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STRUCTURES MANUAL

FOREWORD

This manual is issued to the personnel of the Strength Analysis
Branch to provide uniform methods of structural analysis and to pro-
vide a ready reference for data. Generally, the information contained
in this manual is a condensation of material published by universities,
scientific journals, missile and aircraft industries, text book pub-
lishers, and government agencies,

Illustrative problems to clarify either the method of analysis or
the use of the curves and tables are included wherever they are con-
sidered necessary. Limitations of the procedures and the range of
applicability of the data are indicated wherever possible.

It is recognized that all subjects in the Table of Contents are not
present in the body of the manual; some sections remain to be devel-
oped in the future. However, an alphabetical index of content material
is provided and is updated as new material is added. New topics not
listed in the Table of Contents will be treated as the demand arises. —
This arranyement has been utilized to make a completed section avail-
able as soon as possible. In addition, revisions and supplements are
to be incorporated as they become necessary.

Many of the methods included have been adapted for computerized
utilization, These programs are written in Fortran Language for utili-
zation on the MSFC Executive VIII, Univac 1108, or IBM 7094 and are
cataloged with example problems in the Structural Analysis Computer
Utilization Manual.

It is requested that any comments concerning this manual be
directed to:

Chief, Structural Requirements Section
Strength Analysis Branch

Analytical Mechanics Division

Astronautics Laboratory

National Aeronautics and Space Administration
Marshall Space Flight Center, Alabama 35812

ii

August 15, 1970
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A1,0,0 Stress and Strain

The relationship between stress and strain and other material properties,
which are used throughout this manual, are presented in this section, A brief
introduction to the theory of elasticity for elementary applications is also pre-
sented in this section,

A1,1,0 Mechanical Properties of Materials

A brief account of the important mechanical properties of materials is given
in this subsection; a more detailed discussion may be found in any one of a num-
ber of well known texts on the subject. The numerical values of the various
mechanical properties of most aerospace materials are given in MIL-HDBK-5
(reference 1), Many of these values are obtained from a plotted set of test re-
sults of one type or another, One of the most common sets of these plotted sets
is the stress-strain diagram, A typical stress-strain diagram is discussed in
the next subsection,

Al1,1,1 Stress-Strain Diagram

Some of the more useful properties of materials are obtained from a stress-
strain diagram. A typical stress-strain curve for aerospace metals is shown in
Figure A1.1,1-1,

The curve in Figure A1, 1, 1-1 is composed of two regions; the straight line
portion up to the proportional limit where the stress varies linearly with strain,
and the remaining part where the stress is not proportional to strain. In this
manual, stresses below the ultimate tensile stress (Fy,,) are considered to be
elastic, However, a correction (or plasticity reduction) factor is sometimes
employed in certain types of analysis for stresses above the proportional limit
stress.

Commonly used properties shown on a stress-strain curve are described
briefly in the following paragraphs:

E Modulus of elasticity; average ratio of stress to strain for
stresses below the proportional limit, In Figure A1,1,1-1
E =tan @
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A1,1,1 Stress-Strain Diagram (Cont'd)

j—F lasticr

Plastic, €p .

Figure A1.1,1-1

u €Fracture

€ (inches/inch)

A Typical Stress-Strain Diagram

Secant modulus; ratio of stress to strain above
the proportional limit; reduces to E in the pro-
portional range. In Figure A1.1,1-1 Eg =
tan 6,

Tangent modulus; slope of the stress-strain curve
at any point; reduces to E in the proportional

range, In Figure A1,1,1-1 E; = g—fg = tan 0, .
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Al,1,1 Stress-Strain Diagram (Cont'd)

€fracture (% elongation)

Tensile or compressive yield stress; since many
materials do not exhibit a definite yield point,
the yield stress is determined by the , 2% offset
method. This entails the construction of a
straight line with a slope E passing through a
point of zero stress and a strain of . 002 in, /in,
The intersection of the stress-strain curve and
the constructed straight line defines the magni-
tude of the yield stress.

Proportional limit stress in tension or compres-
sion; the stress at which the stress ceases to
vary linearly with strain,

Ultimate tensile stress; the maximum stress
reached in tensile tests of standard specimens,

Ultimate compressive stress; taken as F
less governed by instability.

tu un-

The strain corresponding to Ftu'

Elastic strain; see Figure A1, 1,1-1,

Plastic strain; see Figure A1.1,1-1,

Fracture strain; percent elongation in a pre-
determined gage length associated with tensile

failures,-and is a relative indication of ductility
of the material,

A1,.1.2 Other Material Properties

The definition of various other material properties and terminology used
in stress analysis work is given in this subsection.
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A1,1.2 Other Material Properties (Cont'd)

Fbry’ Fbru

su

8p

G E

Isotropic
Anisotropic

Orthotropic

T 2(1 +v)

Yield and ultimate bearing stress; determined
in a manner similar to those for tension and
compression. A load-deformation curve is
plotted where the deformation is the change in
the hole diameter. Bearing yield (Fy,,..) is de-
fined by an offset of 2% of the hole diameter;
bearing ultimate ( Fbru) is the actual failing
stress divided by 1. 15,

Ultimate shear stress,

Proportional limit in shear; usually taken equal
to 0, 577 times the proportional limit in tension
for ductile materials.

Poisson's ratio; the ratio of transverse strain
to axial strain in a tension or compression test,
For materials stressed in the elastic range, v
may be taken as a constant but for inelastic
strains v becomes a function of axial strain,

Plastic Poisson's ratio; unless otherwise stated,
vp may be taken as 0. 5.

Modulus of rigidity or shearing modulus of
elasticity for pure shear in isotropic materials.

Elastic properties are the same in all directions.
Elastic properties differ in different directions,

Distinct material properties in mutually per-
pendicular planes.
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A1,1,3 Strain-Time Diagram

The behavior of a structural material is dependent on the duration of loading,
This behavior is exhibited with the aid of a strain-time diagram such as that
shown in Figure A1, 1, 3-1. This diagram consists of regions that are dependent

Strain
Region
<
;fr;:;iii @ Creep Limit (no fracture) Curve
B
Inelastic
Strain )
_____ x— ? Elastic Recovery = Elastic Strain
| ® O |
gtlf,l;i‘gc Elastlc . ’
Aftereffect/
—_ — —_————— = - Permanent Set
I
Const.;ant o Strain Recovery ———#» Time
Loading
Loading Unloading

Figure A1.1,3-1 Strain-Time Diagram

upon the four loading conditions as indicated on the time coordinate, These
loading conditions are as follows:

1. Loading

2, Constant loading
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Ai1,1,3 Strain-Time Diagram (Cont'd)

3. Unloading
4, Recovery (no load)

The interval of time when the load is held constant is usually measured in
weeks or months., Whereas the time involved in loading and unloading is rela-
tively short (usually seconds or minutes) such that the corresponding strain-
time curve can be represented by a straight vertical line.

The following discussion of the diagram will be confined to generalities due
to the complexity of the phenomena of creep and fracture. A more detailed dis-
cussion on this subject is presented in reference 5,

The condition referred to as '"loading' represents the strain due to a load
which is applied over a short interval of time., This strain may vary from zero
to the strain at fracture (€fyacture — See Figure A1,1,1-1) depending upon the
material and loading,

During the second loading condition, where the load is held constant, the
strain-time curve depends on the initial strain for a particular material, The
possible strain-time curves (Figure A1, 1, 3-1) that could result are discussed
below,

a, In curve 1, the initial strain is elastic and no additional strain is
experienced for the entire time interval., This curve typifies elastic action,

b. Incurve 2, the initial strain increases for a short period after the
load becomes constant and then remains constant for the remainder of the period,
This action is indicative of slip which is characterized by a permanent set re-
sulting from the shifting (slip) of adjacent crystalline structures along planes
most favorably oriented with respect to the direction of the principal shearing
stress.

c. In curve 3, there is a continuous increase in strain after the initial
slip until a steady state condition is attained, This curve is indicative of creep
which is generally the result of a combined effect of the predominantly viscous
inelastic deformation within the unordered intercrystalline boundaries and the
complex deformations by slip and fragmentation of the ordered crystalline domains,



Section A1
March 1, 1965
Page 7

A1.1,3 Strain-Time Diagram (Cont'd)

d. Curve 4 is also a combination of slip and creep. The only dif-
ference from curve 3 is that the creep action continues until the material fails
in fracture. This fracture may take place at any time during the constant load
period and is indicated by the upper shaded area in Figure A1, 1, 3-1,

During unloading, the reduction in strain of curves 1, 2 and 3 is equal to
the elastic strain incurred during loading., This reduction is referred to as the
"elastic recovery." It can be seen in Figure Al. 1, 3-1 that in the case of curve
1 the structural member will return to its initial configuration immediately after
unloading. This is not the case for curves 2 and 3 as there will be some residual

strain,

The last condition to be discussed on the strain-time diagram concerns the
recovery period. In this period, some of the strain indicated as inelastic strain
is recoverable. This is true particularly for many viscoelastic materials (such
as flexible plastics) that do not show real creep, only delayed recoverable strains,

The height of the lower shaded area in Figure Ai.1, 3-1 is called the elastic
after effect. The upper bound is the maximum possible permanent set and is in-
dicated by the solid horizontal line. The lower bound could be any one of the
family of possible strain-time curves confined within the lower shaded area,

The limiting curve of the lower bound would approach the permanent set curve
due to slip as indicated by the horizontal dashed line. If slip action is negligible,
this limiting curve would be represented by a line that approaches zero asymp-
totically with increasing time,

Al1,1,4 Temperature Effects

The mechanical properties of a material are usually affected by its tem-
perature. This effect will be discussed in general terms in this section, For
specific information, see the applicable chapter in reference 1,

In general, temperatures below room temperature increase the strength
properties of metals., Ductility is usually decreased and the notch sensitivity
of the metal may become of primary importance. The opposite is generally
true for temperatures above room temperature.

A representative example for the effect of temperature on the mechanical
properties of aluminum alloys is given in Figures A1, 1, 4-1 through 4, Most
steels behave in a similar manner but generally are less sensitive to tempera-
ture magnitudes,
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A1.1.4 Temperature Effects (Cont'd)
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Figure A1,1,4-1 Effects of Temperature on the Ultimate Tensile
Strength (F;,) of 7079 Aluminum Alloy (from
Ref, 1)
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Ai1,1,4 Temperature Effects (Cont'd)
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Al,1,4 Temperature Effects (Cont'd)
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Figure A1, 1.4-3 Effect of Temperature on the Tensile and Compressive

Modulus (E and E;) of 7079 Aluminum Alloy (from
Ref, 1)
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Al.1,5 Hardness Conversion Table

A table for converting hardness numbers to ultimate tensile strength values
_is presented in this section, In this table, the ultimate strength values are in

the range, 50 to 304 ksi,

The corresponding hardness number is given for each

of three hardness machines; namely, the Vickers, Brinell and the applicable
scale(s) of the Rockwell machine,

This table is given in the remainder of this section,

The appropriate

materials-property haddbook should be consulted for additional information
whenever necessary.

Tensile Vickers- Brinell Rockwell
Strength | Firth 3000 kg
Diamond 10mm Stl | A Scale B Scale C Scale
Ball
— 60 kg 100 kg 150 kg
ksi Hardness Hardness 120 deg 1/16 in, 120 deg
Number Number Diamond Dia Stl Diamond
Cone Ball Cone
50 104 92 - 58 -
52 108 96 - 61 -
54 112 100 - 64 _—
56 116 104 - 66 -
58 120 108 - 68 -
60 125 113 - 70 -
62 129 117 —— 72 -
64 135 122 - 74 -

Table Airi,5-1 Hardness Conversion Table
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A1,1,5 Hardness Conversion Table (Cont'd)
Tensile | Vickers- Brinell Rockwell
Strength | Firth 3000 kg
Diamond 10mm Stl A Scale B Scale C Scale
Ball
60 kg 100 kg 150 kg
Ksi Hardness Hardness 120 deg 1/16 in, 120 deg
Number Number Diamond Dia Stl Diamond
Cone Ball Cone
66 139 127 - 76 -
68 143 131 - 77.5 -
70 149 136 - 79 --
72 153 140 - 80.5 -
74 157 145 - 82 -
76 162 150 - 83 -
78 167 154 51 84.5 -
80 171 158 52 85,56 -
82 177 162 53 87 -
83 179 165 53.5 87.5 -
85 186 171 54 89 -
87 189 174 55 90 -—
89 196 180 56 91 -

Table A1, 1, 5-1

Hardness Conversion Table (Cont'd)
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A1.1,5 Hardness Conversion Table (Cont'd)
Tensile | Vickers- Brinell Rockwell
Strength | Firth 3000 kg
Diamond 10mm Stl A Scale B Scale C Scale
' Ball
60 kg 100 kg 150 kg
ksi Hardness Hardness 120 deg 1/16 in, 120 deg
Number Number Diamond Dia Stl Diamond
Cone Ball Cone
91 203 186 56.5 92,5 -
93 207 190 57 93.5 -
95 211 193 57 94 -
97 215 197 57,5 95 -
99 219 201 57,5 95.5 -
102 227 210 59 97 -
104 235 220 60 98 19
107 240 225 60.5 99 20
110 245 230 61 99,5 21
112 250 235 61.5 100 22
115 255 241 62 101 23
118 261 247 62.5 101.5 24
120 267 253 63 102 25

Table A1,1,5-1 Hardness Conversion Table (Cont'd)

——
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A1,1.5 Hardness Conversion Table (Cont'd)
Tensile | Vickers- Brinell Rockwell
Strength | Firth 3000 kg
Diamond 10mm Stl A Scale B Scale C Scale
Ball
60 kg 100 kg 150 kg
ksi Hardness Hardness 120 deg 1/16 in, 120 deg
Number Number Diamond Dia Stl Diamond
Cone Ball Cone
123 274 259 63.5 103 26
126 281 265 64 - 27
129 288 272 64.5 -— 28
132 296 279 65 - 29
136 304 286 65,5 -— 30
139 312 294 66 - 31
142 321 301 66.5 - 32
147 330 309 67 - 33
150 339 318 67.5 - 34
155 348 327 68 - 35
160 357 337 68.5 - 36
165 367 347 69 -— 37
170 376 357 69.5 - 38
176 386 367 70 -— 39

