1b/4n)(1 4n)) = 800 1b/in.

{1 in)

{ 114m)



Note that the shear flow in the middle panel is greater than in the outer
panels. The shear flow for the other edges of the middie panel also equals

- The shear flows for the remaining "sticks and panels" are found in a
similar manner. - {

11.3.3 Multiple Panel with Cutouts

When holes are placed in shear webs, the original strength of the web can
be regained by using doublers or by "framing out" the holes. The use of '
doublers will be discussed in lesson 13. Cutouts that are too large for a
doubler can be "framed ocut" with stiffeners which divide the panel into
several smaller panels. The Toad di{stribution in these smailer panels is
often statically indeterminant, but the redundancy can usually be resolved by
geometrical considerations, such as symmetry or proportion. As an example of

this technique, consider ) A

the panel at the right which has a -]

known external shear flow, g = 500 1b/in. F = r
First, determine the internal shear . i
flows of panels A,B,C, and 0. . Taking | B 5°TYe

a section at A-A:

B ' ‘ wT E
| I A A
L
] B {| 3750 w=v
| 500,
e .
E
W | R
[j .'STSO\b.-.V
g —

SeCT. A-A



For panels B and D: V = 7500 1b = 3750 1b (due to symmetry) ‘

2

Qint = 3750 1b = 750 1b/in

§ in

Because this panel is similar across section B-B, the'same value of qyne
occurs in panels A and C. From these internal shear flows and the external
Toads, the entire internal balance can be determined. o '

Begin with any panel adjacent to the cutout. Since panel A is

rectangular, the shear flows on
all four sides are equal. Now
move to the bottom cap for this
panel, and determine the internal
force required to keep it in
equilibrium:

P1 = (750 10/in}{5 in)
- {a7 16/in)(5 in)

The internal force required to
balance the uoper cap of parel &

is Pg = P71, by symmetry. The panels
directly above and below panel A
will have shear flows = qj.

The cap above or below the left cap
of A will be balanced by:

Po = (500 1/in)(5 4n) - (q7)(5 in)

Eﬂ)‘b/m % 1

CAP BELOW
LEFT CAPOF A

500, 1%| .

Pl
CAP RBOVE
LEFT CAP OF A



P

By balancing the left cap for panel A, *
we can solve for the unknown, Pj3:
2(Pp) = {750 16/1n)(5 n) st 0 | i} 750'Yin
- (500 1b/4n) (5 in)
= 1250 b
Po = 625 b te,
Use this fact to solve for qy:
625 1b = {500 1b/4n}{5 1n) = (g7){5 in)
a1 = 375 1b/in. | B
P1 can now be determined:
Py = {750 WB/4n)(5 in) 750 %0
- (375 1b/1n) (5 in) I ——————
Py =18751 . - 375 ®/a

Finally, note that>panel D's left cap is similar to panel A's lower cap. This
fact allows us to determine Pg: ' T _

Pg = P| = 1875 1b

/-8



A1l other internal shear flows and loads can be determined from symmetry:

R——

——————

D ———

B

500 '%/0 500911 : o 500 _!b/:u
| w———— | — g e —————
—= 525 tpye— bl51b
B ] [ —
500 lb"u\ TS ]h/If\ 750 “:'/“.L EYEY “’/uf\. : Sﬂﬂlb/m
85Ik T BN bl =l b Wik
———— o ———
o 1 |
s l \ 750 750" 500"/,
| | — |
Yo e— .Y o | Yo o eem— - f ) R e | 625 b
_— B — A
500 %/, l l 375 0/n 750 \b/m. l l '575'Ib/m 30a lh/m
S ———— N —————— | ———

e—— Y L

. o emtlre—
b e (51D ———————
500 "%\ 500 '

Note that the panels adjacent to the cutout have larger shear flows than
that applied, and the panels located diagonally from the cutout have smaller
shear flows. - - - . -
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HOMEWORK PROBLEMS: LESSON 11

11.1 Determine the shear flows on the other three edges of the shear
panels sho_un.

a) f— 6_"""——"1

1

———

—

300 Ib* :
¢) W R _———.ﬁ

/m—“
1/
‘LIDD“Vm

———————

e 200 Wi, 44!
Nz

10,0 ¢

—————>(5,0)

11.2 Find the shear fiows and cap loads in the cantilever beams shown:

a) *BDDO ib e b)  BOO b
(FiA _
T ~ ;
g o
L _y__L 7
{7 | fee i
N { 200 b -~ |900 e ' ’.300": *‘?ﬂﬂlb
N 1 N
N T : T
3 & N A"
N 3
h s 1 \ e 41
225 72.5" -

H-10 . {



11.3 Determine the shear flows and cap loads in the simply supported beams

a) shown bE'Ir\;.OG o b) 30'—1 3000 b
—T 1 T
j" 5
— -L
A
!-__IO _—-I 20" -t F:—:—b—-l 20 -

ey |2000 1% ‘ 400016

-
I.
| N |

13 R |

——

11.4 {etarmine the shear flows and cap loads for the webs shown below.

a) ;cgp ARERS = . 08D 2 500 b ' /1 CAP AREAS = 080 1a!

Lttt s ddis

20" !—r

11.5 Jetermine the shear flows and cap loads for the multiple panels with

cutouts shown below.

- 200"%a TYP
a) b) —— oo e —1-
Cuv 1
out l
& e =
t : =t ]
b 77 700 &, TYP B =

TYP

g TP
c) —— r‘ _—1

~

T TP

LT _j_

cutT

300 5, bt 4~ TYP
-l TYP
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LESSON 12
BEAMS AND OTHER BENDING MEMBERS

L2.1 ELASTIC BENDING: When the maximum tension and compression stresses due
to bending are less than the yield stress of the materfal the stress distri-
bution follows the elastic bending theory and can be found from the equation
y = G S . .

1

whare M = bending moment at the section.
c = distance from the neutral axis to the fiber in questiom.

I = moment of inertia of the section abaout the centroidal axis.

Thus the stress has a triangular distribution as shown:

U'mnxzt\'%*
(v = T
Y
R =
| v
-= - —— - - N.A.
M | .

EXAMPLE: Find the elastic bending stress distribution for the section defined
below with a bending moment of 75,000 in-1lbs about the x axis.

j-_.'_’:ﬂ

} 20— - T

X

| N— '




SoLUTION: The equation for elastic bending stress la:
ELLLRY 1S

where fy is the stress, M 1s the applied moment, ¢ or y is the distance from

the neutral axls to the point of in:eres: and I is the moment of inertia of

2.0 (3.00° _ 1.8 (2. %
12 12

the cross section.

I= = 2.426

At the extreme fiber fy = Mc = 75,000 x 1.50 = 46,400 psi
1 2.426

At the midpoint between the extreme fiber and the neutral axis:

fp = Mc = 75,000 x .75 = 23,200 psi
L 2.426 |

At the neutral axis: fp, = Mc = 75,000 x 0 = g

—_——m

I 2.426

The three stress levels calculated {llustrate the triangular distribution
of elastic bending stresses. . :

Using the methods of Lesson 9 to find the crippling allowable of the

compression flange a margin of safecy can be written.

Foo = 48180 psi

Fee -1 = 48,180 -1 = 0.04
£

46,400

M.5. =

12-2



12.2 ELASTIC SHEAR STRESS DISTRIBUTION

12.2.1 Thick Web: When the "shear web” of a member is thick encugh to carry
bending stress the shear stress varies over the height of the section and can
be Found from the equatiom £4 = VG '

Ib

where V¥ is the total shear at the section
Q is the statie mﬁment of the area between the point of interest
and the extreme fiber. | o . '
I is the same as for bending stress

b is the width of the section at the point of interest

This produces a distribution _ 'LV J N—
similar to that shown in the ' '

sketch showa at the righﬁ.

- 1 %
V

EXAMPLE: Find the elastic shear stress discribution Eor the channel section

of the preceding example for a shear luad of lO 000 pounds

SQLUTION: Calculate the values of Q for the points of interest

Q -fdA (y) =L (Ay_).

where A is the area of an element of the crogs—~sectional area and y is the
distance from the centrold of that elemental area of the centroid of the

section. At the upper edge:

A=0 ,.Qq=0

At section A - A and B - B: (See pg. 12-4)

Q =X(AY) = (2.0 x .30) (1.35) = .81 in?

12-3



At section C - C:

Q = (AY) = Qu-p + (1.20 x .20) (.60) = .954 in3

The shear stresses at the several points can now be calculated. Because

the stresges are required at several points it is convenient to do the

calculations in cabular form.

A
__’ }B location qQ b £y
va
: : STy
A up'r Eiber 0 2.00 0
A-A 0.81 2.00 1670
B-8 | 0.81 0.20 16700
c-C 0.954 | 0.20 | 19660

12.2.2 Thin Web: It was shown Ln the previous paragraph that for thick shear
webs the shear stress does not deviate very far from a constant value. (In
the example the minimum shear stress in the web was 83X of the maximum. For
shear webs which are too thin to carry a significant portion of the bending

moment the shear stress approaches a constant value.

EXAMPLE: This problem is the same as the previous example except that the web
thickness is reduced Erom .20 to .040.

SOLUTION: The moment of iner:xa of the section is calculated and the values

for Q are determined for the points where shear stresses are desired.

Y . v - l‘
I, = 2.0 (3.0)°% _ L-96 (2.16!3 2.242 1

12 12

Qa-a = Qg-g = .31 ind as in the previocus

example.

L12-4



BL_;]_J T
_J(l

040"

Qc-c:
element A "y Ay
1 .60 1.35 .81
2 .048 .60 0288
| 8388
.8388 a3

Qc-c =

The shear stresses are calculated by the same procedure as in the

previous example:

llocation _ Q b £qg
o 1§73
up'r Eiber 0 2.0 0
a-A 81 | 2.0 1806
B-B .81 .04 90320
c-C 8388 | .04 93530

Comparison of this example and the
shear web is5 made thinner the web shear

If the shear stress was assumed to

where h = helght between centroids of caps and t = web thickness.

fg = V = 10,000

ht  (3.00 - 2 x .15).040 -

This value is only'lz less than the value caleculated Ln the table, showing

that this method is sufficien:ly accurate to be used for sections with thin

webs. .

= 92,600 pail

previous example show that as the
stresses approach a uniform value.
be uniform between the centroids of

the caps with no shear stress in the flanges, the shear stress would be:

Then:




12.1 PLASTIC BENDING: Once the bending stress at the extreme fiber of a
bending section reaches the yield stress of the material, increases in bending
noment will not increase the extreme fiber stress. The extreme fibers will
yield, allowing additional deflection. Then the material between the yielded
iayer and the neutral axis will resist the larger bending moment by carrying
{ncreased stress levels. 1f the bending moment apptoaéhes the failing value,
the stress distribution changes from the triangular shape of paragraph 12.1 ro

a curve approximating a trapezoidal shape as shown in McDonnell Report 338 on
page 5.0L.

In practice, it has been found coavenlent to assume a rectangular distri-
bucion and reduce the allowable stress to an artificial value, Fpp, which will
produce the same allowable bending moment as Fyy does wiih the ctrapezoidal dis-
tribution. For plastic bending the neutral axis is at the center of the area
rather than the centroid. This axis of equal areas 1s not at the centroid

unless it is also an axis of symmetry{

The procedure for analyzing a sectiom for bending in the plastic range is
explained in section 5 of McDonnell Report 338. Effects of combined stresses
are also considered. The tables and plots io section 14 of McDonnell Report

1319 simplify calculations for bending about a single axis.

EXAMPLE: Find the allowable plastic ‘bending moment and margin-of safety for
the example problem of paragraph 12.1

M = 75,000 in-lb
Material: 2024-T4 extrusion

SOLUTION: Mgi3 = (Q1 + Q2)Frb (MAC 339, page'IA}DD) where Q) and Qg are the
static moments about the npeurral axis of the areas on each side of the neutral

axis and Fop {s the value of a ractangular bending stress distribucion that

would have a bending moment equal to the failure moment.

Find the plastic bending neutral axis. This is the axis perpendicular to

the plane of the bending moment that divides the cross section into two equal

areas. In this example, due ta symmetry, it coincides with the centroid.

L2-6



Calculate the static moments, Qi and Q. Due to symmetry Q; = Q2.
Therefore, Q1 =~ Q2 = 0.954 in. |

Find the appropriate value of Eo/Ftu from the chart on page 14.02 bf
MAC 339. For 2024~T4 extrusions, longitudinal grain fo/Ft“ -.o.aa..

Determine the section factor k either from the information on pages 14.03
and 14.0% of MAC 339 or from the general equation:
K = Q1 + Q2 (MAC 339, page 14.00)
I/c

where I is the moment of inertia of the entire section and c is the greater of

¢y and cp, the distances from the neutral axis to the extreme fibers.

1 = 2.426 1a% Ref. example in paragraph 12.1
c= 1.5 1in
"k = QL +Q2 =2 x .954 = 1.18
I/c (2.426/1.5)
From Fpp Erom page 14.01 of MAC 339.

Frb 977
Feu

Fpy = 57,000 psi. However, since the allowable stress is

determined by crippling rather than rupture use F.. instead of Fgy.

Foe = 48,180 psi
Fep = <977 x 4B,180 = 47,070 psi
Calculate M,31 and M.S.
M1 = (Q + Q)Fpp = (2 x .954) 47,070 = 89,800 in 1b.

————

M = 75,000 in lb.

all - | = 89,800 - 1 = +0.20

M = 75,000

Note that the plastic M.S. ls greater than the elastic bending M.S.

determined for the same section in the example of paragraph 12.l.
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12.4 PLASTIC SHEAR STRESS DISTRIBUTION: McDonnell Report 338 pages 5.09 and -7

5.10 details and explains the method of analyzing shear stresses in

combination with plastic bending. For the exawple in the above paragraph the
shear stress would be found by the formula fg = VQ and would not interact with -
the bending stresses. ib o ; {

12.5 BEAMS WITH THIN WEBS. A significant portion of aircraft structure is

composed of thin webs supported by edge members (caps) and stabilized by
stiffeners. Examples are kesl webs, partial bulkheads and frames. Illus—

trated below is the mechod of determining loads and stresses in thin web
beams .

EXAMPLE: Find the internal shear Flows for the q T ::
beam shown. ' ' A
SOLUTION: Because there are more than three :l_ :1
reactions the external reactions cannot be Iﬁ ::
found by the laws of statics. However, the - = o
cap loads can be determined from the bending t

s

stress equation fj, = Mc (or My) and the shear _ g00C b Cap areas are L.0 in*
I I R each-

flows can be determined from the cap loads.

The moment of inertia (1) is found Erom the equation:
Ix'EAY?""Ih'A(?)z
Because the reference axis is the centroldal axis (:he:axis of symmetry),
¥ = 0 so the third term of the equation drops out. 1In § thin web beam, the
web is assumed to carry shear but no bending moment so only the 1.0 1n2 caps.
are included in the calculation for moment of inertia. Alsc, because Iy, the
moment of inertia of each cap about its own centroid is negligible compared to
the I of the entire section, it is assumed that Iy = 0. Thus the second term

of the equation drops out, leaving: I =L ay 2°
The bending stresses in each cap is found at a cross section of the beam.

Then the stress in each cap is multiplied by its area to get the cap load.
Dividing this cap load by.the distance from Ehe end of the beam where all cap
loads are zero gives the shear Elow. For convenience, a section one inch frow
the free (left) end of the beam is used,
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M = 1.00 x 8000 = 8000" ¥
I =T Ay2 = 2a7(y1)2 + 2a3(y2)?
- 2(1.0)(6.0)2 + 2(1.0)(2.0)2 = 80 in%

For cap #1 ar x = 1.0:

_fp = Mc = B00O (6.0) = 600 psi _
1 -BD ==-—— eoo b

P = fpA = 600 (1.0) = 600¢ HU Cb'_ 600 %

q,= B = 600 = 600 .

1 1.0 2400 b S-— 200 W
]
For cap #2 at x = 1.0: _ _%= 800 L7
fp = Mc = 8000 (2.0) = 200 psi 2
I 80 L
S50 b = - 200 te
P = £pA = 200 (1.0) = 200¢ ' =
' i
= 600 'Y,
9, =2 +aq, ¥ : _.m-
L ||
BO00 1k |  =—> 600 \b

= 200 4+ 500 = 80O ¥/«
1.0

The bottom portion of the beam is the same, due to symmetry,

except that the cap loads are of opposite sigun.
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12.6 Shear center: The shear center of a beam cross section is the point at
which applied shear loads will cause no torsion on the sectlion. For sections
with one or two axes of symmetry, the shear ceater lies on these axes. For

"gtick and panel” beams the shear center caan be calculated by summing moments

due to cthe shear flow.

The moment abour any point @, of
the force qds is the product of the

force and the moment arm T.

Thus the total moment 1is:

M= j qr ds

The area of the shaded'c:iangle is
T de and rds = 24. Thus: .

H-jq ZdA-.Zci:)’ or,
M = 2Aq : -

Then the distance e from. point 0 to the shear center is:

e = 240 - 24
aL L

12.6.1 Cap and Thin Web Sections

EXAMPLE: Find the shear flows in the webs * ®—
of the beam shown. Flange areas are .50 inZ. 20,000 'b

Assume webs carry no bending stress. Locate C : |

the shear center. 10

G

— e b4
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SOLUTION: Two cross sections 1 1n. apart
are ghown. The increase in bending moment
in the 1 ipn. length is equal to the shear.

The cap loads may be found as follows:

P=1M4=1x20,000x1.0 «)10008#
2h 2 10.0

By considering the loads on the right—-hand

caps, it can be seen that:

q; = q3 = As'.- 1000 = 1000#/"
L 1.0

Similarly, by considering the loads on one
of the left—hand caps:

qp = AP + q) = = 1000 + 1000 = 2000#/"
L 1.0 '

ZHB" Ve - ZAq"O
= 20,000 e - (4.0"x 10.0% 1000 '%,
e =2,0"

12.6.2 Compact Sectlions

For compact or thick-walled sections shear centers can be found from

formulas given in texts and handbooks such as "Formulas for Stress and Strain”

by J. R. Roark.
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12.7 Tapered Beams: In the heams previously discussed it has been
assumed %Eat the cross section of the heam is constant along the
length. ' o ' iy : '

: since alrcraft structures must be as 1ight as possible, the
beams are usually tapered so that the hending stresses remain
constant. The depth and moment of inertia are greater at points
where the bending moment is larger. While this variation in cross
section may not cause appreciable errors in the application of
the flexure formula for bending stresses, it can cause error in
the shear stresses determined from the equation fs = ¥Q presented
in paragraph 12.2.1. Tb R

Shear stresses determined for a tapered beam will tend tg be
higher in the caps and lower in the vertical web than for a beam
of constant cross section. For the tapered beam shown below, the
tarms v, or Ve can be substituted for ¥V in the equation fs = ¥

wnen detarmining the shear in the wab or flanges respectively.

RN
h

Ve =V (heh)
B T

v A \

| |
¥ N T
. o y
+ Ry

P T

_m

D Wew h..‘.gﬂ‘
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12.8.1 Frames and Rings: Seme frames are complete rings as in the nose

fusalage and engine air ducts and some are local formers that either
are not continucus around the periphery or do not have bending
continuity. Most fuselage frames are in the latter category. Frames
that are not complete rings are usually statically determinant for
external and internal loads. 2 S .

EXAMPLE: Loads on a
typical cockpit frame.
The balance shown 1§
for internal cockpit
pressurization. Other
types of loading would
have the same three
reactions but with

di fferent magnitudes.

‘eockmT
e FLodma

R

[

The internal loads in rings are seldom statically determinant
even when the external loads are. Internal loads in gircular rings
can be found using conventional formulas available in texts and
handbooks. Non-circular rings can be solved by use of any of the
yarious redundant solution methods. :

_EXAMPLE: Loads on a circular radome ring.

p=v(F)

£+£(5) Lrz(y)
Ewa e AFT R
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12.8.2 Bulkheads: Aircraft semi-monocoque structdre is efffcient in carrying
high loads but PfOPllml arise vhen applying large loads normal to the thin
shell. A plece of internal structure is required to distribute the load over a
lirge portion ﬁf fhe circumference. In the fuselage the most efficient wember
is & bulkhiad. in the wing the bulkhead is called a rib. As wai mentlioned in
paragraph 5.2.4, bulkheads also redistribute skin and shear ﬁuh_sheir;:énd_"
react internal pressures. In distributing applied loads or redis:fibﬁtidg
shear the bulkhead can be visualized as a bean. Internal loads in the bulk=.

head can then be found by the method used in the second example in Paragraph
: '
12.5. h '

EXAMPLE: q'- ' 75" DIA. -

Balance the bulkhead for the applied -
' LONGERON

load by shear flows in the skin be- '

tween the upper and lower lohgeroms.

Also Find the axial load in the hori-

zontal members and shear flows in the ' : ( ; \ 25
shear panels. The upper and lower : -f-\ : : /_L 50

stiffeners have an area of 1.0 in2.

The intermediate stiffeners have an
area of .50 in2.

10000 b

SOLUTION: Find the reacting shear flows from the equation:

q = V = 10000 = 200 #/in (total of both sides)
h 50.0

Due to symmetry, the side skins share the shear flow equally:
'q = 100 #/in per side
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The loads in the horigontal mambers are found by tresating the bulkhead as
« beam. Find the bending moment at the center by taking the momant of the
shear flov about any point on the verctical centerline of the bulkhead using
the equation:
M= 2Aq

The area (A) is a function of angle B .
8 = arcsin }25.0} = 41.80
7.5

Shear panel OADE and ABCD will be considered to be.

trapezoidal panels nagle%:inz the ML curvature.:
For moments about peint the araa is

Agep = (37.5) srn(%acoscga = 250.83 in.°.
2
AR Agex bAgey = 4(250.83) = 1003.3 tn.
M = zga 2(1003 1)(100) = 200660

Find the centecrline cap loads from the equation:

P = fpA = Mc pn
1

. Becauss the mosents of inertia of the caps about :h-ir own clu:toid ato
nagligible compared to the moments of inertia about the lnction clu:toid nnd
bacausa :h- rafarence axis is at the section cln:rotda : _

1 : (Adz) : ; : R B s
- 2(1.0(25.0%] + 2{ 50(13.38)2] = 1429.02 1n“ S o

pl'— MCiA = 20066Q0¢25)¢(1.0) = 3510.4#

I. _ 1429.02

By = MCzA = 200660(13 38)(.5) = 939.4
1 1429.02

Py = 0, on k of symmetry

Find the pansl shear flows by putting the horizonctal stiffenars on ons
side of the vertical centarline in static equilibrium (starting vith the top
or bottom stiffaner) and by balancing the shear panels as trapazoidal panals,
neglecting che ML curvature. '

12-13



Upper Mamber:
L Py = 3510.4 - 27.9q =0
q = 3567.3 = 125,8 #/in
27.9 S

Upper Panel: _

la 35.03
= 100.19
LOWER qp = qq [b]% =125.8 [27.9]2
a 35,03

= 79.8

NEXT MEMBER:
L Fy = 939.4 + 79,8 (35.03) - 35.03q = 0
q = 3734.8 = 106.6 #/in
35.03

NEXT PANEL:

END q ™ Gy [2] = 106.6 [35. 03] = 39,58

a 37.5

37.5

li

1]
\J,

3510.4 e —

- 123.3 ih/“
————
100.19 l \\\:00.19 1bAc
: : : " 5.
939.4% .y 7_9.|.L—-“ —
106.6 "W
99,581b
99,58 I \ An
93,02
93,02 Y
99,58 99,5816/
in
lcE.G ylﬂ
939.4 ¢ ,
79.8 b,
100.19 || :
l ,//100.191bﬁh

1258 b, B
’ -

—— ey
3510.4

" LOWER q = g4 [b]z. 106.6 fs.oa]z - 93.02

Next member is on the § of symmetry.
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PROBLEMS

LESSON 12 BEAMS AND OTHER BENDING MEMBERS

12.1 Find the maximum elastic bending and shear stress for the cross section

shown when loaded about the X axis with a bending moment of 80000"’ and a
shear load of 11000¥. Wrire the minimum margin of safety.

|-——-2.50"—-—i ‘
( |

Material: . 7 e T
2024-T4 Extrusion . 20"
_ ], pe— A0
FTU’ 6L KSl ' - x . X &.0"
Fgy = 31 KS1 _
20~

L —

]

12.2 Find the allowable plastic bending moment for the section of problem
12.1. Write the bending margin of safety. '

12.3 Find the bending and shear distribution of the thin web beam shown.

Assume the web is ineffective in bending.