Table A1, 1,5-1

Hardness Conversion Table (Cont'd)
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A1,1.5 Hardness Conversion Table (Cont'd)
Tensile | Vickers- Brinell Rockwell
Strength | Firth 3000 kg '
Diamond 10mm Stl A Scale B Scale C Scale
Ball
60 kg 100 kg 150 kg

ki Hardness Hardness 120 deg 1/16 in, 120 deg

Number Number Diamond Dia Stl Diamond

Cone Ball Cone

181 396 377 70,5 - 40
188 406 387 71 - 41
194 417 398 71.5 -- 42
201 428 408 72 - 43
208 440 419 72,5 - 44
215 452 430 73 - 45
221 465 442 73,5 - 46
231 479 453 74 — 47
237 493 464 75 - 48
246 508 476 75.5 - 49
256 523 488 76 - 50
264 539 500 76.5 - 51
273 556 512 77 - 52
283 573 524 T7.5 - 53

Table A1, 1,5-1

Hardness Conversion Table (Cont'd)
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A1,1,5 Hardness Conversion Table (Cont'd)
Tensile | Vickers- Brinell Rockwell
Strength | Firth 3000 kg
Diamond 10mm Stl A Scale B Scale C Scale
Ball
60 kg 100 kg 150 kg
ksi Hardness Hardness 120 deg 1/16 in, 120 deg
Number Number Diamond Dia Stl Diamond
Cone Ball Cone
294 592 536 78 -—- 54
304 611 548 78.5 - 55

Table A1, 1.5-1 Hardness Conversion Table (Concluded)

A1,2,0 Elementary Theory of the Mechanics of Materials

In the elementary theory of mechanics of materials, a uni-axial state of
strain is generally assumed, This state of strain is characterized by the simpli-
fied form of Hooke's law; namely f = E e, where € is the unit strain in the direc-
tion of the unit stress f, and E is the Modulus of Elasticity. The strains in the
perpendicular directions ( Poisson's ratio effect) are neglected. This is generally
justified in most elementary and practical applications considered in the theory
of mechanics of materials, In these applications, the structural members are
generally subjected to a uni-axial state of stress and/or the strains and dis-
placements are of secondary importance. Also, in these applications, the
magnitude of each of a set of bi-axial stresses (when this occurs) is generally
independent of the Poisson's ratio effect.

Frequently in design, there are applications in which the magnitude of each
of a set of bi-axial (or tri-axial) stresses are dependent upon the Poisson's
ratio effect; and/or the magnitude of the strains and displacements are of pri-
mary importance, This type of application must be generally analyzed by the
theory of elasticity. A brief account on the use of the theory of elasticity for
elementary applications is given in the next subsection,
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A1,3.0 Elementary Applications of the Theory of Elasticity

The difference between the method of ordinary mechanics and the theory of
elasticity is that no simplifying assumption is made concerning the strains in the
latter, Because of this, it becomes necessary to take into account the complete
distribution of the strains in the body and to assume a more general statement
of Hooke's law in expressing the relation between stresses and strains, It is
noted that the stresses calculated by both methods are only approximate since
the material in the physical body deviates from the ideal material assumed by
both methods.

Some of the following subsections are written for a three dimensional stress
field but are applicable to problems in two dimension simply by neglecting all

terms containing the third dimension,

A1l,3.1 Notation for Forces and Stresses

The stresses acting on the side of a cubic element can be described by six
components of stress, namely the three normal stresses fyy, f3,, f33, and the
three shearing stresses fyy = fy, f13.= fa4, fo3 = f39. —

In Figure A1, 3, 1-1 shearing stresses are resolved into two components
parallel to the coordinate axis. Two subscript numbers are used, the first
indicating the direction normal to the plane under consideration and the second
indicating the direction of the component of the stress, Normal stresses have
like subscripts and positive directions are as shown in the figure, An analogous
notation for the x-y coordinate system is:

fip =1 X
fzz = fy f22
fio=f t R
12=1 2 A f
12
faz |
L. f
f:“ f13 11 "1
f33
*

Figure A1,3.1-1 Representation of Stresses on
an Element of a Body —
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A1,3.1 Notation for Forces and Stresses (Cont'd)

Surface forces

Forces distributed over the surface of the body, such as pressure of one
body on another, or hydrostatic pressure, are called surface forces,

Body forces

Body forces are forces that are distributed over the volume of a body, such
as gravitational forces, magnetic forces, or inertia forces in the case of a body
in motion,

A1,3.2 Specification of Stress at a Point

If the components of stress in Figure A1, 3, 1-2 are known for any given
point, the stress acting on any inclined plane through this point can be calculated
from the equations of statics, Body forces, such as weight of the element, can
generally be neglected since they are of higher order than surface forces.

Figure A1,3.1-2 An Element Used in Specifying Stress at a Point
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A1, 3,2 Specification of Stress at a Point (Cont'd)

If A denotes the area of the inclined face BCD of the tetrahedron in Figure
A1, 3,1-2, then the areas of the three faces are obtained by projecting A on the
three coordinate planes. Letting N be the stress normal to the plane BCD, the
three components of stress acting parallel to the coordinate axes, are denoted
by Ny, Ny, and N;. The components of force acting in the direction of the co-
ordinates X;, X,, X3 are ANy, AN,, and AN, respectively, Another useful
relationship can be written as:

cos (Ny) =k, cos (Ng) = m, cos (N3) =n (1)

and the areas of the other faces are Ak, Am, An,

The equations of equilibrium of the tetrahedron can then be written as:
N1=f“k+f12m+f13n

N2=fi2k+f22m+f32n (2)
N3 -—.f13k+f23m+f33n

The principal stresses for a given set of stress components can be deter-
mined by the solution of the following cubic equation:

fp3 = (fyg + £33 + f33) fpz + (f3q £ + fgy Tgg + £y £35 - £25°

(3)
- f13” - £127) £, ~ (f1y fap fg + 2fpg £y £1p = £y £a3° - £ 3% - £33 £5%) = 0

The three roots of this equation give the values of the three principal stresses,
The three corresponding sets of direction cosines for the three principal planes
can be obtained by substituting each of these stresses (one set for each principal
stress) into Equations 3 and using the relation k® + m2 + n® = 1,
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A1, 3.2 Specification of Stress at a Point (Cont'd)
(fp—fu) k-f12m—f13n=0
f12k+(fp-f22)m-f23n=0 (4)

fpk =My m+ (f - fo) n=10

The shearing stresses associated with the three principal stresses can be
obtained by:

1 1
f12 = % ?(fpi - p2) ’ 13 = 2 E'(fpi - fp3) ’
(9)

1
f23 = % ? (fp2 - fp3)

where the superscript notation is used to distinguish between the applied shearing
stresses and the stresses associated with the principal normal stresses fpi s
fp2 , and fp3 .

The maximum shearing stress acts on the plane bisecting the angle between
the largest and the smallest principal stresses and is equal to half the difference
between these two principal stresses.

A1,3.3 Equations of Equilibrium

Since no simplifying assumption is permitted as to the distribution of strain
in the theory of elasticity, the equilibrium and the continuity of each element
within the body must be considered. These considerations are discussed in this
and the subsequent subsections,

Let the components of the specific body force be denoted by X, X,, Xj,
then the equation of equilibrium in a given direction is obtained by summing all
the forces in that direction and proceeding to the limit, The resulting differen-
tial equations of equilibrium for three dimensions are:
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A1, 3.3 Equations of Equilibrium (Cont'd)

9xy oxy  0xg

of of of
2,2, =m X,
90Xy 09Xy 00Xy

Il
<o

(6)

of of of
83, T3 Oz

+ X
8X3 8X1 sz 3

1]
(=]

These equations must be satisfied at all points throughout the body. The
internal stresses must be in equilibrium with the external forces on the surface
of the body. These conditions of equilibrium at the boundary are obtained by
considering the stresses acting on Figure A1, 3, 3-1,

fal
PRt

A1y

Figure A1,3,3-1 An Element Used in Deriving the Equations of Equilibrium
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A1, 3.3 Equations of Equilibrium (Cont'd)

By use of Equations 1 and summing forces the boundary equations are:

il = f11 k + f12 m +vf13 n
3(—2 = f22m+f23n+f12k (7)
§3 =f33n+f13k+f23m

in which k, m, n are the direction cosines of the external normal to the surface
of the body at the point under consideration and X, X,, X; are the components
of the surface forces per unit area,

The Equations 6 and 7 in terms of the six components of stress, f;, fy,
fas, f12, fy3, £33 are statically indeterminate. Consideration of the elastic deforma-
tions is necessary to complete the description of the stressed body. This is
done by considering the elastic deformations of the body.

A1, 3.4 Distribution of Strains in a Body

The relations between the components of stress and the components of strain
have been established experimentally and are known as Hooke's law, For small
deformations where superposition applies, Hooke's law in three dimensions for
normal strain is written as:

i
€ = ¢ [ -vify + f33) |

i
€ =f [f22 - v (fqg + f33) ] (8)

i
e3 =% s - v (fyy +15)]
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A1, 3,4 Distribution of Strains in a Body (Cont'd)
and for shearing strain
2(1 +v f
Y12 = ‘i‘E_—Zfiz = ‘éz
2(1 +v) f
Y8 =" 3= 'g (9)
2(1 +v) foq
Yis =T g fm =G

These six components of strains can be expressed in terms of the three
components of displacements., By considering the deformation of a small ele-
ment dx,, dx,, dx3 of an elastic body with u, v, w as the components of the dis-
placement of the point 0, The displacement in the x; - direction of an adjacent
point A on the x, axis is

ou
+ —
u 6x1 dxt

due to the increase (8u/9x,)dx,; of the function u with increase of the coordinate
Xy, It follows that the unit elongation at point 0 in the x, direction is du/dx,.

In the same manner it can be shown that the unit elongations in the x, - and x; -
directions are given by 8v/8x, and dw/9x; respectively.

The distortion of the angle from AOB to A'O'B' can be seen from Figure
A1, 3,4-1 to be 3v/8xy + 8u/8x,. This is the shearing strain between the planes
X4 X3 and X, X3, The shearing strains between the other two planes are obtained
similarly.

The six components of strains in terms of the three displacements are:

9
e o W
x4 0x, 93
(10)
ou ov ou_  ow ov ow
Yi2 = ot o Y3 = ay. Tow Y8 T o, T ae.
oxy  0xy 0xg  0xy 0x3 0xy
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A1, 3.4 Distribution of Strains in a Body (Cont'd)

9X2
Ia
B ”

dx, 0’ com— -—"T
o= U -_— e = av

p——— dx;

Figure A1.3.4-1 Distortions Due to Normal and Shearing Stresses Used
to Define Strains in Terms of Displacements

A1.3.5 Conditions of Compatibility

The conditions of compatibility, that assure continuity of the structure,
can be satisfied by obtaining the relationship between the strains in Equations 10,
The relationship can be obtained by purely mathematical manipulation as follows:

Differentiating €; twice with respect to_x,; €, twice with respect to x,; and
Y12 once with respect to x; and once with respect x,. The sum of the derivatives
of €y and ¢, is found to be identical to the derivative of v;,. Therefore,

a2, + 8%, - 8%yys
8X2 axl?‘ 8X18X2
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Al.3.5 Conditions of Compatibility (Cont'd)

Two more relationships of the same kind can be obtained by cyclic interchange
of the subscripts 1, 2, 3.

Another set of equations can be found by further mathematical manipulation
as follows:

Differentiate ¢; once with respect to x; and once with respect to xy; ;2
once with respect to x; and once with respect to x5; ;3 once with respect to x;
and once with respect to x,; and yy; twice with respect to x4. It then follows that

%) _ Oy , ¥y _ ¥
9x90Xx3 Ox40X3  0X39Xy Bxf

Two additional relationships can be found by the cyclic interchange of sub-
scripts as before.

The six differential relations between the components of strain are called
the equations of compatibility and are given below.

o, , ey _ 20%; _ @ (am L O avzz>’

9%y 0%,  9x8Xxy ' 9x9x3 9%y \ 0x 9%y 0%y

aze? o e 8%ya 20%, _ Vi _ 8% , (11)
9xg 9xy 9X30X3 ' 9%(9X3 axz 8x3 8x2 ox; /)

ey Bl O Wley B ([ ovp, v, Ve
ox¢ = 8x4  9x9xy ' 9x;9%Xy  9Xg 0xy  0xy 98X

These equations of compatibility may be stated in terms of the stresses if
the strains in Equations 11 are expressed in terms of the stresses by Hooke's
law (Equations 8 and 9)., Differentiating each of Equations 8 and 9 as required
for substitution, we have
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A1,3.5 Conditions of Compatibility ( Cont'd)
5% 0%
14+v) V2, + =0 |, 1 4+v) Vif,. + =0
( ) Vit axg (1 +v) Vify 5%70%,
(1 +v) Vif +£9—=o 1+0) V2f +—Q-2—9——o 12)
22 BXZZ i ( 13 8X18X3 (
2 2
2 0%0 _ 2 976  _
(1+V)Vf33+8x32—0 , (1+V)Vf12+8X18X2 =0
where:
P
ox{ 9%y 0X3
and

6 = f11+ fzz + f33

For most cases where strains are linear and superposition applies, the
system of Equations 6, 7, and 11 or 12 are sufficient to determine the stress
components without ambiguity. The use of stress functions to aid in the solution
of these equations are discussed below,

A1,3.6 Stress Functions

It has been shown in the previous sections that the differential equations
of equilibrium (Equations 6) ensure a distribution of stress in a body that pre-
serves the equilibrium of every element in the body. The fact that these are
satisfied does not necessarily mean that the distribution of stresses are correct
since the boundary stresses must also be satisfied. The compatibility equations
(Equations 11) must also be satisfied to ensure the proper strain distribution
throughout the body. The problem is then to find an expression that satisfies all
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A1,3.6 Stress Functions (Cont'd)

these conditions. The usual procedure is to introduce a function called a stress
function that meets this requirement. For the sake of simplicity, this section
will deal only with problems in two dimensions. The stresses due to the weight
of the body will also be neglected.

In 1862,G. B. Airy introduced a stress function (¢ (x(, X,)) which is an ex-
pression that satisfies both Equations 6 and 11 (in two dimension) when the
stresses are described by:

_ 8 -
£y = ox; £y = &% » fpp = - o%,0%, (13)

By operating on Equations 13 and substituting into Equations 11, we find that the
stress function ¢ must satisfy the equation

a4 4
¢ + 8 g 4
= = 4
axl . 8x1 axz Xg Ve (14)

Thus the solution of a two-dimensional problem reduces to finding a solution
of the biharmonic equation (Equation 14) which satisfies the boundary conditions
(7) of the problem,

A1,3.7 Use of Equations from the Theory of Elasticity

Proficiency in the use of stress functions is gained mainly by experience,
It is not unusual to find an expression that satisfies Equation 14 first and then try
to determine what problem it solves,

The following problem is presented to illustrate the basic procedure in the
use of stress functions,
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A1,3.7 Use of Equations from the Theory of Elasticity (Cont'd)

Statement of the problem:

Determine the stress function that corresponds to the boundary conditions
for a cantilever beam of rectangular cross section of unit width and loaded as
shown in Figure A1, 3,7-1. From this stress function determine the stresses
and compare with the maximum flexure stresses as obtained by the method of
mechanics,

p/unit length

VO=-pL
| |}
h - - - — —_ Xy
1 / 1.2
f Mo_'%_
- L
Y
X2

Figure A1, 3.7-1 Sample Problem

Solution:

Assume that the stress function is

¢ = axg + bxzaxi2 +cxg + dxzxi2 + exi2

Operate on ¢ to satisfy Equation 14

viop = (5:4°3.2) axy +2(3:2:2bxy) = 0

24 x, (52 +b) = 0

from which a = - b/5 (a)
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A1,3.7 Use of Equations from the Theory of Elasticity (Cont'd)

Since Equation 14 can now be satisfied by letting a = - b/ 5, the only other
condition to satisfy is the boundary conditions.

From Figure Al, 3, 7-1 the boundary conditions are as follows:

1. fzz = -p at X9 = = 1'1/2

h/2

2. fzz = 0 at Xa

3. [ fpdx;=-pL at x =L from ZF=0

4, [ fyxpdxy = -pL¥2 at x =L from Z=M=0

5. f12 =0 at X9 = h/2

From Equation 13

2
f“ = ‘g_x% = 203}(23 + 6bX12X2 + 6CX2

82
£y = a—x‘fi = 2bx$ + 2hx, + 2e (b)

2
oo -6bxfx, - 2hx,

b2 = - 9X40Xy

Using boundary condition 1

2bh® 2dh
f22=-p=-—'8—'——2—+26 (c)
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A1,3,7 Use of Equations from the Theory of Elasticity (Cont'd)

from boundary condition 2

2bh®  2dh
f22 =0 = 8 + > + 2e

adding (c¢) and (d)

4¢e = -p or e = -p/4

from boundary condition 3

h/2 h/2

f f12 dXZ = [— 6bX22X1 - 2hX1] dX2
~h/2 -h/2

6 h/2
= 2[- 3 bLxs - 2th2] = -pL
J0
3
or 9}2‘— + 2dh < p

from boundary condition 4

h/2 h/2
[ fiyxedx, = [ [20ax4 + 6bxfx} + 6exf] dx,
-h/2 -h/2
I:ZOa x§ L xizxz + g cxfjl
0
ah®  pL%3  ch? )
=t T e pL%/2

h/2

(d)

(e)

(f)
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A1,3.7 Use of Equations from the Theory of Elasticity (Cont'd)

substituting Equation a and solving for ¢

-pL? - b (L*h® - h%/10)
Cc = h3

(8)

from boundary condition 5
-6
fiz = —4-bh2x,— ZdX1 =0

=-x,(5 bh? 4 2d)
or

-4d
b =W (h)

Solving Equations f and h simultaneously we get

[=}
]
R

and b = -p/h? (1)

Substituting b = - p/h3 into Equation g

c=- = ()
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A1,3.7 Use of Equations from the Theory of Elasticity (Cont'd)

The stress function can now be written as

¢ = -px{ (x7/h% - 3xy/4h + 1/4)
(k)
+(ph%/5) (x§/h® - x7/2h%)

and the stresses as (see Equations b)

£y, = -% (x2xy + h¥xy/10 - 2x3/3) (1
f2 = -5 (x/3 - hixy/4 + hY/12) (m)
fi2 = 'zpf (x5 % = h¥x/4) (n)

where I = h3/12

Comparison of maximum flexure stresses from Equation 1 with x; = L,
X9 = - h/2

elasticity _ ph 2 i
i T4 <L 15 (o)

from elementary mechanics

mechanics _ Me _ pLZ h

fil - I 41 (p)

The difference is then

elasticity _mechanics phd P
fi1 - £y =6 - " s (q)
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A1.4.0 Theories of Failure

Several theories have been advanced to aid in the prediction of the critical
load combination on a structural member. Each theory is based on the assump-
tion that a specific combination of stresses or strains constitutes the limiting
condition. The margin of safety of a member is then predicted by comparing
the stress, the strain, or combination of stress and strain with the correspond-
ing factors as determined from tests on the material.

Three of the more useful theories are stated in this subsection. A more
detailed discussion on these and other theories of failure can be found in most

elementary strength analysis text books such as references 2 and 3.

The Maximum Normal Stress Theory

The maximum normal stress theory of failure states that inelastic action at
any point in a material begins only when the maximum principal stress at the
point reaches a value equal to the tensile (or compressive) yield strength of the
material as found in a simple tension (or compression) test. The normal or
shearing stresses that occur on other planes through the point are neglected.

The Maximum Shearing Stress Theory

The maximum shearing stress theory is based on the assumption that yield-
ing begins when the maximum shear stress in the material becomes equal to the
maximum shear stress at the yield point in a simple tension specimen, To apply
it, the principal stresses are first determined, then, according to Equation 5,

fij
max

1
= ?(fpi"f )

Pj

where i and j are associated with the maximum and minimum principal stresses
respectively.

The Maximum Energy of Distortion Theory

The maximum energy of distortion theory states that inelastic action at any
point in a body under any combination of stresses begins only when the strain
energy of distortion per unit volume absorbed at the point is equal to the strain
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A1,4,0 Theories of Failure (Cont'd)

energy of distortion absorbed per unit volume at any point in a bar stressed to

the elastic limit under a state of uniaxial stress as occurs in a simple tension

(or compression) test. The value of this maximum strain energy of distortion
as determined from the uniaxial test is

1+v 9
3E yp

W1=

and the strain energy of distortion in the general case is

_1+V 9
w = OE [(fpl_fpz) +(fp

- fp)2 + (fpy = fp)?]

2 pt 'p

where f " fpzv fp3 are the principal stresses and pr is the yield point stress.
(For the case of a biaxial state of stress, fp3 = 0.)

The condition for yielding is then, w = w; or

2 2 2 2
(£, = fpy)t + (fpy = fpg)® + (£, - 1% = 2 F [

Al.4.1 Elastic Failure

The choice of the proper theory of failure is dependent on the behavior of
the material., It is suggested that the maximum principal stress theory be used
for brittle materials and either the maximum energy of distortion theory or the
maximum-shearing-stress theory for ductile materials.

The choice between the two methods for ductile materials may be made by
considering the particular application. When failure of the component leads to
catastrophic results, the maximum-shearing-stress theory should be used
since the results are on the safe side.
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A1,4,2 Interaction Curves

No general theory exists which applies in all cases for combined loading
conditions in which failure is caused by instability, Interaction curves for the
instability case or other critical load conditions are usually determined from
or substantiated by structural tests, The analysis of various loading combina-
tions are discussed in Section A3,
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A1,0,0 Stress and Strain
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A2 SPACE VEHICLE LOADS,

A.2.1 COORDINATE SYSTEMS.

The standard coordinate axes which have been used for rockets, missiles,
and launch vehicles are shown in Figure A2.1-1. The longitudinal X axis is
taken as positive in the flight direction, The Y and Z axes are taken in
appropriate directions to form a right-handed system. Moments are positive
as determined by the right-hand rule.

For aircraft analysis the sign conventions used are shown in
Figure A2.1-2. In this figure externally applied loads acting at the airplane
center of gravity are defined as positive when directed aft in the X direction,
outboard to the left in the Y direction, and upward in the Z direction.
Externally applied moments about the airplane center of gravity are defined as
positive when acting as shown in Figure A2, 1-2 (left-hand rule). At any section
under positive shear the rear, left outboard, or upper part tends to move aft,
left, or up; the right outboard, or upper part, tends to move aft, right, or up.
Any section under positive torsion tends to rotate clockwise when viewed from
the rear, left, or above. Positive bending moments produce compression in
the rear, left, and upper fibers. Positive axial load produces tension across
any section.

The external loads which may act on a space vehicle are categorized
as follows:

1. Flight Loads

2. Launch Pad Loads
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+X (L, p u) ‘

(N, ¥, r, w)

-Y

-Z
AX'S FORCE MOMENT LINEAR
SYMBOL SYMBOL VELOCITY
LONGITUDINAL X L u
LATERAL Y M v
YAW 2 N w
ANGLE SYMBOL POSITIVE ANGULAR

DIRECTION VELOCITY

ROLL P Yto2 2
PITCH e Zto X q
YAW L 4 XtoY r

NOTE: Sign convention follows right-hand rule.

Figure A2.1-1. Coordinate axes and symbols for a space vehicle.
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3. Transportation and Handling Loads
4, Static Test Loads
5. Recovery loads.

Since it is universal practice in the airframe industry for the stress
analyst to obtain the magnitudes of external loads for the space vehicle from
the cognizant '"Loads Group' in his organization, the methods of calculating
these quantities will not be presented in this manual. Rather, it will be
assumed that these loads are furnished to the stress analyst so that only their

qualitative description is required. These loads are generally resolved along

the coordinate axes for stress and aerodynamic analysis.

MSFC—RSA, Ala
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A2.,2.0 Loading Curves

The loads are usually presented in the form of load versus vehicle
station curves, where locations along the longitudinal coordinate are referred
to as vehicle stations. These curves are plotted for various times during the
flight of the vehicle. At each of these times, the longitudinal force, the shear
and the bending moment are plotted as a function of the vehicle station. Typical
curves showing the bending moment and longitudinal force distribution along
a vehicle can be seen in Figure A2. 2, 0-1.

Bending Moment

Loading ~ Kips or In-Kips

Longitudinal Force f

1 g o=

2800 2400 2000 1200 1600 800 400 ?0

Vehicle Station ~ Inches

—_—T T /Z'1

Fig. A2.2,0-1 Typical Bending Moment and Longitudinal Force
Distribution Curves.
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A2,2.0 Loading Curves (Cont'd)

It is necessary to know the circumferential pressure distribution
along the vehicle at times of critical loading. This circumferential pressure
is applied to the structure along with the critical loads during strength analysis
of the vehicle. Typical distribution of this circumferential pressure at a partic-
ular vehicle station may appear as in Figure A2, 2. 0-2.

Figure A2, 2, 0-2 Typical Circumferential Pressure Distribution
Curves at a Vehicle Station

A2.3.0 Flight 1oads

A2,.3.1 General

A space vehicle is subjected to flight loads of varying magnitudes during
its flight. These flight loads must be investigated to determine the critical
loads on the vehicle. Although it is not possible to know when these critical
loads will occur without considering the entire flight history, there are certain
times during the flight where conditions exist which are favorable for the build-
up of critical loads. These times and the loads which occur may be summarized
as follows:
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1. Liftoff - As the vehicle lifts off the launch pad there is a sudden
application and redistribution of loads on the vehicle. This causes dynamic loads
which may be critical.

2. Maximum Dynamic Pressure (Maximum q) - At this time the combi-
nation of vehicle velocity and air density is such that the maximum airloads
result.

3. Maximum qa - At this time the combination of vehicle velocity, air
density and vehicle angle of attack is such that high bending moments due to air-
loads and vehicle acceleration result.

4. Engine Cutoff - Engine thrust and longitudinal inertia loads are maxi-~
mum just before cutoff. During cutoff, high dynamic loads may result because

of the redistribution of these loads.

A2.3.2 Dynamic and Acoustic Loads

Dynamic loads are loads which are characterized by an intensity that
varies with time. These loads may be analyzed by one of two methods. One
method is to replace the dynamic load by an equivalent static load, and it is the
preferred method for most cases. The other method is a fatigue analysis and it
is justified only in those cases where the confidence in the load time-history is
good and the design is felt to be marginal.

Acoustic loads are loads induced by pressure fluctuations resulting
from extraneous disturbances such as cngine noise. The effects of these loads
are determined by using an equivalent static pressure load. This equivalent
static pressure acts in both the positive and negative directions, since the pres-
sure fluctuates about a zero mean value. This pressure should be combined with
the design inflight pressure to obtain the total pressure, and should be considered
only in shell or panel stress analysis, not in the analysis of primary or supporting
structure.