A=1D "Al T —

A=1.0 W } ———

040" TYP—={=-
8.0

h=2.0.r@(L l ———

T

7/ FI77 77777777 FTr777r7
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12.4 Find the axial and shear reactions at the beam support if the leagth of
the beam in problem 12.3 1g 40.0 in.

N N ‘ u
kLvU 4.0"
\ ‘ R
\ 1
| \
I\
\
e \-———--
e m%\ R,
- 40.0" -

]

10,000 %
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12.5 For the beam cross-sections shown find the shear flow in gach web
b

location of the shear center and axial cap loads one inch from the loaded end

of the cantilever beam. The cross-section area of each cap is 0.50 in?.

.10.000* ' /ﬁh\ ' 10,000#
LA . !
- 3.0

"_"l—\?' \..__,_.4

FIGURE =

20,000f
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12.6 Palance the bulkhead in the skatch for the appli{ed 10,000 1b. centerline

locad by sheal flows in the skins between the upper and lower longerons. Also,

find the axial loads {n the horizontal members and shear flows in the shear

.

panels. All horizontal atiffeners have the same area.

73.0 in, diam, Longeron
bulkhead Hole

[ 4|
[ 15.0 35.0
-

F Lss.o
N v
Keel Wab

Y 10,0004

1
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LESSON 12
ALLOWABLE SHEAR
13.1 General -

In Lesson 11, the concept of shear flow was introduced, and in Lesson 12,

it was applied to beams with thin webs. This lesson will discuss how shear

flow is applied to shear webs. A shear web is s panel that carries shear in a

beam or torque box. For & beam, the effective dimensions of the panel are the
dimensions between the edging member centroids. For a'corque box, the entire
circumference is made up of shear panels. If a beam is also part of a torque
box {like a wing spar), the ghear flow is:

ol
gha

. ) | q= (1)

= shear flow (1b/in) ‘
= affective height of shear pauel (in)
shear (1b)

=~ Torque (in/1h)

where:

= 3 g o
s

= circumferential area of torque box (inz)

Shear webs are divided into two categories. Those that carry design
ultimate load without buckling are termed ”ahear_rgsiqtqq:", and those that
buckle are called "diaguual:tensidn" or "tension field" webs. Recall, that
ahear stress fs’ is often'aymbolized1ztau). The initial shear buckling
stress is then defingd as Fo.a¢ or Ter+ The allowable shear streas

TO..II 1s usually much greater thlu . -r_cr

13. 2 Shear Relistlut Weba

In practice,
webs are conasidered shear resistant for_:/ﬁ;‘up to 2.5, hecause below that

Theoretically, a shear web would be one with ?}% < 1.0.

value, the shear resistant snalysis predicts failure with sufficient.
accuracy. T .. 1s determined by the equation:

2
tcr = kE _Ft/d) (2)

* Figures not found in text are at end of lesson.
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where: E = modulus of elasticity

(a3
[ |

web thickness

d = smaller of the panel's dimensions

=
[}

buckling constant (see fig. 1)

For a shear registant web, the allowable etress is Fa]l (determined
from figure 2.5). The necessary strength checks are:
1. Maxipum shear stress fg. This 1a performed upually on the net
section (through the web at a row of faatemers) or, for s web with
-"varying thickness, through the thinnest part of the web. This value
' would then be compared to the value of Fsu from MIL-HDBK-5.
2, Fastener Strength. The load per rivet is:
P = (q)(p)
where: p = rivet pitch
The allowables for fasteners are found in Section 1, MAC 339,
Example: Determine the stiffener spacing required to carry the end load shown
in the figure below while maintaining a shear resistant web.

Assume I. =
4 5
.00% in . " i
40 | OS5 Te WE WANT 7y, € 2.5 0r Ter? 6.53 K5I
;[" 7 g TRY i STIFFENERS
Ll e
e . FREM. FIALRE 2
_ I
‘o~ _ 470 ‘e : n-—s—iz‘TQ :

FRDM FIGLRE I° K¢= 5.8
‘:m- ks E (5P = (5.0, 3,|o“,m)(
T =h fb KS1 LBK)
Note from the previous example that in order to maintain a thin web, a
relatively large number of stiffeners was required. In order to reduce
manufacturing costs, cother types of shear resistasnf: webs have been deveioped.
These are: - ' - . ' :
1.  Webs with flanged lightening holes
2. Webs with beaded stiffeners
3. Webs with a combination of flanged lightening holes and beaded
stiffeners.

A discussion of the analysis of each of these types follows.

/\ DIRELT COMPUTATION OF I': —, = 30.5. NOTE FROM FIEURE 2 HOWEVER TART NO
TNERLASE IN BUEKLING wusm\rr(vak e _ 3) pecuRs StYDNUista— .

/13-2
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13.2.1 Panels with Flanged .Lightening Holes
The figure below showa a typical beam witb lightening holes having formed

45°*flanges.

’ ,/—Flinge - Load

i=aSsel/leNeNe}

Stiffener
,/,i - c —ﬁ:_
l

View A-A

'-\Jeb I._ .

 FIGURE 3: FLANGED MOLE GEDME TRY

An empirical formula has beoen deve]oped which gives the allowable shear
flow fur webs having thia type of hole. Referring to figure 3, the allowable

qa.li"'.‘ft'.[:;s (=08 - g, /_ *Cg (3]

where: k= .85 ~ .0006 h

shear flow {g:

.fSh - Collapsiug shear stress of 3 Jong plate of width h and
thicknesa t (from figure 4)
fgo. ™ Collapsing shear stress of a lohg pléte of wid:h_c and
. thickness t (from figure 4)
b = hple centerline spacing
C'= C=2B, where B ig given in Table 1 for a typical hole
C = b-b ) : '
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In general, it is found that larger holes (D=.Bh) with wider spacings, b,

will give the lightest web in designing for a given shear flow. The
stiffness, however, will be less. The allowables given by equation (3) are
for pure shear only, that is, no normal loads oo the web. Thus, a stiffener
must be added wherever a normal load is introduced into the beam, or where the
beam has significant curvature, as in round and elliptical bulkheads. In

addition to the allowable shaar flow check, a net section shear stress check

through the holes should be parformed. Finally, the rivets attaching the web
to the flange above a hole need to be more closely spaced to take the highex
“pet” shear locally. '

13.2.2, Weba with Beaded Stiffeners

Of the shear-resistant web systems availatle, the beaded stiffener web is
.the strongest of those not having separate stiffeners. Figure 5 below shows a
web having "male” beads formed into it at the minimum spacing that forming

will allow. The cross—section through the yeb ghows the details of the bead,
and ig described in Table 2. '

. ! 1 1
L 1t | B R | L B R |
J"F"“g° cad .25R R : W i ! i
""""""" =5 .020 | .95 | .32 .072 | 1.85 | 1.15 |
] .-i.ﬂ : | .
: — .026 | 1.05 | .40 .081 {1.73 | 130" -
: View A-A .032  1.16 | .52 L091 | 1.81 | 1.45 |
Load 4 -
T Shﬂeb:egr/ R | SeeTable2  F040 [1.27 | .64 i ioz |1.92 | .83 . L
Fig. § L0S1 | 1.42 | .81 .125 §2.12 | 2.00 |
- — 084 | 1.55 | 1.02 | o

 TABLE 7: RERDED HOLE GEOMETRY

The allowable shear flow, g (1b/in) ar'Eollapse, is plven by the golid
lines in figure 6. The dotted lines in this figure indicate initial
buckling. Failure occurs when the beads collapse. The allowables are for
pure shear only, that is, no norwal loads. If a load is introduced normal to
the beam flange, a loading stiffener must be used in place of the beaded
gtiffener. In addition, the allowables apply to weks with teads formed with a
length long enough to extend as close to the beam cap a6 possible.

Short beads, which end well auhy'from the cap, will not.develop the strength
indicatgd by the figure. .

[ ©7o86 | 01010 |1
1” \-Loadmg ':t-_

0 e F*f“l

View A-A Hole Gmmnry

FIGURE 7: READED STIFFENERS AND FLANGED HOLES WEB
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13.2.3 Webs with Beaded Stiffemers and Flanged Lightening Holes

A third type of web has round holes with beaded flanges and vertical
"mala" beads between the holes. This type of beam is shown in figure 7. The
geometry of the flanged hole 1s shown 4p Table 3. For the particular case

where 0D=.6 and the hole spacing is equal to h, the allowable shear flows are
h . : .
shown in figure 8. The total collapsing strength of the web ia given by the

solid lines of this figure, in terms of allowable ghear flow, q, as a function.
of wab height, h. The dotted 1ines indicate the shear flow, q, 3t which
initial tuckling begins. Again, the allowables are based on pure shear
loading (no normal loading). If the 0.D. is greater than .6h, or if the
spacing is reduced, the allowables will be reduced. Due to insufficient data,

it 15 uncertain ae to how much this reduction will be.

Example of Beaded Stiffeners, Flanged Holes and Combination
3000 1b | { 3000 o
e
C D

1”

L |
I B [ S T

1500 \n 1S00%w 1500 i500 b
Deeign: Bay A - normal ahear-resiatant'ﬁeb

B - web with flanged lightening holes

¢ - web with beaded stiffeners

D~ combination of B and C

Agsume the web and stiffeners are 7075-T16
a) Shear Resistant Web

1) Try web = .0507

i) De:ermine_shear flow:
qy = 1500 1b = 190 1b/in
% R i 5.00"
111) Determine shear etress

§,= 190 1b/in = 3800 pel
t . n

iv) Determine Critical Shear Stress

Ter = Kal‘:(_;_)z
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from MIL-HDBE-5:
for 7075T6:
fau = 43,0 KSI

Coapute!
1s , - .010 1n*

=010 4n"
bet (13.00 in)(.050 in)

he = 13,00 in = 1.63

d 8.00 in

From figure 1

K = 6.8
8

So: Ter = (6.8)(10.3 x 106 pai) (.oso in

Tcr = 2740 psi

v) Check Wror:
%Q%%_Eg% =1.39 < 2.5
740 ps .

vi) Compare to T gi3p}

CR

’tlll = 31.5 KSI

M.S. = 31.5 KST ~1 = 7.29 HIGH
3.80 K51 -
b) Flanged Lightening Hole Web .
1) Try 1 hole having D=.8h or D = 6.40 in
From Table 1, Choose D = 6.16 in
C = b=D = 13,00~ 6.16" = 6.84"

B-

C'= 6.84" - 2(.25") = 6.34 in

11) Determine the allowable value of q for a trisl t =
h = 8.00 in = 160 |

t

.25 in

050 in

3

= 6.15

K= .85 - .0006(160) = .754

13-6
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d) Beaded and Flanged Hole Combination
i) Determine minimum thickness of web: :
Enter Figure 8 for q = 190 1b/in and h = 8.00 1n
(Thie assumes a hole diameter = (. 6)(8 00 in) - 4 80 in)

for t = .051 in, q 4, = 230 1b/in

M.S. = 230 1b/in -1 = .21
150 15/1n

e) - Weight Comparison :
from MIL-HDBK~-5D: Denaity ™ .101 1b/1n3

Web Type Area t .Totnl Waight
) o s (in) -(1b)
A 104.0 .050 | .52
B 74.2 .050 .37
c © 104.0 .032 .34
b . 85.9 .051 44

NOTE: If buckles would have been permitted, the web gage for part D

could have been reduced to .032 in or .040 in (more conservative).

13.4 Doublers for Holes

Shear panels with reasonably small holes can be brought to full strength
by adding sheet metal douklers. For round holes, the rule-of=-thumb for the
doubler size is based on meeting three conditions:

1. The doubler's cross~sectional areas should be at least 1.5 times the
crogs=sectional area remcved from the weh.

2, The doubler gage should be at least one gége thicker than the web,
and have two rows of rivets arcund the doultler.