A2,3.3 Other Flight Loads

Other flight loads, which are caused by pressure and temperature dif-
ferentials, must be considered in the stress analysis. In addition to the
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A2,3.3 Other Flight Loads (Cont'd)

longitudinal loads presented in the loading diagrams in Section A2, 1.1, there is

a longitudinal load resulting from the difference between the ambient external
pressure and the vehicle internal pressure at any time during flight. The ambient
external pressure is a function of the vehicle's altitude only, while the vehicle
internal pressure depends on vehicle trajectory and venting effects. These pres-
sures in combination usually produce positive net internal pressures which either
increases the tensile or decreases the compressive longitudinal load in the
vehicle.

In order to determine the hoop loads at a particular vehicle station, the
difference between the local external pressure and the vehicle internal pressure
must be known at the desired time. The local external pressure is a function of
the angle of attack, dynamic pressure and ambient pressure. The pressure
difference may be positive or negative depending on the circumferential and longi-
tudinal location of the point in question and on the range of values used in the
aerodynamic analysis. This range of values results in a maximum and a mini-
mum design curve.

Temperature magnitudes and temperature differentials caused by aero-
dynamic heating, retro or ullage rocket heating and cryogenic propellants result
in additional vehicle loads which must be considered. The effects of these
temperatures on material properties must also be investigated.

A2.4.0 Launch Pad Loads

The vehicle may be subjected to various loads while it is on the launch
pad. These loads are referred to as launch pad loads and are generally
categorized as follows:

i. Holddown Loads - The vehicle is usually held onto the launch pad by
a holddown mechanism during engine ignition. The loads on the vehicle during
this time are referred to as the holddown loads.

2. Rebound Loads - During engine ignition it may be necessary to shut
down the engines due to some malfunction. The loads on the vehicle as it
settles back onto the launch pad are referred to as rebound loads.
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A2,4,0 Launch Pad Loads (Cont'd)

3. Surface Wind Loads - While the vehicle is freestanding on the launch
pad, i.e., unsupported except for the holddown mechanism, it is exposed to
surface wind loads. The magnitude of these loads will depend on the geograph-
ical location and should be specified in the design specifications.

4, Air-blast Loads - The vehicle may be subjected to an air-blast loast
from an accidental explosion at an adjacent vehicle launch site. The potential
effect of this air-blast on the vehicle must be determined.

A2,5.0 Static Test Loads

The static test loads are the loads on the vehicle during static testing
of the vehicle. These loads are summarized as follows:

1. Engine gimbaling loads

2. Longitudinal loads due to various propellant loadings during the
holddown and rebound conditions

3. Wind loads

The dynamic and acoustic loads for static firing tests should also bhe
investigated since they are higher during static tcest than in flight, in many cases.

A2.6.0 Transportation and Handling Loads

The transportation and handling loads are the loads which occur during
transportation and handling of the space vehicle. In the design of the vehicle,
these loads are required primarily for the design of ticdown and handling attach-
ments.,

A2.7.0 Recovery Loads

The recovery loads are the loads which occur during the recovery of a
particular structural component or stage of the vehicle. These recovery loads
also include the loads which may occur during descent and impact.
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A 3.0.0 Combined Stresses and Stress Ratio

A 3.1.0 Combined Stresses

When an element of structure is subjected to combined stresses
such as tension, compression and shear, it is oftentimes necessary to
determine resultant maximum stress values and their respective princi-
pal axes.

The solution may be attained through the use of equations or the
graphical construction of Mohr's circle.

Relative Orientation and Equations of Combined Stresses

fx and fy are applied
normal” stresses.

fg is applied shear
stress. [ 4

fmax and f i, are the
resulting principal
normal stresses.

fsmax 18 the resulting fg
principal shear
stress,

ol

B 1is the angle of
principal axes.

Sign Convention:

Tensile stress is
positive.

Compressive stress is
negative,

Shear stress is positive Fig. A 3.1,0-1
as shown.

Positive 6 is counter-
clockwise as shown.

Note:
This convention of signs for shearing stress is adopted for
this work only.
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Distributed Stresses on a 45° Element

Fig. A 3.1.0-2
Pure Tension
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Fig. A 3.1.0-4
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Fig. A 3.1.0-3
Equal Biaxial Tension

ft-fs\

Fig. A 3.1.0-5
Pure Shear
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A 3.1.0 Combined Stresses (Cont'd)
2
f_+ f £ - f
- _ x X 2
| frax = S5t + \VAf — > TR SARTTRITRITTes (1)
2
fx + f fx - f 2
fmin = —_—E—_X - ———E——X Lk PR ERE PR TR (2)
. The solution results in
2f 1 i
TAN 26 = S two angles representing | (3)
fe - fy the principal axes of
fmax 2nd fmin.

2
fx - f 9
: ) < > + £ (Disregard Sign) ........... (4)
Smax 2 s

Constructing Mohr's Circle (for the stress condition shown in
Fig. A 3.1.0-6a)
f + Shear

y
Stress fs
———iJ- 3

PP

A

w right fmin
(a) ; hand _ \ i

face / f
~ \ 8
n

0 C
£ \ + Normal

max \\\\\-- Stress

min 2 (c)
{b) lt—— ]

Fig. A 3.1.0-6
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A 3.1.0 Combined Stresses (Cont'd)

1. Make a sketch of an element for which the normal and shearing
stresses are known and indicate on it the proper sense of these stresses.

2. Set up a rectangular co-ordinate system of axes where the horizontal
axis is the normal stress axis, and the vertical axis 1s the shearing
stress axis. Directions of positive axes are taken as usual, upward

and to the right.

3. Locate the center of the circle, which is on the horizontal axis at
a distance of (fy + fy)/2 from the origin. Tensile stresses are posi-
tive, compressive stresses are negative.

4, From the right-hand face of the element prepared in step (1), read
off the values for fyx and f5 and plot the controlling point "A". The
co-ordinate distances to this point are measured from the origin. The
sign of fx is positive if tensile, negative if compressive; that of fg
is positive if upward, negative if downward.

5. Draw the circle with center found in step (3) through controlling
point "A" found in step (4). The two points of intersection of the
circle with the normal-stress axis give the magnitudes and sign of the
two principal stresses. If an intercept is found to be positive, the
principal stress is tensile, and conversely.

6. To find the direction of the principal stresses, connect point "A"
located in step (4) with the intercepts found in step (5). The princi-
pal stress given by the particular intercept found in step (5) acts
normal to the line connecting this intercept point with the point "A"
found in step (4).

7. The solution of the problem may then be reached by orienting an
element with the sides parallel to the lines found in step (6) and by
indicating the principal stresses on this element,

To determine the maximum or the principal shearing stress and the
associated normal stress:

1. Determine the principal stresses and the planes on which they act
per previous procedure.

2. Prepare a sketch of an element with its corners located on the
principal axes. The diagonals of this element will thus coincide with
the directions of the principal stresses. (See Fig. A 3.1.0-7).

3. The magnitude of the maximum (principal) shearing stresses acting
on mutually perpendicular planes is equal to the radius of the circle.
These shearing stresses act along the faces of the element prepared in
step (2) toward the diagonal, which coincides with the direction of the
algebraically greater normal stress.



Section A 3
10 July 1961
Page 5

A 3.1.0 Combined Stresses (Cont'd)

4, The normal stresses acting on all faces of the element are equal to
the average of the principal stresses, considered algebraically. The
magnitude and sign of these stresses are also given by the distance from
the origin of the co-ordinate system to the center of Mohr's circle.

£ - max min

Fig. A 3.1.0-7
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Mohr's Circle for Various Loading Conditions
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A 3.1.,0 Combined Stresses (Cont'd)

Mohr's Circle for Various Loading Conditions
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Fig. A 3.1.0-12
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Pig. A 3,1,0-13
Pure Shear
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A 3.2.0 Stress Ratios, Interaction Curves, and Factor of Safety

A means of predicting structural failure under combined loading
without determining principal stresses is known as the interaction
method.

The basis for this method is as follows:

1. The strength under each simple loading condition (tension,
shear, bending, buckling, etc.) is determined by test or theory.

2. The combined loading condition is represented by either load or
stress ratios, ""R'"" where

APPLIED LLOAD OR STRESS

R = FAILING LOAD OR STRESS

Failing can mean yield, rupture, buckling, etc.

The effect of one loading R, on another simultaneous loading R, is
represented by an equation or interaction
curve involving R} and R;. The equation
or curve may have been determined by
theory, by test, or by a combination
of both.

A schematic interaction curve is
shown in Fig. A 3.2.0-1. Type of
material or size effects will not
influence it. This curve represents
all the possible combinations of R,
and R, that will cause failure.

Using the curve:

1. Let the value of R} and R,
locate point a.

2. Rj) and R; can increase Fig. A 3.2.0-1
proportionately until failure
occurs at point b,

3, If Ry remains constant, R; can increase until failure occurs at
point c.
4, If R; remains constant, R; can increase until failure occurs

at point d.

5. The factor of safety for (2) is F. S, = (ob+oa),or (och+oe), (or og+of)
and the factor of safety for (3) is F. S, = (fc+ fa).



Section A 3
10 July 1961
Page 9

A 3.2.0 Stress Ratios, Interaction Curves, and Factor of Safety (Cont'd)

In general, the formula for the factor of safety stated analyti-
cally for interaction equations where the exponents are only 1 or 2
(one term may be missing) is as follows:

_ 2
F.S. = et eiere e, (1)

[R.+ \/(R.)2+ (R.,)z}
where

R' designates the sum of all first-power ratios.

R'' designates the sum of all second-power ratios.
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A 3.2.1 A Theoretical Approach to Interaction

For combining normal and shear stresses, the principal stress
equations are convenient to use.

Let F and Fg be defined as the failing stress, such as yielding
or rupture.

Let k=Fg/F; tests of most materials will show this ratio to vary
from 0.50 to 0.75.

Rf = £/F; Rg = £g/Fg

Maximum Normal Stress Theory

2
f - £ + £ + £2 S 1
max -~ 3 2 s Ref Eq. (1) Sec. A 3.1.0

Divide by F; replace fg by RGFg, f/F by R¢ and Fg/F by k.

The resulting equation when fzx = F is

A plot of this equation for k = 0.50 and k = 0.70 18 shown in
Fig. A 3.2.1-1,

Maximum Shear Stress Theory

2
- £ 2
fomax = \/%2) + £ Ref Eq. (4) Sec. A 3.1.0

Divide by Fg; replace f by R¢F,fq/Fg by Rg and F/Fg by 1/k.

The resulting equation when fg = Fg 1is
max

7
R
K _£ + R2 h e se e s eesaees e ea et e (2
1 JVAE 2k ) s )

A plot of this equation for k = 0.50 and k = 0.70 is shown in
Fig. A 3.2.1-1,
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A 3.2.1 A Theoretical Approach to Interaction (Cont'd)

Conclusion

From the foregoing analysis, only Equation (2) with k = 0.5 is
valid for all values of Rf and Rg. It is conservatively safe to use
the resulting Equation (3) for values of k ranging from 0.5 to 0.7,
since all values within curve C) must also be within the other curves,
The use of other curves of Fig. A 3.2.1-1 may lead to unconservative
results,

2 2
Re+ Ry =1 Lo ceeirenaaanaaas (3)
and the Factor of Safety

F.S. = mmme L P %)

2 2
Rf + RS

2
For the graphical solution for Factor of Safety, the curve Ry + R2 =1
of Fig. A 3.4.0-1 may be used.

Max. Shear Stress Theory

2.0
\ ®© x=.5r2+R7=1
1.8}
= 7. 2 2 _
Lek @ k=.7; 5ReFH RS =1
A Max. Normal Stress Theory
1, ‘\\\\
\\Zfi \\\\ @ k= .55 Re Ve + R = 2
1.2
R
s . @ k =.7; Rf +VRf2 + (1.4 RS)Z s 2
@ valid
(:) Partly Valid
C) Invalid
C) Partly Valid
| J

.01.2 1.4 1.6

Fig. A 3.2.1-1
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A 3.3.0 Interaction for Beam-Columns
M
M
li——-—ff/T//T’—T—f D S 5 P
Fig. A 3.3.0-1 Fig. A 3,3.0-2
Sinusoidal Moment Curve Constant Moment Curve
P = applied load.
n2 EI :
P, = — (Euler load). (Reference Section C 1.0.0).. (1)
L
antI
P, = buckling load = T rreereeeteeeeciieniiaia (2)
L
or applicable short column formula. (Reference Section C 1.0.0)
M = maximum applied bending moment as a beam only.
M, = ultimate bending moment as a beam only. (Reference
Section B 4.0.0)
R, = %— (column stress Tatio) ....eiiieerreronnensoans (3)
o
M .
Ry, = M (beam stress ratio) ....eiiiiierrrinnanieeanan (4)
o
P Mc
£ = e k I
from which the interaction equation is:
Ra"'ka:l ............................................ (5)
E
Let 1 = 52 = EE (plasticity coefficient).......cvvvuuns (6)
e
For sinusoidal bending moment curves
_ 1
k=17 P/Pe

Ry = (1 = Rg) (1 = MRg) vrroninniiniiineaieannnn. (7
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A 3.3.0 Interaction for Beam-Columns (Cont'd)

Interaction curves for various values of 7T are shown in
Fig. A 3.3.1-5.

For constant bending moment curves

1
k:
cos <§ \/P/Pe >
Ry, = (1 - Ra) cos <§ ‘/n R, > ........................ (8)

Interaction curves for various values of 17 are shown in Fig.
A 3.3.1-6.

Conclusion

Comparison of Figs. A 3.3.1-5 and A 3.3.1-6 show that significant
changes in shape of the primary bending moment diagram do not greatly
influence the interaction curves. Therefore, Figs. A 3.3.1-5 and
A 3.3.1-6 should be adequate for many types of simple beam columns.
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A 3.3.1 1Interaction for Eccentrically Loaded and Crooked Columns

M = Pe

AT TN
. N .