3.

The rivets in an area of the doubler enclosed by twec parailel

tangents to the hole must be capable of carrying a load of P = 2Dq.
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For large or non~circular holes, a doubler can be analyzed a8 & shear

and moment carrying member. In the following sketch, the view shows one half
of the doubler. It can be seen that the shear loads will create a bending
moment in the doubler. The critical asection for this doubler will be at or
near Section A=A, Analysis of this section should include loading which is a
combination of shear, axial load, and bending moment. '

PPN S a -
F3

F + =+ P+ _

‘+++++—++++ Lt""""" T

+ + + + s : =qh
@ _)+-+ il ae) PR FER

e+ + 4+ + 4 4 Tﬁ[ N

LR R S . S A ¥
, 3 : -

Recall, that cutouts that are too large for a doubler can be "framed
out”. This method was discussed in lesgon 11.
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Doubler for Small Hole Example
Given: A 050" diameter hole exists in the web below:

/—‘040" WEB

i

/

5.0" O

q= SDO'?ﬁn

——

——
e —

l 16" ]

|

Design a doubler to restore the original strength to the web!

Solution:
1) Cross-Sectional Area of Doubler > (1.5) (web area removed)
> (1.5)(.040")(.50")
> .03 :|.1:12

2)  Doubler gage
If web 1s .040", try doubler gage = .050"

oin. width = .03 tn? + .50 in = 1.1 in
T Tt
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3. Rivets between hole tangents:

P=2Dgq" (2)(.50 1n)(500 1b/4n)
= 500 1b

Choose 2 MS20470AD4 Rivets:

M.§. = 600 1b ~1 = ,20

Now assuming 4D spacing arodnd the perimeter:

for inside row € 4D spacing = .50 in: # of rivets = (2)(W)(.53 in) =6 A
(-50 in) i F E

for outaide row @ 4D spacing ™ .50 in: # of rivets = 2 ?T (1.0% in) = 13
.50 in

Thus the configuration of the doubler is:

.50+ 2(80D)=.50"+ b (.125")
=2.50"

foil Thia is the maximum number of fnateners which can be used. However 6

fasteners in the inmer row and 12 in the outer will provide a symmetric
pattern with 2 fasteners enclosed by the arsa between two parallel

tangents to the hole as is required for strength.
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DOUBLER FOR ELONGATED HOLE EXAMPLE:

__ A | D ~.080" B
- ) U1B-Te___
300 || o / ' __L T290%*
—1| .887 = ' / b 50—

==
b .S0" RAD L
‘ N Y 4"9 010"

\ E— / M8-Téo
3 r

- 1.25" TYP 1 |
L_e5- o s f
2400 = 10" — TP
fetermine shear flaow: ' ' .
a} Effective height | i *- 100" TYP
b _ 1.25" = 12.5 — i l
Rt T 1
| d. 85" _ &g : '
b T.25" - i ‘
Fig. 14 [ Lessen) TYPILAL CRP 4 o _ }
2 . . o | o . .h.e | %
[—j‘ = .235 S =120 o - }
he Vertical distance between upper & lower cap centroids. }
Effective height = 6" - 2(.20") = 5.6" B b
Q=P~$ B S
97 2007 429 4/in N B |
. - ;
Free body of web from edge ta D-D: ' - lrapp®* 7
e T Y, TLF, =0: 3000%-3000%-R, «R, =0 (1)
— i 1. T P re
Eninim . AT M =0:-L50008 5.8 + {3000 F ). 20")
- e R Rpte"-§1-R, ¥ - 114003_1_(4.15")-._0”'
" FROM EQN \: - -
(200 R,= R,
b.0" ' =
| 5.6 1 SUBSTITUTING \NTD Ecm rX
R, lb"- ?-y>'2b‘||2 iatb
Itmo#
%000 | — |t R
| g , _
2400 # : ! . .




SECTION PROPERTIES:

M 4 D
\D0¥ e | 50"} 1200 F

R =R = 26NLm-b

= = LOI9 ¥
z ' (L -2 L3")

1:#,-0- Ry - 0099 ¥ =0
JEM=0: ™M - 0TI =0
®Es Ry= L0919 #
M, = {BOO in-\b
Stress @ Ey: ' '

. ozomp = (1800 in 1b) (1.69") + LOW¥ = 30500 psi

.23 in® 353

© Considering just the web & doubler combination as column:

Goag = (.f4"))(3o.5 KSI) + 30.5 KSI = 19.22 KSI

2
. AVERAGE LOAD FROM E,TO B

Pp= (19.22 KSI) (1.25") (.040" + .050") = 2.16 KIP

AVERARGE LDAD FROM D, TD D,

F’T = 019

(1.25") (.04" + .05") = L.94 KIP
.353 in '

. Using a Column with Distributed Axjial Loading
~ From MAC 339 p. 16.38: '

P] 1.4 = .QO.

= Z.1b
Pa

P, = 1.05 Pe = Z.1b KIP = 2.06 KIP
P 1.05 o

13~/2

-

ELE b h A y Ay | Ay* I
B 1.25 0.10 | .125 .050 | .006 | .0003 | .o0
2 0.10 0.75 .075 475 | .036 | .0171 | .oo3s
3 0.04 2.25 090 | 1.375 | .124 | .1705 | 0380
4 0.05 1.25 .063 | 1.875 118 | .2213 | .0081
.353 - .284 | .4092 | .0497
— = Ay = .284 = .8I"
AN - - R
= .0697 + .4092 - (.81)% (.353) = .23 in® |
S0:




Calumn Allowable:
Conservatively assume column pinned @ both ends:

L' =L =1.5" - |
i adius of gyrati o - = (L
Determine least r s of gyration f 1 ¢ {;:)
= (1. 25") (08")° = .o00076 in* | A= ¢ 1.25").040"+.050") = N3 in?

f 000075 .026 in
.113

Slenderness ratio:

? Loe 577
Euler Column Allowable: o |
Fo = _Av°E = 30.5 KsI (Where E=10.3x108 psi)
2 . Lo . ) :

(L'/f) |
PCR = FC A= (30.5 KSI) (.113 inz) = 3.45 KIP
Column Margin of Safety: |

M.S. = 3.45 KIP - 1 = 0.7
.06 KIP

Fastener Check:

Load in Doubler:

|‘ At E'L- E+:
E+ D, PE = (19,22 KSI) (1.25") (.05") = {201 1b

— At D,-D.

P‘ T—Pa 3 &
: DZ. PD = (.\'T.?.B KSI) (1.25") {.05") =1080 1b

Load transfer = {Z{¥®
= {2\ # = Bl E/in
1.5"

From MAC 339, p. 1.13:

Shear strength of B4 lS rivet in .040" 7178-T6 Alum sheet:
= 575#

Assuming 4D fastener spacing: q allow = 575¢# = 920#/"
825"

Margin of Safety:
M.S. = 920#/in - 1 = 10.4 /3713
Bl #/in ——



Required Doubler:

5l|§ TYP 42 PLLS

%Iﬂ

/
S+ +++ 4+
A +++++% -sz
++( D

+ +
S FFEFF L
\\Q+++++++ Tt

— | 257 f—
at 529"

.50
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13.3 Diagonal Tension Webs

Theoretically, a web can be in pure diagonal tension, with the web

deeply buckled diagonally. In this configuration, all of the shear would be
carried by tension parallel to the buckles. In practice, shear webe that are
not shear resistant are in "incomplete diagonal tension”. In this condition,
some of the shear is carried by diagonal tension, and gome as shear in the
web. These are alsc called "tension field" webs. Panels with'ﬁééEZ.S are
in this category.

The analysis of tension field beams is based upon the superposition of

two states of web stress, pure shear and pure diagonal tension. The figure
below shows the gtresses on web elements for each.

. . ‘l's arm\
5 :31 _ \‘Er
s

s. , or .

- aq

Rt

's

s
nen :

Webh ™hickness t. s | N TS

FIGURE 9.

Purs Shear

e —a—

Diagonal Tension
The fraction of the total shear that is carried as diagonal

tension 18 denoted

DT and SS

represents the portion carried as diagonal temsion and pure shear
respectively, then:

by the symbol, k. If S represents the total shear, and §

8 "SDT+ SS
SDT 3 43 (4)
S;2(l-k)s
The shear stress may be found from the shear flow equatioa:
T =aq/t =S/ht
T Ty + T

/3-/5
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Therefore:

Tpr = kT (5)
Tsg= (1-K)T [ &)

Now, consider the equilibrium of the infinitesimal length of beanm showm
in Figure 10: '

u

Pc : The flange loads are:
b
S h—-— rh & Py = M/by = F kS ()
that - : -
Fl&.10: =z, Pe * /b« é‘kﬂ

13.3.1 Analysis of Flat Webs

The analysis of flat diagonal tension shear panels includes the following
checks:

1. Alllowable Shear Stress in the Web

The stress at which the web buckles 1:cr' is determined by the

method described above for shear resistant webs. The value of the diagonal
temsion factor, k, can be obtained from figure 2.5. The allowable web gtress
1s also obtained from Figure 2.5. This figure was obtained for X = 45°
(the angle between the beam neutral axis and the direction of the diagonal

tension), siﬁcé for flat beams, the angle closely approaches this value near
failure. '

2. Stiffener Moment of Inertia
The atiffenera in a besm must be designed to carry the compression
loading without buckling. To insure this, the moment of inertia of the
stiffener is computed about its base, and then compared to the recommended
stiffener moment of inertia for maximum buckling conftant, Is' The value

for I, is determined from figure 2. If the value of I for the stiffenmer
exceeds the value of I, then the beam s "ok". '

3. Flange Analysis .

The flanges or caps of a beam are subjected to transverse |gads due
to dlagonal tension in the web. Under auch_loaﬂl,-they function as continuous
beams supported at the stiffener(s). The secondary bending moments developed
by this loading are normally less than would be expected from static analysis,
because the flexibility of the caps results in non—uniform transverse

1éading. The following equation is recoomended as representing the secoadary
moments at the stiffeners, and at the flange mid-span.

/3-/6
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Va
. kd.?' : :
M = Sfi;- {8) Where Mgp: = Secondary Moment
due to diagonal
Tension

The value computed from this equation must be compared to the allowable
bending moment that would be found by treating the cap as a beam, using plastic
bending analysis (For a review of this method, see Legson 12). Ia the case of an
end stiffener of a simple beam, the above equation may be used, provided that the
tie between the end stiffener and the flange members is alsc designed for the
moment given by the equation. In practice however, the end bay is usually made
shear resistant in order to eliminate secondary effects. o '

The primary locadse in the flange are found by thé equations developeﬂ in
Section 13.3. These loads should be uued fnr~checking the column and crippling .
atrength of the flange. The critical crippling stress, Fcc is found by using the

curve of figure 11. This curve is applicable to all ductile aircraft alloys, at
both room and elevated temperatures.

4. Stiffeper Analysils

:a) The applied stiffener stress due to tension field effects may be
computed from the equation: ' ' ' '

g -.'MAM (q)

S .
-1
dt * -5 (l‘k)

Where Age ™ effective stiffener area

A_
Agg = I—;—%:T;Tz faor single stiffeners

4

Age = A (of both stiffeners), for double sviffensrs.

and

e = distance from medium plame of web to centroid of afiffener,
(in).

§ = stiffener radius of gyration about the centroidal axis
parallel to the web, (in).

In the equation above for the applied atress due to tension field effects, the
load in the stiffener has been taken to be: K T dt tan¢{ . This 18 only

true in the case of a simple beam where two panels, of the game dimensions and
stress level, contribute to the stiffener lcad! For all other cases,

13717
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(diffgrent gtresas levels, different dimensious, or additional panels) the
appliéd 1oad should be taken as the gummation of the loads contributed by the
1ndividual panels., The equation is:

|2}
> *oam

{10)

k.t,d,t,TAN a J
- €§E: 1T é 1 L, kT35t TAN ay k Tn_éaprAﬂ ag

The applied stiffener stress ia then:

.EE: ‘LtidltlTANAQL.+ xzradatzTAH ay . s knrndntnTAH ey

a; == . {l=g_ ld.t (lEk. Jd.t (1% )dz (”)
A +- '5 \_*._..]-'-—li *» .._._—2—-2—&+ +_:_B__Q'_E_
3e : 2 2 oot 2 '

where the subscripts, 1,2...,n, denote the panel members.