- -7 1 P

Eccentric Column Crooked Column

Fig. A 3.3.1-1 Fig. A 3.3.1-2

Reference Section A 3.3.0 for beam-column terms

Re = = (eccentricity ratio) ....ivirerrrervnnnnnanas (1)
€o
My
e = — (base eccentricity, which is that required
o P . —
O for P, to induce a moment Mo) oo (2)

For a particular e, M would be a linear function of P as shown in
Fig. A 3.3.1-3. A family of such lines could be drawn which would
represent all eccentric columms.

To obtain Fig. A 3.3.1-4 (a nondimensional one-one diagram of the
same form as the interaction curves of Figs. A 3.3.1-5 and A 3.3.1-6),
P, M, and e of Fig. A 3.3.1-3 may be divided by P,, M, and e, respectively.

('Dlm

M

=

Ry = ir‘

(o]
Fig. A 3.3.1-3 Fig. A 3.3.1-4
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A 3.3.1 Interaction for Eccentrically Loaded and Crooked Columns (Cont'd)

In using Fig. A 3.3.1-6 for eccentric columns and Fig. A 3.3.1-5
for crooked columns the following steps are taken:

1, Determine Py, the buckling load by = 2EtI/L2 or applicable
short column formula.

2. Calculate Py = ﬂZEI/Lz, the Euler load.

3. Determine M,, the ultimate bending moment as a beam only
using Section B 4.0.0.

4. Calculate e, = M,/P,, the base eccentricity.

5. Calculate Rg e/eo.

6. Calculate | = Py/Pe, the plasticity coefficient.

7. Knowing R, and 7 , R, = P/PO may be determined from the
appropriate curve. This value of R; corresponds to a Factor

of Safety of 1.0.
8. The ultimate load is Py = Py x Ry,
9. The Factor of Safety for an applied load P is

P
u
F.S. P
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A 3.3.1 Interaction for Eccentrically Loaded and Crooked Columns (Cont'd)

R = ele
e (o]
0 0. 0. 0. 0. 1.0
1.0 2 4 6 8
\\A /
\ |
0.8 L
0.6 H—F-
]
L @
~
v .
" —
v
B -
0.4 H
0.2
. ! f 10.0
:Lulllll 1 1 I 1 I 1 I 4 i ‘ 1 I 1 | 1
0 0.2 0.4 0.6 0.8 1.0
Rb = M/Mo

Interaction Curves for Straight or Crooked Columns
with Sinusoidal Primary Bending Moment and Compression

Fig. A 3.3.1-5
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A 3.3.1 Interaction for Eccentrically Loaded and Crooked Columns (Cont'd)

R = e/e
100 0.2 0.4
\ A\
- |
0.8 PN/
| N S |
“" T
i . | l 0
1 0.2 ‘ '

o 96 -1\ L‘ < AT KX =04 ! °
& - | ’ . /)’ n=0.6" 1.8 &
™ L XYY XX AN~ = 0.8 | | 2ot

- o ' Y =1 = 1.0 | | IR
o a | I | | [~
|
0.4 —[—/+ —-;7-—.-.4— AT —NA ! | I 2.5
l :
i | ; ( | 3.0
N X SAN X _|_ 1
| ' '
! | | | | ! | ‘ 4.0
I l I { |
0.2 : NS T —
| |
] ] [ )
[ | ] l :_ NG 1
E ] I ! | J 0.0
:“nlnn A i 1 I 1 l | l 1 ‘ 1 ‘ 1 I i
0 0.2 0.4 0.6 0.8 1.0
R, = M/M
b o]

Interaction Curves for Columns with Constant Primary
Bending Moment and Axial or Eccentric Compression

Fig. A 3.3.1-6
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A 3.4.0 General Interaction Relationships
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A 3.4.0 General Interaction Relationships (Cont'd)

Table A 3.4.0-1 (Cont'd)

NOTE: Care must be exercised in determining whether to check Factor of
Safety for limit or ultimate loads.

(a) For round tubes in compression see Section C.3.0.0.

(b) See Section A 3.2.1 for discussion of range.
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A 3.4.0 General Interaction Relationships (Cont'd)

IS

~ N\ N
A AN
ool /§<\ N \\
O,GRiRz:f ] />>\§\ \
A PN
L b AN

0.3 + +
2 . -
Ri1 + R2 1
0.2 4 +—

NN
\\\\\?\\
NN
P
=

Lt

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Interaction Curves
Fig. A 3.4.0-1
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A 3.4.0 General Interaction Relationships (Cont'd)
[ l I S A S S §
AN-10 NOTE: Curves not [
30 — applicable where [
™ - shear nuts are | |
| | Interaction Formula N used. Curves are |
3 2 S based on the
— Rs + Rt =1 results of com=- |—
. bined load tests
N of bolts with
25 N nuts finger- B
\\
20 \\
AN-8 \\
15 \\\ \
|
AN-6
10
e \
AN-5 N \ \
3
TH ‘
LY \
ER L \
0
5 10 15 20 25

Shear Load - Kips

Fig. A 3.4.0-2
AN Steel Bolts (125,000 H.T.,) Interaction Curves¥*
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A 3.5.0 Buckling of Rectangular Flat Plates Under Combined Loading

NOTE:

See discus<ion in Sec.

C 2.1.4

!

!

]

vrl\

RRE

—— ——a | e el

=1 . -]
— b lat— X
- r |
L)) T N W |
Combined Loading
Fig. A 3.5.0-1
Table A 3.5.0-1
THEORY LOADING INTERACTION EQ FOR FACTOR
COMBINATION FIGURE EQUATION OF SAFETY
Biaxial Com- For plates that 1
pression A 3.5.0-2 | buckle in sq. Ry + Ry
waves,
Ry + Ry =1
Longitudinal For Long 2
Compression and Plates
Shear Re + Ré =1 R +\/R2 + 4R2
S c s
[Elastic Longitudinal
Compression A 3.5.0-2
and Bending
Bending and 2 2 1
Shear A 3.4.0-1 Rb + Rs =1 /R}z) + RSQ
Bending, Shear, &
Transverse A 3.5.0-3
Compression
Longitudinal Com-
pression, Bending |A 3.5.0-2
and Transverse
Compression
Inelastic | Longitudinal 2 2 1
Compression A 3.4.0-1]R" +R =1 2 >
and Shear ¢ S Rc + Rs
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A 3.5.0 Buckling of Rectangular Flat Plates Under Combined Loading

(Cont'd)

Lo (a) Lo (b)
' \\ a/b =o0.8 i\‘ a/b = 1.0
0. AN ] 1N :>\
JNNN BINNNG
0.6 ‘jq::F:: T:\\ =0 0.6 <::\\ N \<:\::\\Rx -0
Rp \\\\\> o\\\ Ry, \\\\\\\. OE
0.4 \\\\\0- ‘\\\\\\ 0.4 \\\\\\\\ 0-;\\\\:\\\
AN RN N ARV
0.2\ \6-7\7775 \ \\\\\ 0.2 \0‘-7 \ \\ \\
EAN AR NN S W AR AARTATA
ok 0.2 0.4 0.6 038 Lo | P 0.2 0.4 0.6 0.8 1.0
Y %
1.0 ()
-.\\‘F\~~\\ a/b = 1.20
0.8 ::::\\\\\\ £
RN ¢
os NN\ \‘\\Rx= 0 . H}HHHHHJ -
Rp \\\\\\\ 0.1\ g E b i: gfx
e PN S A 0
NLEAWN \\\\ IR ELERRARARARE
0.2 \ \; 9.;\ \\ \\ \\ \\ \\
0.9 \ \ \JAVAY
INELEER

0.2 0.4 0.6 0.8 1.0

Interaction Curves for Simply Supported Flat Rectangular
Plates Under Combined Biaxial- Compression and Longitudinal Bending Loadings

Fig. A 3.5.0-2



1.0

0.8

Page 24
A 3.5.0 Buckling of Rectangular Flat Plates under Combined Loading
(Cont'd)
a/b = 1,60 (e) a/b =2.0
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I e O e
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Fig. A 3.5.0-2 (Cont'd)
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A 3.5.0 Buckling of Rectangular Flat Plates under Combined Loading

(Cont'd)

1.0
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R
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NGRS
0.6
b \
0.8 \
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1.0
0.2 L
O Do lilgy L ]
0 0.2 0.4 0.6 0.8 1.0
R

S

Interaction Curves for Simply Supported Long Flat Plates
Under Various Combinations of Shear, Bending, and Transverse Compression

Fig. A 3.5.0-3
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A 3.5.0 Buckling of Rectangular Flat Plates under Combined Loading
]
(Cont'd) 1.0
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Interaction Curves (Cont'd)

Fig, A 3.5.0-3
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A 3.6.0 Buckling of Circular Cylinders, Elliptical Cylinders, and

Curved Plates under Combined Loading (Cont'd)
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A 3.6.0 Buckling of Circular Cylinders, Elliptical Cylinders, and
Curved Plates under Combined Loading (Cont'd)
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A3.7.0 Modified Stress-Strain Curves Due to Combined Loading
Effects

An analysis that uses a uniaxial stress-strain curve or material
properties derived from such a curve (analysis of beams, columns,
thermal effects, plastic bending, elastic and plastic buckling, Elastic-
Plastic Energy Theory of Section B4.5.7, etc) may require a modified
stress-strain curve or properties derived from a modified curve when
combined loading is involved. Loads or stresses in one plane affect
the loads and stresses in other planes due to the Poisson effect. For
example, a tension member fails when the average stress, (P/A),
reaches the ultimate tensile stress Ftu of the material, but a member
resisting combined loading may fail before the maximum principal
stress reaches Fy, (Reference Section Al). When buckling or other
empirical parameters include combined loading effects, modified
stress-strain curves are not required.

Several methods of modifying uniaxial stress-strain curves have
been developed; the method presented here is derived from the Octa-

hedral Shear Stress Theory.

Assumptions & Conditions:

1. f1, f2 and f3, the three principal stresses, are in proportion;
i.e.,
f, =K f) (1
f3 = Kz f (2)
K # K,

See Fig. A3.7.0-1 for direction of principal stresses.
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A3.7.0 Modified Stress-Strain Curves Due to Combined
Loading Effect (Cont'd)
3 3
r foct
t
|
i r 4
I -~ fé
-l —— l S Bl
) |
[N SRS — 2
/ ///
£1 -
- |
1/ lJ/ 1/
f3°.

Figure A3.7.0-1

Directions of Principal Stresses

2. Prime (') denotes a modified value:

€ modified strain

E! modified modulus of elasticity.

3. In this method, for any principal stress f;, the total strains
and modulus of elasticity are modified to include the effects
of the other principal stresses.

Procedure:

1. Calculate the principal stresses for a given load condition
(Reference Section A3.1.0).

2. Determine the effective uniaxial stress:

- 2
f =\/% (fy - £2)° - (f - f3)2 + (f3 - f1)2 (3)
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A3.7.0 Modified Stress-Strain Curves Due to Combined Loadine
Effect (Cont'd)
and calculate an effective modulus of elasticity, Ei, by:
E| = (L) E (4)
£1
3. Enter the plastic stress-strain diagram for simple tension of

the material, if available, at the value of f, and determine E:sp"
(See Figure (A3.7.0~2b ) Otherwise, enter the simple tension
stress-strain curve at f1 and determine Eysp (see Figure

A3.7.0-2a ) by:

t1
E! = (5)
Sp €1 - (1
e
4. Use this value of E! = and a value of w_ = 0.5, if not accurately
. sp p
known, find el' from
1 P
Ei = 'E—“—“‘ (fl-p.pfz—p,pf3) (6)
P sSp
E fy
E“pl B €
P
pt. 1 pt. i
fi f;
Ftp

Secant
modulus

Fy
P
\— Plastic Secant

modulus

e ¢ P
i

(a) Engineering stress-strain curve

Gi ‘i e

———pnd €1 m—

(b)

p

Plastic stress-strain curve

Figure £3.7.0-2
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A3,7.0 Modified Stress-Strain Curves Due to Combined Loading

Effect (Cont'd)
5. Once E! has been found, ei

can be determined for any value

e

of f1 by:
£ ()
€ = T
le E1

!, for each value of f1 by:

Determine the total effect strain, €

6.

! —_ 1 ]
= El +e1
(8)

7. Repeat all steps until sufficient points are obtained to construct
a plot of £, vs ei (see Figure A3.7.0-3 ) which is the modified

stress-strain curve.

Any Point {~

' . 1]
€ i e ——i
p

€y

e'l

Modified Stress Strain Diagram Due to Combined

Figure A3,7.0-3
Loading
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A4.0.0 METRIC SYSTEM

A4,.1.0 Introduction

The purpose of this section is to acquaint the reader with the
metric system and its advantages over the English system. This section
also presents definitions, symbols, and conversion tables.

Units of lengtﬁ, mass, and time are basic to both the English
System and to the Metric System. In the English System these are:
length, the foot; mass, the pound; and time, the second. Note that the
second, based on the sexagesimal system, is common to both the English
System and the Metric System.

A4.2.0 The International System of Units (SI)

The International System of Units, or Systéme Internationale
(S1), is sometimes referred to, in less precise terms, as the Meter-
Kilogram-Second- Ampere (MKSA) system. The SI, therefore, should be
considered as the definitive metric system, although it is much broader
in scope and purpose than any previous system.,

A4.2,1 Advantages of SI

The use of SI has significant advantages in all phases of research
and development work relating to space technology. For instance, the use
of SI will tend to eliminate wasted time and costly errors in computations

now involving varied terms derived from a multiplicity of sources. The
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utilization of a uniform system of measurement such as the SI thus simpli-
fies the exchange of in-house data among NASA centers and installations
and will do so, eventually, among associated contractors and space-ori-

ented organizations throughout the world.