The {ndividual terms (k-T-d -t - tan & ) in the equation for the load due to

diagonal tension are found by .the relationship:

k tar TAN o = (A, + .5 (1-k)dt]t 9g/p ()

where Us/r 1is found by use of figure 12,

The maximum stress in the atiffener Cf?_.‘¥, occurs at the aidpoint

of the stiffener, and is obtained by the use of Figure 13.
b} Allowable Stresges for Single Stiffeners :
To avold forced crippling failure, the stiffener strass,

g
empirical equatiom:

a,=C 23 (talt)l/3 (V3)

where! C = material constant

ty —max’ ghould not exceed the allowable atresl.cro. defined by the

tB = gtiffener thickness, in.
Values of C are included in Table 4. If the allowable s:ress.crb, exceeds

the proportional limit of the pmaterial, multiply by the plasticity factor,

N = BeeclE (W)
where: Esec = Secant Modulus, psi

E = elastic modulus, psi

i3-18
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The stress in the stiffener, (J° ,» should not exceed the column yield

. stress. The average stress over the crosa section of the stiffemer,

y given by:
av g Ase
Jg = -5———- (\S)

av As

G_B

should not exceed the allowable stress for a column with a slendermess ratio:

Li/p = hs/éf { i)

¢) Allowable Stresses for Double Stiffeners
Double stiffeners must be checked for forced crippling in the same
manner as single stiffeners, that is;'by the use of equation 13, and’
substituting the appropriate forced crippling constant, C.

The stiffener stresa,(?s, should not exceed the allowable column

stress for a column with a slenderness ratio, L'/f , where:

n
L' = - 3 (d < 1.5n,)

VERESRERS < B o

S
ar: L' = hs (d > 1-5 hs)

5. Attachment Analysis

The final check is for the attachment of: a) the web to the caps; b)
the stiffener ends to the caps; and c) the stiffeners to the web.

a) Web to Flange Connection

The web to flange attachments carry a running load per 1nch,_R;
where R 1s: '

R =S/h (for shear resistant teams)
R 'fi s/h (for a beam in pure diagonal tension)
Linear interpolation between these extremes glves the rumning load per inch

for incomplete diagonal temsion:

R = s(1 : L414%) (\3)
T
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whera: b = distance between the rivet lines from the top to bottom
flange (for a single row of rivets) o
L = distance between the centroids of the rivet patterns (for {ﬁ'
F multiple row rivet patterns) :

b) Stiffener to Flange Comnection _
The end rivets of the stiffener must carry the gtiffener load into
the cap. These loads are: '

Bor -_GfEAB (for double stiffeners)

19)
PDT = G'SABe (for single stiffene;a): (13)

¢) Stiffener to Web Connection -

The strength neceasary to avold temnslon £aiiure of the rivets in a
gtiffener is given by: '

Tenslle strength of riveta per inch > 100 ull: t_'(f'or double stiffners) (z0) -
> A5 0 et (for single stiffnera)

The tensile strength of a rivet is defined as:
1) The tensile load that will cause tensile failure of the rivet .= -
ors a ' : : _ : ‘
2) The tenmsile load that will cause the rivet to pull out of the

) attaching structure.
Normal rivet spacing of four to five rivet dlameters will, in pgeneral,

prevent permanent buckles from forming between the riveta, and also satisfy
the tensile strength requirement.
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13.3.2 Diagonal Tension Web Apalysis Example

Given: I"iﬁ%’u
040" = R _ 100", o
Lep ~ 1 g
N ! 1
l_ -l R Lo
=
\
B B N 1
L =y
t~mw~—l E
Sect A—~A
1500 tb

Web is 7075-T6 ALCLAD sheet

t = .100 in
(tyﬁ for cap)

Tees and angles are 7178-T6 extrusion

Solution:

7500 1\b

Having hg allowa us to compute q:

1. Web Analysis

- 80" —~

Sect B-B
t =,063 in

(typ for
stiffener)

a. Determine shear flow, q

q=Y
he

Determine the effactive height of

. - the web_

b = 2.80 in = 28.0
t .100 inm

d = 1.00 ~ .360

b 2.80
from fig. 1l4:
x :
il .179

x = (.19)(1.00") = .179 in

he = 10.00 - 2 (.179) = 9.64 in

q = 7500 1b = 778 1b/in

9.64 in

F3-21
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et
b. Determine the ghear stress, [ :
T =4 =778 1b/in = 19450 psi | U
t . 040 1in :
c. . Determine critical shear stress, T cr
qd? 1078 = (778 1b/1n)(7.00 )’ (10°8) = 5.96
3 C.040 1in)
t
he = 9.64 in = 1,38
d 7.00 in
From figure 2.5:
LT ea
Ten 8.3
T e = (19.45 KSI) = 2.29 RSI
E.S
d) Determine T 411 and K
From figure 2.5:
”call = 28.2 KS1
K= .44 | R
. L

e) Determine the Margin of Safety

M.5, = Tall = 28,2 KSI -1 = .45
T 1945 KSI

£) Net section Shear:
Assuming 4D rivet spacing:

Area pnet = Area - Area = 750
Atea vor —— Afea oopivetd

Net £, 7[Area = 19.45 ST =~ 25.9 KSI
rea ,.: 750

Compare to allowable ultimate shear strese:!
From: MIL-HDBK=-5D: Fou = 44 KSI 7+ Not eritical
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2. Stiffener Moment of Inertia:

a) Determine the gtiffener moment of inertia about its base:

I = (.063 1n)(1.00 1a)3 + (.737')(5053'.)3
J

1 = .021 io% 'r
b} Required moment of inertia, I: lD"I

Recall: he = 9.64 = 1.38 _ {.0&:‘5"
4 77 _L

From figure 2: I--_,BD"——-‘ F '

I = 1.60

g3
Ig = 1.60(9.64 1n)(.040 1n)3
I, ~ .001 1n%
e) Compare I to Ig -
ig: I > 1.7

.021 in% > .001 in% VOK

3. Flange Analysis

a) Compute the Cap Bending Moments: ' /‘@ [@/—@

Mgy = (778 1b/1n)(.44)(7.00 in)?
16

Mgt * 1050 in-1b

b) Apalyze the Cap as a beam:

]

> .Ele b t A 4 Ay Ay I

( 1.36 | .10.136 | .05 | .007 | .0003| .0001

£ L L XL

1050 1

1
- 2 |1.00 |.10|.100 | .50 | .050 | .0250| .0083
N\ \\\\ 3 |1.36 | .10}.136 | .05 | .007 '“3'330% .0001

‘352 'U64 L] CUUE!S

/\ y = .064 1nd = (172 in
' 372 inl

{in-18)

10504

I = ,0085 :Ln4 + ,0256 ina

2 2
NA - (.172)7(.372 in")

Quter Fiber Stress: INA = 023 ina
— Me, _ (0305 b HLLECE o) - M¢ {1050 - tb X112 1a )
Coner T T = 023 Tmosy = ot = pore

.03 wt

0 ax™ 37800 ps a5 Cwarg= 1B5L ps
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Ftu = 84 KSi (From MIL-HDBK-5D)

Determine the Margin of Safety for the cap subjected to secondary bending (
moments:

M.S. = 84 KSI -1 =1.22
T TRT

Forced Crippling Check:

= (76 RSI) ( (.828 m) = .70
¥(10.7 x 103 RsI) (.100 1n)

From Figure 11: Fcc 75
Fey =

Fee = (.75)(76 KSI) = 57 ksSI

Since the compressive stress on the section 18 non-uniform, the average
stress = 2/3 (37.8 KSI) = 25,2 RSI. This value ig considerably less than thae
maximum allowable crippling streas.

¢)  Apply Primary Loads to Cap:

Pp = M = 0.5 (K)(V) o | - =
hg : . .

Po = g + 0.5 (K)(V)

:‘

The flange loads for analysis of column crippling are highest at the end of
the first bay.

Pp = (7500 1b)(14.00 in) ~ 0.5 (.44)(7500 1b) = 9240 13
9.64 1in

Po = (7500 1b)(14.00 in) + 0.5 (.44)¢7500 1b) = 12,540 1b
9.64 in |

'Computiqg the column loads at the reactions:

Py = (7500 1b)(21.00 in) = 16.34 KIP
T 9.64 in

Po = (7500 1b)(21.00 in) = 16,34 KIP
9.64 in '
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" . Determine the crippling streas of the flange:

Ele| b t b/t | Edge Condition bt | Pee Fecbt
T [1.30 [.100 | 14 |One adge free 403 2322
2 |1.40 |.100 | 14 |One edge free <140 [ 37300 | 5222
3 .95 |.100 | 9.5 | One edge free 095 | 50500 | 48

.31 15347 |

] Fec = ¥ Fccht ™ 15242 = 40650 RSI

@Q ( }@ T bt .375

Since Fcc < Fc,“ 7{ -l

_T\\‘(:) Using figure on page 16. 13 of MAC 339.
@\ 7 we = 38 | |

t

e

Since element 4 is a one edge free skin element:
Wa = .35 ( 2 we) t = .35 (38)(.040 4in) = .53 "
t

(The actual effective width i1s .375 inches due to edge diltance)
Effactive width for slement 5:

We = .30 ('Z we) t = .50 (38)(.040 in) = .76 “
t .

The allowable crippling load 1s: .
o = (40.65 KSI) [ 315 1n? + (.38 " + .76" pI¢ 040] .40 RIPS
. The crippling Margin of Safety: - .

M.5. = 11,10 RIP -1 = .047
16.34 KIP '

The cap in the first bay.should beJanalyzed as a column with distributed
axial loading: o

Using figure 15 with P, = 16.34 KIP and P; = 12.54 KIP
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So the equivalent euler column load is:

PE = P2 = 16.34 KIP = 14.21 KIP
15 Il|5
FE_"'P-E- ..14.21 K.T.Pnz =319 KSI

The maximum cumprﬁsaion_eﬁd load can be determined:

f = [2023 1o 1n" .249 1in
~.372 in2

L' = (770 40) = 4940 A\

L' 4.9 in = 19.7
f .249 in

Recall Fl,_C = 40.65 K51
From p. 16.31 of MAC 339:
F.p = 39 KsI

Compute Margin of Safety for column :

M.S. = 39 KSI . =.02%
319 KsI

4, Stiffener Analysis

a) Determine crippling allowables and effective skin widtha:

Element | b(in) | t(in)| b/t | Edge Condition | Fec(KSI)}| bt | Fecht
1 .968 .063 | 15.4 1 E., F. 34.5 .061| 2100

2 .768 063 | 12.2 1 E, F. 41.5 .048 1 2010

o1 4110

Fec - av ™ _L Fecbt = 4110 1b = 37,710 ped
TE bt .i0d

o]

Since F.. 18 leaa than

7?-1.0

From p. 16.13 of MAC 339

N {

7 we = 39
t

[Q} The edge fixity factor .7 1s due in the web providing

i13-26
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Since on both asideg of the gtiffener, the web is continuocus, the affective
width is: '

Wo = (2 we)(.5)(t) = (39)(.5)(.040 in) = .78 in
t

and the allowable crippling load ia:
Pe = (37710 ps AL 109 1a2 + (TB"W.040°02)] = L4b63 1b

b) Determine the section properties for the effective st:l.f.fener:

Elae b t A v Av | ay? 1
(1.00 | .063( .063] .5400 .034 .%iﬁl . 005
.737 | .063| .046| .071 .003 .000 .000
.780 | .040{ .031]| .020] .001 .000 .000
.780 | .040] .0311 .020] .001 .000 .000
171 039 | .018 | .005

Py

y = .039 in3 = .228"
.171 1n?

I=I+ (Ayd) -a(®?=.005 10% + .018 10% ~ (.171 1n2)(.228 ia)? .
I=.014 in4

§ = /‘“ L0164 in 1u‘ = ,286 in
171 inl

€ = ,228 {n - ,020 in = .208 in

€ = ,208 in = ,727
f .286 in

Using figure 12, A;E =~ bS
s
Compute A /dt
= (. 171 1n?)