A4.3.0 Basic SI Units

The name, International System of Units, has been recommended
by the Conférence Générale des Poids et Mesures in 1960 for the following

basic units:

meter m ampere A
kilogram kg degree Kelvin °K
second s candela cd

In addition, it was also determined that the amount of substance
would be treated as a basic quantity., The recommended basic unit is the
mole, symbol: mol. The mole (mol), a unit of quantity in chemistry, is
defined as the amount of a substance in grams (gram mole; gram molec-
ular weight; or pound mole, or pound molecular weight) which corresponds
to the sum of the atomic weights of all the atoms constituting the molecule.
These atomic weights are based upon Carbon 12,

A4.4.0 International Symbols for Units, SI

In order that SI may be in fact an international system, it was

necessary to reach agreement on the symbols, names, and abbreviations.
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Ad4.4.1 CGS System

In the field of mechanics, the following units of this system
have special names and symbols which have been approved by the General

Conference on Weights and Measures:

1,b,h centimeter cm

t second s

m gram g

f,v hertz (= s'l) Hz

F dyne (= g- cm/s2) dyn
E,U,W,A erg (= g- cmz/sz) erg
P microbar (= dyn/cm?2) “ bar
B poise (= dyn. s/cm?2) P

A4.4.2 Giorgi System

The MKSA system or m-kg-s-A system is a coherent system
of units for mechanics, electricity, and miagnetism, based on four basic

quantities: length, mass, time, and electric current intensity.

meter m
kilogram kg
second s

ampere A

The system based on these four units was given the name
"Giorgi system' by the International Electrotechnical Committee in 1958,
The mechanical system, which is based on the first three units only, has
the name MKS system,

The MKSA system of units forms a coherent system of units in
the four-dimensional system of equations previously mentioned, and is

most commonly used together with these equations.



Section A4
1 February 1970

Page 4

A4.4.3 Incoherent Units
1 3.ngstr'dm A
o barn ( = 10-24 cm?) b
\' liter (= 1 dm3) 1
t, T minute min
t, T hour h
t, T day d
t, T year a
p atmosphere atm
P kilowatt-hour kWh
Q _ calorie cal
Q kilocalorie kcal
E,Q electronvolt eV
m ton ( = 1000kg) t
Ma,m (unified) atomic mass unit u
p bar (= 106 dyn/cm?)

(= 105 N/m?2) bar

A4.5.0 Physical Quantities

The symbol for a physical quantity (French: 'grandeur physique';
German: 'physikalische Grosse'; English, sometimes: 'physical magnitude')
is equivalent to the product of the numerical value (or the measure, a pure
number) and a unit, i.e., physical quantity = numerical value x unit.

A4.5.1 Dimensionless Physical Quantities

For dimensionless physical quantities the unit often has no name
or symbol and is not explicitly indicated.

1.55
3 x 108 s-1

1l
I

Examples: E
F

200 erg Nqu
27 N v
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A4.6.0 Other SI Symbols

The following units of the MKSA system have special names
and symbols which have been approved by the General Conference on

Weights and Measures:

I ampere A
Q coulomb (= A. 8) C
C farad (= C/V) F
L henry (= Vs/A) H
E joule ( =kg. m2/s2) J
m kilogram kg
1,b,h meter m
F newton ( =kg. m/s2) N
R ohm (= V/A) Q
B tesla (= Wb/m?2) T
A% volt (= W/A) A
P watt (= J/s) w
Q weber (= V. s) Wb

Ad.6,1 Photometric Units

In the field of photometry an additional basic unit is introduced
corresponding to the basic quantity, luminous intensity. This unit is the

candela, symbol: cd. Special names for units in this field are:

I candela (candle) cd
@ lumen Im
E lux (= lm/ma2) 1x

A4.6,2 Rules for Notation

a. Symbols for units of physical quantities shall be printed in
Roman upright type.
b. Symbols for units shall not contain a final full stop (a

period), and shall remain unaltered in the plural, e.g.: 7cm, not 7 cms,
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c. Symbols for units shall be printed in lower case Roman
upright type. However, the symbol for a unit derived from a proper name
shall start with a capital Roman letter, e.g.: m (meter); A (ampere); Wb
(weber); Hz (hertz).

d. The following prefixes shall be used to indicate decimal

fractions or multiples of a unit.

Prefix Equiv Symbol
deci (10- 1y d
centi (10-2) c
milli (10-3) m
micro (10-6) "
nano (10'9) n
pico (10~12) p
femto (10‘15) f
atto (10'18) a
deka (101 da
hecto (102) h
kilo (103 k
mega (106) M
giga (109) G
tera (1012) T

e, The use of double prefixes shall be avoided when single

prefixes are available,
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Not: mupus, but: ns (nanosecond)
Not: kMW, but: GW (gigawatt)
Not: ppF, but: pF (picofarad)

f. When a prefix symbol is placed before a unit symbol, the
combination shall be considered as a new symbol, which can be squared
or cubed without using brackets,.

Examples: cm?2, mAZ, psz

A numerical prefix shall never be used before a unit symbol which is
squared, thus, cm?2 is never written, and never means, 0, 01 (mz) but
always means (0. Olm)z.

g. No periods or hyphens shall be used with SI abbreviations,

symbols, or prefixes. Prefixes are joined directly to units, as in the

following examples:

MN mN
kv kHz
MV mA
GHz cm

A4.7.0  SI Units on Drawings and in Analyses

The following paragraphs describe general techniques for using

SI units on drawings and in analyses.

Ad4.7.1 Dual Units

When SI units are specified for use on a drawing or in an analysis,

the non-SI units of measure shall be used parenthetically to facilitate
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comprehension of the drawing or analysis. Non-SI units shall never be

omitted on the assumption that users are familiar with the SI units.

A4. 7.2 Identification of Units

Basic units of measure used frequently on a drawing shall be
identified by a note on the drawing to avoid repetition of unit names through-
out the drawing. For example,

NOTE: ALL DIMENSIONS ARE IN mm (in.).

A4,7.3 Tabular Data

To provide maximum clarity of presentation, SI and non-SI units
shall be placed in separate columns or in separate tables if the need is
indicated.

Ad4.7.4 Collateral Use, SI and Non-SI Units

Place the metric units first, followed immediately by the equiv-
alents in parentheses. In tables, other formats may be desirable, such
as one unit in a row or column, followed by the other unit in another row
or column. In some complex tables and drawings it may be desirable to
present the equivalent units in separate tables and drawings. Figure A4-1

shows a drawing with both units given,
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6 MM (236 IN)
5-0.5 IMF ORILL
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| . 1
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Figure A4-1. Collateral Use of Units

Temperature Scales

Either the Kelvin or the Celsius temperature scale may be used

as the SI unit, with the Fahrenheit scale being optional as a parenthetical

non-SI unit.

A4.8.0

Transitional Indices

The following explanations indicate nomenclatures, methods,

and preferred styles which are to be used during the transition from non-

SI systems to SI.

A4.8.1

Mass vs Force

The term ""mass'' (and not weight) shall be used to specify the
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quantity of matter contained in material objects.
The term '"weight' shall be defined as the gravitational force
acting on a material object at a specified location. Accordingly, the
statement of the weight of an object should be accompanied by a statement
of the corresponding location of the object or by a statement of the grav-
itational acceleration in m/s2 at the location where the object was weighed
or is assumed to be located.
The pound mass (lbm), defined as being exactly 0,453 592 37
kilogram by the U. S. National Bureau of Standards; the pound force (lbf),
defined as being exactly 4.448 221 615 260 5 newtons by the NBS; and the
pound thrust, defined as being exactly 4. 448 221 615 260 5 newtons, shall —
be abandoned at the earliest practicable date.
During the transition period to SI units, the pound mass shall be
abbreviated lbm, the pound force shall be abbreviated 1bf, and the pound
thrust shall be abbreviated to 1bf,
The kilogram (kg), the SI unit of mass, shall not be used as a

unit of force, weight, or thrust,

A4.8.2 Examples of Nomenclature

The dry mass of the S-1 (first) stage of the Saturn I launch
vehicle is 48 600 kg (107 139 1bm).

The weight of a man of 70.0 kg (154 1bm) mass, standing on the
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surface of the moon where the gravitational acceleration is 1.62 m/s?, is
113 newtons (25.4 1bf).
The thrust of the S-I (first) stage of the Saturn I launch vehicle
is 6,689 MN (1 504 000 1bf).

The preferred unit of force, weight, and thrust is the newton.

A4.9.0 Measurement of Angles

A circle cannot be divided into a rational number of radians
(rad), there being 27 radians (approximately 6.283 rad) in a circle. How-
ever, the radian, arc degree, arc minute, and arc second may all be used
for the measurement of plane angles. Decimal multiples of the degree or
radian are preferred.

The ''grad' is a unit of angular measure wherein 100 grads con-
stitute a right angle. This is not an SI unit, but, since it is based on dec-
ades it will be found useful for many purposes.

A4.10,0 Preferred Style

In order to ensure maximum accuracy, the following style shall
be adhered to wherever practicable in engineering analysis documentation.

a. Spell out a term in full when first used, followed by the
related symbol in parentheses. Thereafter, use the related symbol for
measurement applications.

b. In general, state the measurement in terms of the system
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of units used, followed by the applicable translated value in parentheses:
for example, 48 000 kg (107 000 1bm), and 25.4 1bf (113 newtons),

c. In using numerical values involving more than three digits,
place a space between each group of three digits. Such spaces shall be
used to the right and left of decimal points. Commas are not used:

126 306.204 359 60,
A4.10.1 Volume
The cubic meter (m3) should be used in preference to the liter.

The liter is now defined as exactly 1 dm3,

A4,.10.2 Time

The preferred unit of time associated with time rates is the
second,
A4.10.3 Energy

The preferred unit of energy (mechanical, electrical, thermal,
and all other forms) is the joule (J). The Btu, calorie, and kilocalorie,
although listed in this document for information, are poorly defined and
should be avoided,

A4,10.4 Temperature

Either the Thermodynamic Kelvin Temperature Scale, the
International Practical Kelvin Temperature Scale, or the International
Practical Celsius Temperature Scale may be used. Equivalent temper-

atures in degrees Rankine, Fahrenheit, etc., may be included in
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parentheses. Note that temperature differences expressed in Kelvin
degrees (°K) and in Celsius degrees (°Cels) are numerically equal and
that degrees Celsius and degrees Centigrade are identical, See Temper-
ature Nomograph, Figure A4-2, and Table A4-15.

The International Practical Kelvin Temperature Scale of 1960,

and the International Practical Celsius Temperature Scale of 1960 are

defined by a set of interpolation equations based on the reference temper-

atures in Table A4-1.

Table A4-1. Reference Temperatures,
International Practical Temperature Scale

Temperature of oK °C

Oxygen: liquid-gas equilibrium 90. 18 -182.97
Water: solid-liquid equilibrium 273,15 0.00
Water: solid-liquid-gas equilibrium 273.16 0.01
Water: liquid-gas equilibrium 373.15 100.00
Zinc: solid-liquid equilibrium 692. 655 419.505
Sulphur: liquid-gas equilibrium 717.75 444.6
Silver: solid-liquid equilibrium 1233.95 960. 8

Gold: solid-liquid equilibrium 1336.15 1063.0
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A4,.10,5 Prefixes

"Coherent units' are units that can be used directly in equations
without the application of numerical coefficients. The exclusive use of
coherent units over the entire range of numerical values of physical quan-
tities is highly-r desirable. As previously stated, the SI is the only complete
system of coherent units available to meet the needs of all branches of
science and technology. The full range of numerical values of physical
quantities can be represented rationally and conveniently by utilizing SI
units.

To facilitate this, either a power of ten is employed, or an
approved prefix representing a power of ten is placed before an SI unit
(or before any combination of SI units),

Only previously listed prefixes shall be used to indicate decimal

fractions or multiples of an SI unit,

A4.11, 0 Conversion Factors

Measurements in units‘ other than those of the SI are preferably
converted by the application of approved numerical conversion factors.

The number of decimal places should be governed by the purpose
to which the information is to be put and by the degree of accuracy attain-
able with applicable measuring instruments and methods. These conver-

sion factors have been tabulated according to physical quantity,
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A4.11.1 Basic Linear Unit

The basic unit of measurement is the meter. Prefixes shall be
used in accordance with A4. 6. 2(d). Once a prefix is chosen, no other
prefix shall be used on a drawing or in an analysis. The inch (in.) is
defined as exactly 2. 54 cm.

A4.11,2 Noncritical Conversion

1f dimensions are not critical, non-SI data converted to mm
shall be rounded to convenient numbers and the word '"nominal" appended
in parentheses,

A4.11.3 Conversion to Other SI Units

Conversion to SI units other than mm shall follow the rules as

herein set forth.

A4.12.0 Conversion Tables

The conversion factors given in the following tables will facil-
itate the conversion of most commonly used units of the English system

to units of the Metric System (or conversion of non-SI units to SI units),
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To Convert To Symbol Multiply by
foot/second squared meter/second squared m/s? %3, 048 x 107!
galileo (gal) meter/second squared m/s? *1,000 x 1072
inch/second squared meter/second squared m/g? %2.54 x 1072

Table A4-3, Area
To Convert To Symbol Multiply by
sq foot sq meter m? %9,290 304 x 1072
8q inch sq meter m2 %6.451 6 x 107*
circular mil sq meter m? 5.067 074 8 x 1079
Table A4-4. Density

To Convert To Symbol Multiply by
gram/cu centimeter kilogram/cu meter kg/m? *1,00 x 10°
pound mass/cu inch kilogram/cu meter kg/m’ 2.767 990 5 x 1¢*
pound mass/cu foot kilogram/cu meter kg/m® 1.601 846 3 x 10'
slug/cu foot kilogram/cu meter kg/m? 5.153 79 x 10%

Table A4-5. Electrical

To Convert To Symbol Multiply by
ampere (Int of 1948) ampere A 9.998 35 x 107
ampere hour coulomb C= A's *3.60 x 10°
coulomb (Int of 1948) coulomb C=As 9.998 35 x 10"
faraday (physical) coulomb C= A-s 9.652 19 x 10°*
farad (Int of 1948) farad F=As/V 9.995 05 x 10~
henry (Int of 1948) henry H= V.s/A 1. 000 495
ohm (Int of 1948) ohm Q= V/A 1. 000 495
gamma tesla T = Wb/m? #1,00 x 10"

*Exact, as defined by the National Bureau of Standards.
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To Convert To Symbol Multiply by
gauss tesla T = Wb/m? %*1.00x 1074
volt {Int of 1948) volt V=W/A 1. 000 330
maxwell weber Wb =V-8 *]1.00 x 10~8

Table A4-6. Energy

To Convert To Symbol Multiply by
Btu (mean) joule J=N.m 1. 055 87 x 10°
calorie (mean) joule J=N.m 4.190 02
calorie (thermochemical) joule J=N.m *4. 184
electron volt joule J=N-m 1.602 10 x 10-%?
erg joule J=N.m *1.00 x 1077
foot pound force joule J=N.m 1.355 8179
foot poundal joule J=N.m 4,214 011 0 x 1072
joule (Int of 1948) joule J=N.m 1.000 165
kilowatt hour (Int of 1948) joule J=N.m 3.600 59 x 10°
ton (nuclear equiv of TNT) joule J=N.m 4,20 x 10°
watt hour joule J=N.m %3, 60 x 103

Table A4-7. Energy/Area: Time

To Convert To Symbol Multiply by
#*%Btu/8q foot.sec watt/sq meter W/m? 1.134 893 1 x 10*
**Btu/sq foot-min watt/sq meter W/m? 1.891 488 5 x 102
**Btu/sq inch.sec watt/sq meter W/m?2 1.634 246 2 x 10¢
erg/sq centimeter-sec watt/8sq meter W/m? *1.00x 1073
watt/sq centimeter watt/sq meter W/m?2 *]1.00x 104

*Exact, as defined by the National Bureau of Standards.

*%(thermochemical)
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Table A4-8. Force

To Convert To Symbol Multiply by
dyne newton N=kg. m/s? *1.00 x 107*
kilogram force (kgf) newton N=zkg.m/a? *9, 806 65
pound force (avoirdupois) newton N=kg.m/s? *4, 448 221 615 260 5
ounce force (avoirdupois) newton N=kg.m/s? 2.780 138 5 x 107!

Table A4-9. Length

To Convert To Symbol Multiply by
angstrom meter m *1,00 x 10-10
astronomical unit meter m 1. 495 x 10!
foot meter m #3.048 x 107!
foot (U. S. survey) meter m *1200/3937
foot (U. S. survey) meter m 3. 048 006 096 x 10~}
inch meter m *2.54 x 10 "2
light year meter m 9.46055x 1013
meter wavelengths Kr % m *]1.650 763 73x 10°
micron meter m *1.00 x 107¢
mil meter m *2.54 x 10 "3
mile (U. S. statute) meter m *1.609 344 x 10°
yard meter m *9. 144 x 107!

Table A4-10. Mass
To Convert To Symbol Multiply by
gram kilogram kg *1,00 x 1073
kilogram force. sec?/meter (mass) kilogram kg *9, 806 65
kilogram mass kilogram kg *1.00
pound mass (avoirdupois) kilogram kg *4,535 9237 x 10~}

*Exact, as defined by the National Bureau of Standards.
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Table A4-10. Mass (Cont'd)
To Convert To Symbol Multiply by
ounce mass (avoirdupois) kilogram kg 2,834 952 312 5 x 107°
ounce mass (troy or apothecary) kilogram kg *3.110 347 68 x 1072
pound mass (troy or apothecary) kilogram kg 3,732 417 216 x 107!
slug kilogram kg 1. 459 390 29 x 10!
ton (short, 2000 pound) kilogram kg *9.071 847 4 x 102
Table A4-11. Miscellaneous
To Convert To Symbol Multiply by
degree (angle) radian rad 1.745 329 251 994 3 x 10°°
minute (angle) radian rad 2.908 882 086 66 x 107*
second (angle) radian rad 4.848 136 811 x 1078
cu foot/second cu meter/second m3 /s %2.831 684 659 2 x 107°
cu foot/minute cu meter/second m?/s 4.719 474 4 x 1074
F#Btu/pound mass °F joule /kilogram°C J/kg°C 4, 184 x 103
“*Kilocalorie/kg °C joule/kilogram°C J/kg°C %4, 184 x 10°
“Btu/pound mass joule /kilogram T/kg 2.324 444 4 x 10° !
Rad (radiation dose absorbed) joule/kilogram J/kg #1.00 x 1072
roentgen coulomb/kilogram A-s/kg %2.579 76 x 10"
curie disintegration/second 1/s *3,70 x 1010
Table A4-12. Power
To Convert To Symbol Multiply by
boiBtu/ second watt W= J/s 1. 054 350 264 488 888 x 10
“#Btu /minute watt W= J/s 1.757 250 4 x 10!
wkcalorie /second watt W= TJ/s 4, 184
“calorie /minute watt W= J/s 6.973 333 3 x 1072
foot pound force/second watt W=J/s 1.355 8179

* Exact, as defined by the National Bureau of Standards
# (thermochemical)
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Symbol

To Convert To Multiply by
foot pound force/minute watt W=1J/s 2.259 696 6 x 107
foot pound force/hour watt w=1J/s 3.766 161 0 x 1074
horsepower (550 ft 1b force/sec) watt wW=J/s 7.456 998 7 x 10°
horsepower (electric) watt W= 1J/s %7.46 x 10°
ikilocalorie/ sec watt w=J/s %4, 184 x 10°
#xkilocalorie/min watt W= J/s 6.973 333 3 x 10!
watt (Int of 1948) watt w=J/s 1. 000 165
Table A4-13. Pressure
To Convert To Symbol Multiply by
atmosphere newton/sq meter N/m? *1.013 25 x 10%
centimeter of mercury (0°C) newton/sq meter N/m? 1.333 22 x 103
centimeter of w;ter (4°C) newton/sq meter N/m?2 9.806 38 x 10'
dyne/sq centimeter newton/sq meter N)mZ %*1,00 x 107}
foot of water (39.2°F) newton/sq meter N/m? 2.988 98 x 10°
inch of mercury (60°F) newton/sq meter N/m? 3.376 85 x 10°
inch of water (60°F) newton/sq meter N/m? 2.488 4 x 10°
kilogram force/sq centimeter newton/sq meter. N/ms? %9, 806 65 x 10*
kilogram force/sq meter newton/sq meter N/m? *9, 806 65
pound force/sq inch (psi) newton/sq meter N/mz2 6.894 757 2 x 103
pound force/sq foot newton/sq meter N/m? 4.788 025 8 x 10}
millimeter of mercury (0°C) newton/sq meter N/m? 1.333 224 x 102
torr (0°C) newton/sq meter N/m? 1.333 22 x 102

*Exact, as defined by the National Bureau of Standards

w(thermochemical)
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To Convert To Symbol Multiply by
foot/second meter/second m/s #3.048 x 1071
foot/ minute meter/second m/s *5, 08 x 107?
foot/hour meter/second m/s 8.466 666 6 x 10-5
inch/second meter/second m/s *2.54 x 1072
kilometer /hour meter/second m/s 2,777 7778 x 107!
mile/second (U.S. statute) meter/second m/s 1,609 344 x 103
mile/minute (U, S. statute) meter/second m/s *x2.682 24 x 10°
mile/hour (U. S. statute) meter/second m/s 4. 470 4 x 107!

Table A4-15. Temperature

To Convert Symbol To Symbol Computation
°Celsius °Cels, °Centigrade °C °Cels. = °C
°Fahrenheit °F °Centigrade °C °C = 5/9 (°F-32)
°Rankine °R °Centigrade °C °C = 5/9 (°R-491. 69)
°Reaumur °Re °Centigrade °C °C = 5/4 °Re
°Fahrenheit °F °Celsius °Cels. °Cels. = 5/9 (°F-32)
°Fahrenheit °F °Reaumur °Re °Re = 4/9 (°F-32)
°Fahrenheit °F °Rankine °R °R = °F + 459.69
°Rankine °R °Celsius °Cels. °Cels,= 5/9 (°R-491. 69)
°Rankine °R °Reaumur °Re °Re = 4/9 (°R-491. 69) |
°*Reaumur °Re °Celsius °Cels. °Cels. = 5/4 °Re l
°Centigrade °C °Kelvin °K K= °C+ 273.16

Table A4-16. Thermal Conductivity

To Convert

To

Symbol

Multiply by

Btu. inch/sq foot- second. °F

joule/meter. secondKelvin

J/m-s. °K

5.188 731 5 x 10?

*Exact, as defined by the National Bureau of Standards.
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To Convert

To

Multiply by

day (mean solar)
day (sidereal)
hour (mean solar)
hour (sidereal)

minute {mean solar)

minute (sidereal)
month {mean calendar)

second (mean solar)

second (mean solar)
second (mean solar)
second (mean solar)
second (mean solar)

second {mean solar)

second {mean solar)

second {mean solar)

second {ephemeris)

*8.
8.
*3,
3.

*6.

5.
*2.

Use equation of time

64 x 10*
616 409 0 x 10*
60 x 10?
590 170 4 x 10’

00 x 10°

983 617 4 x 10°

628 x 10°

972 695 7 x 107

second (sidereal) second (mean solar) 9.
tropical year 1900,
Jan, day 0, hour 12 second (ephemeris) %3, 155 692 597 47 x 107
year {calendar) second (mean solar) %3,153 6 x 107
year {sidereal) second {(mean solar) 3.155 815 0 x 107
year (tropical) second (mean solar) 3. 155 692 6 x 107
Table A4-18, Viscosity
To Convert To Symbol Multiply by
sq foot/second sq meter/second m®/s %9. 290 304 x 107°
centipoise newton: second/sq meter N-s/m? %1, 00 x 10
pound mass/foot: second newton- second/sq meter N: s/m? 1.488 163 9
pound force: second/sq foot newton- second/sq meter N. s/m2 4,788 025 8 x 10!}
poise newton- second/sq meter N-s/m? %1, 00 x 107!
poundal- second/sq foot newton: second/sq meter N.s/m2 1. 488 163 9
slug/foot. second newton. second/sq meter N-s/m2 4,788 025 8 x 10’

# Exact, as defined by the National Bureau of Standards.
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Table A4-19. Volume

To Convert To Symbol Multiply by
fluid ounce (U.S.) cu meter m? %2.957 352 956 25 x 10°°
cu foot cu meter m3 #*2,831 684 659 2 x 107
gallon (U. S. liquid) cu meter m? %3, 785 411 784 x 107°
cu inch cu meter m? %1.638 706 4 x 10°°
liter cu meter m? 1. 000 000 x 1073
pint (U.S. liquid) cu meter m? %4,731 764 73 x 107*
quart (U.S. liquid) cu meter m3 9.463 529 5 x 1074
ton (register) cu meter m3 *2.831 684 659 2

Table A4-20. Alphabetical Listing of Conversion Factors

To Convert To Symbol Multiply by
abampere ampere A %1, 00 x 10*
abcoulomb coulomb C=A-s %1, 00 x 10"
abfarad farad F= A-s/V #*1,00 x 10°
abhenry henry H= V.s/A *1,00 x 1077
abmho mho %1, 00 x 10%
abohm ohm Q=V/A %1,00 x 107°
abvolt volt V= W/A *1,00 x 107*
acre sq meter m 2 x4, 046 856 422 4 x 103
ampere (Int of 1948) ampere A 9.998 35 x 107
angstrom meter m %1, 00 x 107
are sq meter m?2 *1,00 x 102
astronomical unit meter m 1. 495 98 x 10!
atmosphere newton/sq meter N/m?2 %1,013 25 x 10%
bar newton/sq meter N/m2 %1,00 x 10°
barn sq meter m2 %1, 00 x 107%°

# Exact, as defined by the National Bureau of Standards.
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Table A4-20. Alphabetical Listing of Conversion Factors {Cont'd)

To Convert To Symbol Multiply by
barye newton/sq meter N/m? %1, 00 x 10~ "
Btu (Int Steam Table) joule J=N-m 1, 055 04 x 103
Btu (mean) joule I=N-m 1.055 87 x 10°
Btu (thermochemical) joule J= N.-m 1. 054 350 264 488 888 x 103
Btu (39°F) joule J= N-m 1.059 67 x 10°
Btu (60°F) joule J= N-m 1.054 68 x 10°
bushel (U. S.) cu meter m3 *3.523 907 016 688 x 1072
cable meter m *2.194 56 x 10%
caliber meter m x2.54 x 107
calorie (Int Steam Table) joule J= N'm 4,186 8
calorie (mean) joule J= N.m 4.190 02
calorie (thermochemical) joule J= N-m *4, 184
calorie (15°C) joule J= N.m 4. 185 80
calorie (20°C) joule J=N.m 4.181 90
calorie (kilogram, Int Steam Table) joule J= N.m 4.186 8 x 10°
calorie {kilogram, mean) joule J= N-m 4.190 02 x 10°
calorie (kilogram, thermochemical) joule J=N-m x4, 184 x 10°
carat {metric) kilogram kg *2,00 x 107*
°Celsius (temperature) °Kelvin °K °K= °C + 273.16
centimeter of mercury (0°C) newton/sq meter N/m? 1.333 22 x 10°
centimeter of water (4°C) newton/sq meter N/m?2 9. 806 38 x 10!
chain (surveyor or gunter) meter m %2.011 68 x 10
chain (engineer or ramden) meter m %3, 048 x 10°
circular mil sq meter m? 5.067 074 8 x 10710
cord cu meter m? 3.624 556 3

*Exact, as defined by the National Bureau of Standards.