(7.00 1n)(.040 1n) ~ <81

_2
d

Using figure 12 again gives:

Ase = .395
dt

Recall T;/ = 8.5, using figures 12 gives:

CI'S/
The applied stiffener stress due to tension field effacts 15:
0, = (.65)(19.45 KSI) = 12.6 KSI

Fcy = 75.0 KSI (MIL-HDBK-5D)

/3-27
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Compute Margin of Safety:
M.S. = Fey -1 = 753.0 RSI -1 = 4.95
Tq iZ.6 KSI
The maximum stiffener stress occurs at the midpoint at the atiffener and is
obtained from figure 13. o '
h, ® b, 80 h, = 9.64 in

d =7.00 in = .726
hg 9. b4 in
T// -
recall Tez™ 8.5

(05 ) max = 1.8
G s

(T ) max = (12.6 KSI)(1.8) = 22,7 RSI

" b) To prevent forced crippling at the atiffener, the maximum atress
should not exceed the allowable crippling stress. Use the following equation
to compute the allowable crippling atreass: . :

O, = CKT{L)”
t
From table 4:
C = 36400 psi for single stiffener of 7178-T6

So: g = (36400 psi)g/ (.44)2 063 in_ '
.040 ia

0o = 24.5 KSI
Compute the Margin of Safety:

M.S, = 24,5 KSI -1 = .079
22,7 KS1I

Compute the average stiffener stress:

The average stress over the cross-section of the stiffener ahall not exceed
the allowable stress as a column.

Ugav ".Us Ase = (12.6 KSI)(.65) = 8.19 KSI
A

i
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Recall, Fec ™ 37.71 KSI

L = 3.64 in = b85S
‘;Bf? Z (.286 in)
f
Using p.16.31 of MAC 339:
F, = 36 KSI
Compute Margin of Safety: M.5. = %—% -1 = 3.40

5. Attachment Analysls
a) Web to Flange Counection
Running Load:

Dy = 10,0" - 2¢.62") = 8.76 in

R = S(1L + .414 K) = (7500 1b) (1 + (.414)(.44))
b 8.76 in

R = 1012 1b/in
Rivet Spacing
Assume 4D spacing, and 3/16" rivets (M$20470DD6) -
(7 in)/.75 in = 9.33

This gives 8 rivets after the cap to stiffener rivets are thrown
out.

The Load per Rivet:
Pp ™ Pp (4d)
Pg = (1012 1b/in)(.750 in) = 759 1b

(5] == 4 4+ 4 4+ 4 - [+

From 339 p. 1.13: for e/d = 2

Pa11 = 1085 1bs

M.S. = 1085 1b -1 = .43
TR -

b) Stiffener to Cap Connection:
Recall: %ﬂs = 395 |
3t N .
So: Ase = (.395)(7")(.040") = .111 in?

PpT * (rgAge = (12.6 KSI)(.111 in2) = 1399 1b
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for MS20470DD8 rivets in .063" material (339 p.1.13)
for 1.5 diameter edge distance:
Plll = 1838 1b

M.S. = 1838 1b -1 = .314
1399 1b

c) Web to Stiffener Connmection
P .req = .150,, t
P, req = (,15)(72.0 KSI)(.040 in)
P_ req = 432 1b/in
For MS20470DD6 rivets with 4D spacing: (339, ;.11)

Pall = 450 1b

- Compute Margin of Safety:

M. S. = 600 1b/in =1 = 139
432 1b/1in

13.3.2 Curved Webs

The analysis of diagonal tension in curved web beams utilizes the
methods developed for flat web systems, with minor modifications. For
example, 1if a structure is built as a polygonal cylinder, and subjected to
shear flows, the majority of the tension diagonals lie in the surface planes
of the polygonized cylinder. 1In this case, analysis uaing flat web theory is
applicable. .In actual cylindrical structures having curved webs, the webs
tend to "flatten" after buckling, and the atructure approaches a polygonal
condition., In this case, however, the majority of the'fension diagonals lie
on a hyperboloid of revolution, and the flat web theory ia not directly

}13-30
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applicable. Furthermore, the induced tension field causes radial loeds on

the rings which tend to put' the rings in hoop eo-preasion- Lateral loada ure '
also induced on the stringera between rinsl in the rediel directiou.

FIGURE 18: GECMETRY OF CURVED WEBS
1. Curved Web Analysis

The stresa at which the web buckles, Fcr’ ia determined by:
F::r - K“Efb) (20) -

where Ksis determined from fig. 17.

For a beam load, as in fig. 18, the applied shear stress 1s:

=2

T=gq=~5 {22)
B |

e
For ather types of loading, such as pure torsion of a cylinder, the ghear -
stress is found by conventional methods of analyais.

The relationship between the tenaicn field factor, k, and the loading
ratio,}kécr is given by:

K = tanh [(0.5 + 300 &E) log%cr] {23)

This relationship is plotted in figure 19. The allowable web stress,
Tﬁll’ for the diagonal tension angle, ©{ = 450, is shown in figure 20.

2. Diagonal Tension Angle
Recall that the angle of diagonal :ension, d( s 18 the angle between the

neutral axis of a beam and the direcrion of diagonal tension. Although this
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angle does not affect the web atresses appreciably near the point of failure, it
has conaiderable influence on stringer and ring streas in curved beanms.
Consequently, a method. of comﬁutatipn_is necessary, and follows. If the ring
spacing 15 greater than the stringer spacing, (h <d), then:

€ <€ o
—=  {(24)
o T

Lf ring spacing is less than the stringer spacing,

TANG o =

On the other hand,
(d<h), chem;:

TANE oX » E-GJS.I > (15)
d
€ =€ G *(E)(ﬁ) TANSaS
where: € = web gtrain (from figure 21)

EST = stringer stralp = CTSI (compréhensive sfrain negativé) -
E .

E:RG = ring strain = O ?g (comprehensive strain negative)

The angle X , must te determined by the use of equation 26, 38, figure 21,

and the equations above, by successlive approximatidns,'tsing X = 30° as
the first trial value. o ' ' R

3. Stringer Analysis

The angle of diagonal tension 18 smalier in curved webs than in flat
webs. This causes the stringers to receive a relatively higher axial load
than the rings. Although the stringers of a cylinder correspond to the
flanges of a flat web beam geometrically, under load, the stringers act
esgentially like the gtiffeners of a flat web beam. Therefore, the analysis
of stringers ia similar to the analysis of flat web atiffeners.

The portion of stringer stresa due to diagomal tension 1s:

O.ST -k T COTox

Agr

\2b)
R 8 (l-k)_

For cases other than those involving two panels of the gsame dimensions and
stress level, use the followlng equation:

2 k) 1141007y |k TohataCOTSty - kn TrhatnCOT®y
Tgp = - 2 2 T g

Rgp * o5 (1_“'1,:_"1.*;;* (1-1:2;112'@2 +m(].-i:,,??n,,e_“

(2
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The individual terms in the numerator of the equation above may be found by:
ktht cor< = [Agp + .5 (l-k)hﬂTsf (28)

where g7 18 found for each term by solution of equations 26, 38, and 24
or 25 by successive approximations. _ |

The stress from equationms 26 and 27 is an average stress. The maximum
stress, U-ST—MAX' 1s obtained by the use of figure 13.

Because of the polygonal shape acquired by the cross gection of a
cylinder as diagonal tension develops, and due to the changé in direction of
the tension diagomal at each stringer, a radidi pressure is exerted on the
stringer which produces aecondary momenta. This radial pressure is not
uniformly distributed due to: sagging of the stringer; possible sagging of
the ring; and nonuniformity of skin stress. Therefore, the radial losding on

the stringer will be approximated ast

kR Tthd2 TAN e | - ' .
Mom = { ) :

An approximate beam column loading may be dgfined using the above expressiom.

2w

s A
Mop P el l ij‘r3\_¢*f11’rrlw’{[l. P Mgy
_ = - - __8..----" } .
R d ' - R . o
Flgure 22 _
W H—E;_EM {30)

ud: . - kf:hdz TAH“ ('5“)

Msp ® - —m T

R = ‘;..C.‘ (32?

Pe O-—ST(A:’T}H * P;rim.ry (33

§ = 134)
2L0ED

To avoid forced crippling failure, § gp_may should not exceed the
allowgble forced crippling stress, o o? from equation 13. If G‘°
exceeds the proportional limic, multiply by the plasticity correction factor.

7( = ESEGA (¥
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The combined loading on the atringer requires that it be checked as a beam
columm. Using the following relatiomships, the stringer may be checked by the
method shown om p.16.50 of MAC 339. :

M= =(Mgq) (331
Y o= S {3k
P = G’ST (AST)! + pmm.f tzj)

4, Analysis of Rings

Rings which are riveted to the skin will act as stiffeners in flat web
beams. The ring atress due to diagonal tension 1is:

Gpg = - RTINS (38)

ARG* _
_E‘ .5 (1-k)

For cases where all the pabels of a curved web are not the'aahe stress level,
~or are of different dimensions, use! ' ‘
Z k1 T1d16TANy | kp T datoTAN®, Kn T pdntnTAN &

2 2

2
w
A <5 Z (1-k1;d1t1 R (1-kg:d23 h"(lﬁ';dnh

O-m'- '» {39}

The individual terms, in the numerator of the equation above are found from:
KTdt tanol = [ARG *1 (1-K)de} T, 140D

where G po 18 found for each term by the solution of equs. 3@, 26, and 24
or 25 by successive approximations. The maximum stress, CTRG-HAX' may te
found from figure 13.

To avold forced crippling failure, RG-MAX should not exceed the

allowable forced crippling stress, U~ , from equation 13, If (7, exceeds
the proportional limit, multiply by the plasticity factor: C

T %

It is also necessary for rings to carry loada cther than thoae due to
diagonal tension. Therefore the following interaction equation is used:

Rl - fh.- bending stress
b allowable bending stress

where

Ry = Qgg max
Gﬁ
13-34



5. Attachment Analyais
a) Web to Stringer o
For an edge of a panel rivetad to 4 stringer or longeron, the
required rivet shear strength per inch 1s:

E'-q[l+k(-.__l -1)] L4 )
con ot . .'

When a web 15 continuous across a stringer, the rivets need only be
designed to carry the differencs in shear flow, 9y = 9y, between adjacent

panels. The criteria for tensile strength of a atiffesper (atringer) to a web
should also be fulfilled.

b) Web to Ring

For an edge of a skin rivets to a ring, the required rivet shear
strength per inch 1a:

- 1

R q[l*k(m -1)] {4%)

When the web is continuéus across a riug, the riveta needlfo be designed to
carry only the difference in shear flows, 93 T g between adjacent

panels. Also, the criteria for tensile strength of a stiffener (ring) to a
web should be fulfilled.
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Curved Web Analyais

Counsider the given curved panpel:

Determine the allowable ghear

— 0 ]

\

1. Web Analysis:
a) Find T,,:

a=1l.0
.b

"~ BDO 'b/in

- (10.00 )?

Web Hlterigl:

bZ
ft (20,00 1n)(.040 in) = 125

from figure 17:

K -34.0-‘15(_13)7-
s t

E

6

———

Fop =110.3 x 10 psi)(34.0)
10.00 im}2
. 040

F.p ™ 5600 psi

in

/3-36
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b)

c)

d)

e)

Find the applied shear stfeuu:

7 - 800 1b/in = 20,000 pai
=080 12

loading Ratio:
T _ 20,000 = 3.57

ﬁif 3630.'

Diagonal Tension Fahtdr:
300td = 300(.040 1n)(10.00 in)

Rh (20.00 in) (10.00 in)

- I60

from figure 19;
K= .54
or computing directly

K = tanh (_J_._ + 300 _sg)log 'E-.Eu] = tanh [(1.10)(log 3.57)] = .54

2 . Bn

Allowable Shear
from figure 20:
T 4117279 1;51._ :
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TABLE 1@ WEBS WITH FLANLED 45" UGHTENING HaLES

D | B} a D | B | A D B | A
L s . aerf.el 19 s8] .25 .28
1.5 | .13 | .13 |[3881 .19 .19 || 6.68 | .25 .38 {
.00 .13 ] .13 | 411 | .19 .19 7.18] .25 .28
2.08 | .16 | .18 | 4.38 | .19 | .19 0§ 7.71] .33 .23
2.33 ) .18 .16 || 4.81 | .19 | .19 | 8.21 ] .32 | .28
2.5 ] 16 | .18 | 4.86 | .19 [ .19 | 2711 |.32 .25
2.83 | .18 | .18 | S.t1 [ .19} .19 | 9.27 .37 .28
3.08 | .18 ) .19 || 8.38 (.18 | .18 9.77| .37 [ .28
3.98 | .19 | .19 || 5.6% | .19 | .19 | 10.27 | .97 | .28

TABLE 3: GEOMETRY oF BERDED FLANGE LIGHTENWNG HOLE
FOR webS wWiTh FLANGED UAHTENING WOLES AND BEADED STFFENLRS

0.D. jLD. | A Q.D. [ LD. § A
1.69 | 81t .19 3.88 | 2.94 | .23
1.81 | 941 .19 4.43 | 331 | .38
1,94 ;1,06 | .19 | 4.9¢ 13.81 .28
2.06 1119 1 .19 | .43 | 4.01 1,38

i2.19 L3, .19 5.94 | 4,811 .38 .
2.31 | L4419 | 8,44 ¢ 5.31, .38 .
2.83 }1.69 | .28 ! | 8.94 [ 5.81 .38 ]
2.7% | 1Bl : .28 , ©7.44 ' 831 .28
2.88 ; 1.94 0 25 ° 7.94 | 6.81 ; .38
3.00 12,06 251 B.44 | T.31 | .38
.13 {219 ] .28 8,94 | 7.81 | .38
3.38 | 2.441 .25, 9.4% | 6.31 (.38 |
3.83 | 2.89 [ .25 ‘ ,

TARLE 4: € Values for Various Materisls

Single Doubla
Mar'l, Stiffaner Stiffener
7075-T8 32500 28000
7178-T8 36400 29600
2020 T8 37504 30000
Magnesium 12500 10000
HKJ1A.-H24
Titanium 58600 47000
AMS 48608
2024-T2 26000 21000
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FIGURE 1: SHEAR BUCKLING CONSTANTS FOR SHEAR RESISTANT 8EAMS
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FIGURE 2 ' REQUIRED STIFFENER PROPERTIES FOR MAXIMUM BUCKLING CONSTANT
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FIGURE 2.4
FLAT WEB ANALYSIS (ALUMINUM)
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FIGURE |2
STIFFENER ANALYSIS
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FAGURE 15

COLUMN WITH DISTRIBUTED AXTAL
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FIGURE 20
CURVED WEB ULTIMATE SHEAR STRENGTH

Notes:
1. For bars or clad msterisis, x= 459 E

2. For mamriais other than shown, T w

T
Mlzars Fos
7S

 whare Fm' is the ultimata tensile strength of the materiai under Mon :
and T,{ is the allowsbie sheer stress of the matsriad ’
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LESSON 13 - HOMEWORK PROBLEMS

l. Determine the allowable, critical, and a
below:

-T = .00 w*
a) / B
10" //-7075 -Th

L

pplied shear stregs for the shear panels

T
L

.040"
1075 -Te

VPP

PR AU,

500 b 2500 b

c) 0407 2024 -T5 ALUM @) 040" 2074 T3 -
bD..J\/"
S"—f.
e) .040" 075-Tb £) D40 2004-T3
‘f- N T% == N
R R N
np 5 - |- S
) 0 : .
. .
S T4 N
__I 7 R 5
2500 ib Lo : mnmb/-
- BERD SPACING AT MlN MFG ALLOWABLE ' FLANGED LIGHTENING .HOLE

i3-53

2]



2.

ERPS

Determine the allowabie, critical and applied shear stress for

the panels below:

a) 1 STIFFENER b} 3 STIFFENEAS

040" 7015-The

-‘ Tl 2.50" TYP l
15" !

Ana1yze the shear panel below

{

'—IS= 'DCHL. l!'\.% T‘."'
[—-34ﬁ' - TL

I

0"

7

Ty

040" M015-Th

a) Determ1ne the section properties of the caps and 5t1ffeners
b) Determine the shear flow, shear stress, and critical shear stress

of the web. :Then compute the a11owab1e shear stress,

safety, and net section shear.

margin of

c) Determine the stiffener moment of 1nert1a. and compare 1t to

the required moment of inertia.

d) Compute the secondary bending moment due to diagonal tension, then
' use cap-beam analysis to check the cap for tension,
Also, compute the primary cap
loads and check tension and crippling allowabies as above.

compression-crippling allowables.

13-54%



>4.3

e) Compute the average, maximum, and allowable stiffener stress.
Determine the crippiing allowable for a single stiffener, and

compute the margin of safety.

f) Analyze the web to cap, stiffener to cap, and web to stiffener

connections as was done in the lesson,

| - L= <
A DHD 075-Th
i T =T
03¢ ) - - . s
B || g 2075-Tb S T f—?‘
Ia,' '?- Dsor
i A-A 707‘3"1'(:
B-B
———— |7 ——-—l
— 74"
4, For the shear web below, a one inch diameter hole will be cut at its
center. Determine the doubler necessary to provide equivalent '

strength,
]_F:m“’_,

040 1075-Tb
1o* /

500 %/, s

AN

e 14" -t

5. For the shear web belogw: a 1.50 in x 5.00 in gsjotted hole is to
be cut horizontally in the web shown below. Design the doubler

which will restore the web to original strength,

e
4000%
nie-Te
|
~.5"
T G" 3
4 T18-Th
A — 080"

4015} I ]

4= e

i

C a5~

TYPILAL CAP

/3-55
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Figure 1

Figure 1 shows a straight cirecular bar subjecﬁed to twﬁ eqﬁal but
opposite torsional couples: When the bar twists, each sectiogn is subjected to
a shearing streass. ASsuming'the left end as 5£ationary relative to the rest
of the bar, a line AB on the surface will move to AB' under these shearing
stresses, and this rotation at any section will be proportional to the

distance from the fixed support.

The shearing stress at any point in a circular section is proportional

to its distance from the center.
S
ot

J

whare f

radius to point in question

T = externally applied torque

J = polar'mohent of inertia éf the citrcular cross section;
equal to twice the moﬁénﬁ 6f inertia about its diameter.
For a solid round section:

ﬂda

J = 25

32

Therefore the shearing stress is at its maximum at the outer surface

T Tr
max = ""g

J

i4-3



14,2.2 Hollow Tube

The equation given for shearing stress in the previous section is
applicable to hollow round sections as well. The only change to the formula is
in the polar moment of inertia, J.

Sq. for a holloy round section with inner

radius b, and outer radius c:

. c C :
1= Vetaas [fP(arprdp = znf Y4
‘ ES’ Jf ‘f s bi ¢

A

g

FAGURE 2

pla

J =27 [%L?}c = (ca - ba)

*y

or in terms of the internal and external

diamgter:

4 4

T d,” -d )

=3

-4
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14.2.3 Solid Rectangular Section

The exaggerated deformation of 3 square shaft in torsion is shown in
Figure 3. An eleméht #t a éorﬁer of the cross-section may be compared to
the eleﬁent shown in figure 3b. Since two ﬁerpendicular faces of the
element can have no shear stresses, all the shear stresses must be zero at

a corner of the member.

Figure 3




L
b
0‘\

The shear stresses on the cross section have maximum valuas at the center

of each side and have directions approximately as shown in Figuré 3b.

One type of member which is frequently used in aircraft has a narrow
rectangular cross section. While such sections are inefficient for torsion
members, they must frequently resist some torsional stresses. For the cross

section shown in figure 4 of length b and width t, the shear stresses must be

parallel to the boundary.

Figure 4 (@) .

If the length b is large compared to the thickness t (as in sheet
metal), the end effects are small, and the shear stresses may be assumed to

be distributed as shown in figure 4b for the entire length b. It can be

shown that the shear stress is:

T =T
bt*

-6



For rectangular cross sections in which the dimension are of the same order,

the maximum stress which occurs at the middle of the longest side is found by:

where a is !

b/t| 1.00] 1.50] 1.75} 2.00{ 2.50] 3.00 4 6 8 i0 o

o 10.208}0.231|0.239|0.246(0.258(0.26710.28210.299]0.30710.313(10.333

B [0.1410.19610.214(0.229{0.249{0.263}0.281]0.299|0.30710.313;0.333

B in the table above is an angle of twist constant for the equation:

L
0 & ———
BTot3G

where the angle of twist 8, is measured in radians.

-7



The torsional properties of a rectangular plate are not appreciably
affected if the plate is bent to some croas section, such as those

shown in figure 35,
‘ TN
T e
| |
\\b_h ~—IT N\ )

o

—_.b_

()

_Figure 5

provided that the end cross sections of the member are free to warp.



14.2.4 Thin Web Torgue Box

A box beam containing only two stringer areas is shown in Figure 6.

FIGURE &'

This section is stable for torsional moments, so the vertical shearing
force V may be applied at any point in the cross section. If twa
cross sections one inch apart are considered, the difference in axial
load on the stringers between th; t;o.cross sections, AP, is found by
dividing the difference in bending moment, (V){1), by the distance
between stringers, h. These loads, AP, must be balanced_by the shear

flows shown in Fig. 6b. Considering the equilibrium of the spanwise

forces on the upper stringer:

ql=y_-q

h

1%-9



A% -

The shear flow, q, may be obtained by equating the moment of the shear
flow about any point, to the moment of the resulting shearing force
about that point. Taking Moments about the lower stringer:

T = Vo = 2gA

where A is the total area enclosed by the box.

T 4977A
Thus q, can be found:
v
Q.|='F‘q-
q, =¥V - ¥e
h 2R

Another way of thinking about this is by using the method of

superposition as shoun in Figure 7.

fa)

FIGURE 1

i4-10
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14,2.6 Torsion on Open Sections

A simplified sketch of a wing structure with four caps and no lower
skin is shown in figure 8. In order for the structure to be stable,
it is necessary that one end be built in, so that the torsion may be
resisted by the two side webs acting independently as cantilever
beams. That is, the spars resist the torsion by differential bending.
The flange members resist axial loads, which have the values of P = %ﬁi
at the support. The shear flows, q,in the vertical webs are double

the values obtained in a closed torque box with the same dimensions.
The horizontal web deoes not resist any shear flow in the case of pure
torsion loading, but it is necessary for stability in resisting

horizontal loads.

Figure B.

4 ~11



14.3 Plastic Terxsion

In some deéign situations, the ultimate strength of a bar or tube in
torsion may be desired. Before a round bar made of ductile material
fails in torsion, the shear stresses fall in the inelastic or plastic

range. Thus the internal shear distribution is similar to that

indicated in Figure_g.

FiGUKE 9:

The shear stress-strain curve is similar in shape to the tension

stress strain curve, and is approximately 0.6 of the ordinates.

4 -12



It is convenient to.wori with a fictitious triangular stress
distribution, instead of the exact distribution. This fictitious
. distribution produces the same torque about its center as does the
actual distribution.. This stress is designated as the tqrsionll

modulus of rupture, Fst, which is determined by the equat..a below.

Fst = %;

To obtain the allowable values of Fst. much testing has been performed
with round tubes and rods. Figures 10-23 inclusive present curves for
finding the torsional modules of rupture, Fst.._for steel, aluminum,

and magnesium alloys. It should be noted thaﬁ'thé'torsional strength-

is influenced by the D/t and the L/D ratios of the tube.

h-13
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Homework Problems - Torsgion

Find the allowable torsion for the hollow tube below assuming an

.elastic distribution,

Obl-Th
- TUBING

Find the maximum allowable torsion for the tube in problem 1.

Assume that the tube in problem 1 is solid, determine the allowable

torsion for a comgpletely elastic distribution,

Determine the max:mum allowable torsion for the tube in problem l,

assuming that the tupe is solid.

"



6.

For the tube shown at left, a .25" wida

slit, 4 inches long is located halfway

through the length._

Determine the maximum allowable

completely elastic torque:

a) At a section containing the slit

a) At a section without the slit

Which torque value would you use as the

maximum design allowable?

Find the shear flow in the rectangular torque box shown below:

R

T=3500 b

~— 15" TYP

—35.0%

i9-15



T

7. Find the shear flow in tha circular torque box below:

)

3500 -k

3. Determine the shear flow for the cross-saction shown beloﬁﬁ

x
A
Z.D“
T=3500 wnib
e p
le— o
- : 3.5u

9. Determine the shear flow for the airfeil with two caps:

ARER OF CAPS = .35 a2

wa R:L_ L - ‘
(2

{4 =16
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LESSON 15

STRUCTURE LOADED BY PRESSURE

15.1 Spherical Pressure Vessels: The analysis of pressure vessles will begtn
by studying the thin-walled spherical pressure vessel. An example at

this type of structure is shown below.

Denote the internal radius by r, and the internal pressure in excess of
the external pressure (gage pressure) by p. If a cut is taken through

the center of the sphere, an expression for the stress can be found by

implementing a static balance.

"7-?25 olwr 2-1rr.2) - pvr.z
ro : Py 0." 1 l.,
- P omlr *- £.%) = prr.>
- - a i PTEy
el ~ . - 2
r; q = ‘:y cﬂ(ro ri)(ro+ri) = prr,
Tiy

5= 1
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Note that L t, the thickness of the vessel and since this

development is restricted to thin walled pressure vessels, T 3T =T, So:

a = pr’ = Pr
2rt 2t

Any section passed through the center of the sphere would produce the
same balance. Therefore, equal principal stresses act on all of the

glements of the sphere.
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15.2 cylindrical Pressure Vessels: The analysis of thin walled cylindrical

pressure vessels is similar to that of thin-walled spherical pressure

vessels.

A segment is iscolated from this vessel by passing two planes
perpendicular to the axis of the cylinder and one additional

longitudinal plane through the same axis,

15~ 3



D =

l—-—--..
110K

!

T

;

The conditions of symmetry exclude the existence of any shearing stresses

in the planes of the sections, as shearing stresses would cause an

incompatible distortion of the tube. Therefore, the stresses that exist

.on the sections of the cylinder can only be the normal stresses, 9 and

g, shown in the figure above. These stresses are the principal

stresses. These stresses, multipled by the respective areas on which

they act, maintain the element of the cylinder in equilibrium against

the internal pressure,

Again, let the internal pressure be denoted by p, and the internal
radius by r. In the figure below, the two forces (F), resist the ferce
developed by the internal pressure which acts perpendicular to the

projected area A, of the cylindrical segment onto the diametral plane.

IL

T

IHHH
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This ﬁfeé is ZriL; .Hence P=Ap ™ Zrin. This force is resisted by
the forces develuped in the material in the longitudinal cuts. Since
the outside radius of the cylinder is ro; the area of both longitudinal
cuts is 2A = 2L (ro-ri). If the average normal stress acting or the
longitudinal cut is a,,the force resisted by the walls of *the cviinder
is 2L (ro-ri) a,. So by substituting“tﬁis éxptession into the static

equilibrium equation for P :
2L(r -t )0, = 2r Lp

Since r - r, = t, the thickness of the cylinder, the equation above

simplifies to:

The normal stress given by the equation above is referred to as the
circumferential or the hoop stress. The expression is valid only for
thin walled cylinders, as it gives the average stress in the hoﬁp. An
acceptable rule of thumb is that the equations developed for thin-walled
cylinders are sufficiently accurate for wall thicknesses up to one-tenth
the internal radius. Since this equation is used primarily for thin-
walled vesgels where T =T the subscript for the radius ig often

omitted.
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The other normal stress, J5, developed in a cylindrical pressure

vegsel acts longitudinally. By passing a section through.the vessel

pérpendicular to its axis, a free body as shown below is ohtained.

The force developed by the internal pressure is pnri". and the force

: ‘ . 7
developed in the walls by the longitudinal stress, P is o, (ﬂro"-ﬂri
Eqﬁatihg the two forces and.séiviﬁg:

prr.” = cz('rrr° e )

2 _
prr.” = clﬂ(ro r:i)(ro + ri)

).

\
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Since T2t " t, and since for thin-walled cylinders ro=:i=r. the above

expression reduces to:

g, = Pt
2t
Note that for cylindrical pressure vessels:
|
=7 )

For a cylindrical pressure vessel with spherical ends, a discontin-
uity occurs at the juncture of the cylindrical portion with the ends.
Under the action of the internal pressure, the cylinder tends to expand

as shown by the dashed lines in the figure below.

15-1



&11

This incompatibility of deformations causes local bending and shearing
stresses in the neighborhood of the joint, since there must be physical
continuity between the ends and the cylindrical wall. For this reason,

properly curved ends must be used for pressure vessels.

Hemispﬁerical ends are highly desirable from a stress standpein:,
vet are uneconomical as regards to space utilization. At the cother
extreme, flat bulkheads, while.providing'more useful volume, cannot
resist the pressure loading by membrane stresses, and hence are struc-
turally ineffecient. A compromise configuration is shnwﬁ below, in
which the bulkhead is a spherical surface of low curvature, {'dished-
head") which supports the pressure loading by membrane stresses. &

reinforcing ring, placed at the sean, resists the radial component of

these stressges.

N
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Another form of bulkhead used to close a cylindrical pressure
vessel is elliptical in section as shown in the figure below. Such a
bulkhead shape provides tangential meridional forces at the seam. Thus,
it does not require a reinforcing ring and yet is reasonably space

efficient:

Curved Webs: Typically the skin composing a cylindrical section of an

ajrcraft is not continuous, but instead composed of several curved

.panels. If the curved panel is subjected to an internal pressure, it

reacts the load by hoop tension as shown in the following example.

Example: Given: An .040" x 6.00" x 18.85" flat panel will be formed on
a radius of 18 in, and it will be attached to a cylindrical section.

This cylinder will react a pressure of 5 psig. Determine the membrane

stresses in this panel.

iI5-9
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For this panel to be statically balanced, the horizontal components

of the forces P must be equal, and oéposite.to the horizontal component

due to the internal pressure. The force due to the horizontal component

of the internal pressure can be found by projecting the cylindrical area

of the panel onto its chord plane.

FP = pA = (5 psi)(18 in)(6 in) = 540 1b
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Therefore the horizontal components of the forces in the walls must

equal this pressure force:

2 P sin 30° = 540 1b

P = 540 1b

This force is reacted within the material by developing a hoop tensile

stress.

o = P = 5401b = 2250 psi
A (.040in)(6in) '

Note that this stress is equal to the hoop stress:

f = Pr = (5 psig)(18 in) = 2250 psi
Tor T (.040 in)

This demonstrates that the stress can always be found by the hoop stress

equation. Therefore a free body solution is unnecessary.
Flat Panels:

The stress in a flat panel loaded by a unifo:g pressure can be deter-
mined by using load-deflection equatioﬁs. The derivation of these
equations, however is beyond the scope of this lesson. The reader may
refer to Timoshenko's text, "Plates and Shells" for further information

on this subject.
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Basxcally, plates sub;ected to normal loads are classified as

a)

Thick plates

This type supports the load by bending.
The stress due to bending is:

prz = 750,000p
g, = 2 1000ty 2
b= 4t (——150

The maximum deflection, w, (at the center) is:

2.3 7

w = 5(1-p“)ph” = 14.2 10°p
b 3 E
32Et EIEE
b
where u = Poisson's ratio

E = Young's Modulus
t = thickness

b = width

p = pressure

These rasults are approxlmately correct for plates simply

supported on all four 51des if length a is greater than three
times w1dth b. For a < 3b, results are conservatlve For
built-in edges, take 2/3 of Ty (maximum at edge of plate and
} 7
take /é of w. Graphs of o vs. p and wmax vs (Lgap for
b E

various values of 1000t are preéeﬂted on pages 17.10 and 17.11

of MAC 339. LI
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b)

c)

Membrane plates

This type supports the load by tension. The tension
stress in & long membrane of width b and thickness t., sub-

jected to uniform pressure p, and held along the long sides

is:

2/3

op =[_ 0?2 Y3 27700 { /TE .
24 (l-u?) ¢ 10%
1000t
b

the maximum deflection (at the center) is:

w= pb = 1(2401-u®) pb\/3 = 0,162 (l%jP
b 8ot B8\ Et S LI
t Tg00t
b

Results are approximately correct for plates held on all four
sides if the length a is greater than five times b'éﬁ;

Graphs of o, vs.(JlOE )p and wmax vs1 10 7)p
' 10£‘ . b E

for various valves of the parameter, 1000t, are

b
presented in MAC 339 on pages 17.20 and 17.21 respectively.

Thin plates -

This class represents a middle ground between plates classi-
fied as thick, and plates classified as membranes. As such,
the load in the plate is taken out by a combination‘of bending

and tensile stressas:

ga=ag + T

T b

foES Note:; Edges must carry membrane loads.
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The tensile stress due to membrane loading must be

carried by the edge fasteners.

Graphs of Lgﬁ g vs. Lgi p for bending stress, tension stress,
and total sEress, andEgraphs of Wmax vs. ng p are presented
on pages 17.30 - 17.43 of MAC 339 gor platzs with simply
supported and built-in edges. Results are approximately
correct for plates supported on all four sides, if the lemgth
ais greater.than three times b. For a < 3b, results are con-
servative. Most thin plates in aircraft however, lie between
the extremes of being simply supported and having built-in

edges. Therefore it is recommended that an average of the two

methods be taken for these cases. -

The thickness which separates a plate into one of the 1
classas has been intentionaily sida-stepped up to this point.
This omission was neces!ar? because the caﬁegories depend on the
deflection-to-thickness ratfc., Thus the deflections for each clasa
had to be defined first. Note that the deflection~to-thickness rati.
and thus its classification and applicable formulas, will depend un

the loading conditions. The approximate criteria for classifying 2

plate are:

a) Thick plates: - < 1y

A

b) Membrane plates: -w > 5t

c) Thin plates: - t < w <5t _ .

Pi-
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Lesson 15 - Pressure

Problems

For the spherical pressure vessel shown, determine the maximum stress if

the thickness is .050 in, the radius 10.0 in, and the internal operating

pressure is 30 psi.

Material of the vessel is 2024-T3.

Also determine

the Margin of Safety based on a burst pressure factor of 4.

Given a cylindrical pressure vessel 40" long, 20" in diameter, and .0Q50"

thick with spherical ends.

40"

15-18
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If the operating pressure is 30 psi, determine the circumfsrential and
axial stresses as well as the mafgin of safety based on burst pressurs.
Material: 2024 - T3 Aluminum, FTU = 63 KSI

Burst Pressure Factor: &

The cylindrical section shown is made up of .032 in. 7075-T" panels

formed on a 20 in. radius. The length of each panel is l& inches.

Lf the panels are loaded with an internal operating pressure ui 27 vs:,

determine the stress at the joints which will maintain equilibrium.

1516
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4. Given the flat panel below:

v

2074-T3F, .040"
S

I.'...,_.,

|
JLﬁ

Determine the total stress and maximum deflection if the panel is

uniformly loaded with

a) 1 psi
b) 30 psi
c) 10 psi

. Assume the fixity of the edging members to be approximately the same as

for builr in plates.

15-17






LESSON 14

- TORSION

14.1 GENERAL

Problems involving torsion are common in aircraft structures. The
metal covered airplane wing and fusalage are basically thin-walled torque
boxes which can be subjected to large torsional moments under many flight
and landing conditions. Also various mechanical control systems in an
airplane are composed of parts of various cross-sectional shapes which are
subjected to torsional forces under operating conditions. Therefore, it is
evident that a knowledge of torsional stresses and distortions of members is

necessary in aircraft structural design.

4-1
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14.2.1 Solid Circular Shaft

The following conditions are assumed in the derivation of the

equations for torsional stresses and distortions

(1)

(2)

(3)

(4)

(3)

The member is a circular, solid or hollow round cylinder

Sections remain circular after application of torque

Diameters remain straight after twisting of section

Material is homogenous, isotropic, and elastic

The applied loads lie in a plane or planes perpendendicular to

the axis of the shaft or cylinder.