Section A4
1 February 1970
Page 26

Table A4-20. Alphabetical Listing of Conversion Factors (Cont'd)

To Convert To Symbol Multiply by
coulomb (Int of 1948) coulomb C=A's 9.998 35 x 10 -1
cubit meter m %4.572 x 10
cup cu meter m? %2, 365 882 365 x 107"
curie disintegration/second 1/s *3,70 x 1010
day (mean solar) second (mean solar) *8.64 x 104
day (sidereal) second (mean solar) 8.616 409 0 x 10*
degree (angle) radian rad 1.745 329 251 994 3 x 107
denier (International) kilogram/meter kg/m %1, 00 x 1077
dram (avoirdupois) kilogram kg #1,771 845 195 312 5 x 1072
dram (troy or apothecary) kilogram kg #3,887 934 6 x 107°
dram (U.S. fluid) cu meter m3 *3.696 691 195 312 5 x 10~
dyne newton N= kg-m/s? %1.00 x 107°
electron volt joule J=N:m 1. 602 10 x 107"
erg joule J=N.m 1,00 x 1077
*Fahrenheit (temperature) °Celsius °C °C= 5/9 (°F - 32)
°Fahrenheit (temperature) °Kelvin °K K= 5/9 (°F + 459.69)
farad (Int of 1948) farad F=A-8/V 9.995 05 x 107!}
faraday (based on carbon 12) coulomb C= A8 9.648 70 x 10*
faraday (chemical) coulomb C=A-s8 9. 649 57 x 10%
faraday (physical) coulomb C=A-s 9.652 19 x 10‘
fathom meter m *1,828 8
¢ rmi meter m %1.00 x 107 "°
fluid ounce (U.S.) cu meter m3 %2.957 352 956 25 x 107°
foot meter m %*3,048 x 107!
foot (U, S. survey) meter m *1200/3937

#“Exact, as defined by the National Bureau of Standards.
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Table A4-20. Alphabetical Listing of Conversion Factors (Cont'd)

To Convert To Symbol Multiply by
foot (U.S. survey) meter m 3.048 006 096 x 10
foot of water (39.2°F) newton/sq meter N/m2 2.988 98 x 103
foot-candle lumen/sq meter Im/m? 1.076 391 0 x 10"
furlong meter m *2.011 68 x 102
gal meter/second squared m/s? %1, 00 x 1072
gallon (British) cu meter m3 4. 546 087 x 1072
gallon (U.S. dry) cu meter m3 %4, 404 883 770 86 x 1077
gallon (U. S. liquid) cu meter m? 3,785 411 784 x 1073
gamma tesla T= Wb/m? 1,00 x 1077
gauss tesla T= Wb/m?  #1.00 x 107%
gilbert ampere turn 7.957 747 2 x 10™"
gill (British) cu meter m3 1.420 652 x 1074
gill (U.S.) cu meter m?3 1.182 9412 x 107*
grad degree (angular) 1° %9, 00 x 107
grad radian rad 1.570 796 3 x 107°
grain kilogram kg 6.479 891 x 107°
gram kilogram kg %1.00 x 10°°
hand meter m #*1.016 x 107!
hectare 8q meter mi %1, 00 x 10*
henry (Int of 1948) henry H= V.s/A 1. 000 495
hogshead (U.S.) cu meter m3 %2, 384 809 423 92 x 10!
horsepower (550 foot 1bf/second) watt W= J/s 7.456 998 7 x 10°
horsepower (boiler) watt W=1J/s 9.809 50 x 10°
horsepower (electric) watt w=7J/s *7.46 x 102
horsepower (metric) watt W= J/s 7.354 99 x 102

*Exact, as defined by the National Bureau of Standards.
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Table A4-20. Alphabetical Listing of Conversion Factors {Cont'd)

To Convert To Symbol Multiply by
horsepower (water) watt wW=17J/s 7.460 43 x 102
hour (mean solar) second (mean solar) #*3, 60 x 102
hour (sidereal) second (mean solar) 3.590 170 4 x 103
hundredweight (long) kilogram kg %5, 080 234 544 x 10!
hundredweight (short) kilogram kg %4, 535 923 7 x 10}
inch meter m %2,54 x 1072
inch of mercury (32°F) newton/sq meter N/m? 3.386 389 x 10°
inch of mercury (60°F) newton/sq meter N/ma2 3.376 85 x 10%
inch of water (39.2°F) newton/sq meter N/m? 2.490 82 x 102
inch of water (60°F) newton/sq meter N/m? 2.488 4 x 102
joule (Int of 1948) joule J= N-m 1. 000 165
kayser 1/meter 1/m %1, 00 x 10%
°Kelvin (temperature) °Celsius °C °C= °K - 273. 16
kilocalorie (Int Steam Table) joule J= Nem 4.186 74 x 10°
kilocalorie (mean) joule J= N.m 4.190 02 x 103
kilocalorie (thermochemical) joule J=N-m %4, 184 x 103
kilogram mass kilogram kg *1. 00
kilogram force newton N= kg-m/82 *9,806 65
kilopond force newton N= kg.m/a2 *9,806 65
kip newton N= kg-m/s2 *4.448 221 615 260 5 x 10°
knot (International) metetr/second m/s 5. 144 444 444 x 107}
lambert candela/sq meter cd/m? *1/pi x 10
lambert candela/sq meter cd/m2 3.183 098 8 x 10°
langley joule/sq meter J/m2 %4, 184 x 10*
Ibf (pound force, avoirdupois) newton N= kg-m/s2 *4.448 221 615 260 5

* Exact, as defined by the National Bureau of Standards.
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Table A4-20. Alphabetical Listing of Conversion Factors (Cont'd)

To Convert To Symbol Multiply by
Ibm (pound mass, avoirdupois) kilogram kg %4.535 923 7 x 107!
league (British nautical) meter m 5,559 552 x 103
league (Int nautical) meter m *5,556 x 102
league (statute) meter m *4,828 032 x 103
light-year meter m 9. 460 55 x 1015
link (surveyor or gunter) meter m %2.011 68 x 107!
link (engineer or ramden) meter m %3, 048 x 107!
liter cu meter m?3 1. 000 000 x 107°
lux lumen/sq meter Im/m? 1.00
maxwell weber Wb= V. s %1, 00 x 107°
meter wavelengths Kr8é x1.650 763 73 x 108
micron meter m *1,00 x 1074
mil meter m %2,.54 x 107°
mile (U.S. statute) meter m %1, 609 344 x 103
mile {British nautical) meter m %1.853 184 x 10°
mile (Int nautical) meter m %1.852 x 10°
mile (U.S. nautical) meter m %1, 852 x 103
millimeter of mercury (0°C) newton/sq meter N/m?2 1.333 224 x 10%
millibar newton/sq meter N/m?2 *1, 00 x 102
minute (angle) radian rad 2.908 882 086 66 x 10~*
minute (mean solar) second {mean solar) %6.00 x 10"
minute (sidereal) second (mean solar) 5.983 617 4 x 10}
month {mean calendar) second {mean solar) %2, 628 x 10°
oersted ampere/meter Alm 7.957 747 2 x 10!
ohm (Int of 1948) ohm Q=V/A 1. 000 495

*Exact, as defined by the National Bureau of Standards.
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Table A4-20. Alphabetical Listing of Conversion Factors (Cont'd)

To Convert To Symbol Multiply by
ounce mass {avoirdupois) kilogram kg *2.834 952 312 5 x 10-2
ounce force (avoirdupois) newton N= kg- m/s2 2.780 138 5 x 107!
ounce mass (troy or apothecary) kilogram kg %3, 110 347 68 x 1072
ounce (U.S. fluid) cu meter m3 %*2,957 352 956 25 x 10-5
pace meter m %7, 62 x 107"
parsec meter m 3.083 74 x 10"
pascal newton/sq meter N/m? *1. 00
peck (U.S.) cu meter m? %8.809 767 541 72 x 10~°
pennyweight kilogram kg *1.555 173 84 x 107°
perch meter m *5.029 2
phot lumen/sq meter Im/m? 1.00 x 10*
pica {printers') meter m #4,217 517 6 x 1073
pint (U. S. dry) cu meter m3 %5, 506 104 713 575 x 10°*
pint (U. S. liquid) cu meter m3 %4,731 764 73 x 107*
point (printers') meter m #3,514 598 x 1074
poise newton-second/sq meter N.s/m? %1,00 x 107"
pole meter m *5,029 2
pound mass (lbm, avoirdupois) kilogram kg *4,535923 7 x 10"
pound force (lbf, avoirdupois) newton N = kg-m/s? *4.448 221 615 260 5
pound mass (troy or apothecary) kilogram kg %3,732 417 216 x 107}
poundal newton N = kg-m/s2 x1,382 549 543 76 x 10!
quart (U.S. dry) cu meter m? %*1.101 220 942 715 x 107}
quart (U.S. liquid) cu meter m? 9.463 529 5 x 107
Rad (radiation dose absorbed) joule/kilogram J/kg %1,00 x 1072
°Reaumur (temperature) °Centigrade °C *C =5/4 °Re

*Exact, as defined by the National Bureau of Standards.
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Table A4-20. Alphabetical Listing of Conversion Factors (Cont'd)

To Convert To Symbol Multiply by
rhe sq meter/newton-second m? /N-.s *%1,00 x 10!
rod meter m *5,029 2
roentgen coulomb/kilogram C/kg *2,579 76 x 1074
second (angle) radian rad 4,848 136 811 x 107¢
second (mean solar) second (ephemeris) Use equation of time.
second {(sidereal) second (mean solar) 9,972 695 7 x 107}
section 8gQ meter m2 %*2.589 988 110 336 x 10°%
scruple (apothecary) kilogram kg %1,295 978 2 x 107°
shake second 8 1.00 x 107°
skein meter m *1.097 28 x 102
slug kilogram kg 1. 459 390 29 x 10!
span meter m %2, 286 x 1071
statampere ampere A 3.335 640 x 10°®
statcoulomb coulomb C=A-s 3.335 640 x 1079
statfarad farad F= A-s/V 1.112 650 x 107!
stathenry henry H= V.s/A 8.987 554 x 10'!
statmho mho 1.112 650 x 1072
statohm ohm =V/A 8.987 554 x 10!
statvolt volt V= W/A 2.997 925 x 10?2
stere cu meter m3 *1.00
stilb candela/sq meter cd/mz2 1.00 x 10*
stoke sq meter/second m? /s #1.00 x 1074
tablespoon cu meter m?3 %1, 478 676 478 125 x 107°
teaspoon cu meter m?3 %4,928 921 593 75 x 10°¢

*Exact, as defined by the National Bureau of Standards.
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Table A4-20. Alphabetical Listing of Conversion Factors (Cont'd)

To Convert To Symbol Multiply by
-2

ton (assay) kilogram kg 2.916 666 6 x 10
ton (short, 2000 pound) kilogram kg %9, 071 847 4 x 10%
ton (long) kilogram kg %1.016 046 908 8 x 10°
ton (metric) kilogram kg #1,00 x 10?
ton (nuclear equiv. of TNT) joule J= N-m 4,20 x 10°
ton (register) cu meter m3 *2,831 684 659 2
torr (0°C) newton/sq meter N/m? 1,333 22 x 102
township sq meter m? 9.323 957 2 x 107
unit pole weber Wb= V. g 1.256 637 x 1077
volt (Int of 1948) volt V= W/A 1,000 330
watt (Int of 1948) watt w=UJ/s 1. 000 165
yard meter m %9, 144 x 107}
year {calendar) second (mean solar) %3, 153 6 x 107
year (sidereal) second (mean solar) 3.155 815 0 x 107
year (tropical) second (mean solar) 3.155 692 6 x 107
year 1900, tropical, Jan, second (ephemeris) 8 %3, 155 692 597 47 x 107

day 0, hour 12

*Exact, as defined by the National Bureau of Standards.
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Table A4-21. Decimal and Metric Equivalents of Fractions of an Inch

Inch Inch Millimeter Centimeter Meter
Decimal Fraction {mm) (cm} (m})
0.015 625 1/64 0.396 87 0. 039 687 0. 000 396 87
0.031 25 1/32 0.793 74 0.079 374 0.000 793 74
0. 046 875 3/64 1. 190 61 0.119 061 0.001 190 61
0.062 5 1/16 1. 587 48 0. 158 748 0. 001 587 48
0.078 125 5/64 1.984 35 0. 198 435 0.001 984 35
0.093 75 3/32 2.381 23 0.238 123 0. 002 381 23
0.109 375 7/64 2.778 09 0.277 809 0. 002 778 09
0, 125 1/8 3.174 97 0.317 497 0.003 174 97
0. 140 625 9/64 3.571 83 0. 357 183 0.003 571 83
0. 156 25 5/32 3.968 71 0.396 871 0.003 968 71
0.171 875 11/64 4.365 57 0.436 557 0. 004 365 57
0.187 5 3/16 4.762 45 0.476 245 0.004 762 45
0.203 125 13/64 5.159 31 0.515931 0.005 159 31
0.218 75 7/32 5.556 20 0. 555 620 0. 005 556 20
0. 234 375 15/64 5.953 05 0. 595 305 0. 005 953 05
0.25 1/4 6. 349 94 0. 634 994 0. 006 349 94
0. 265 625 17/64 6.746 79 0.674 679 0.006 746 79
0.281 25 9/32 7.143 68 0.714 368 0. 007 143 68
0.296 875 19/64 7.540 53 0. 754 053 0. 007 540 53
0.3125 5/16 7.937 43 0. 793 743 0.007 937 43
0. 328 125 21/64 8. 334 27 0.833 427 0. 008 334 27
0.343 75 11/32 8.731 17 0.873 117 0.008 731 17
0.359 375 23/64 9,128 01 0.912 801 0.009 128 01
0. 375 3/8 9.524 91 0.952 491 0.009 524 91

0.390 625 25/64 9.921 75 0.992 175 0.009 921 75
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Table A4-21. Decimal and Metric Equivalents of Fractions of an Inch (Cont'd)

Inch Inch Millimeter Centimeter Meter
Decimal Fraction {mm) (cm) {(m)
0.406 25 13/32 10.318 65 1.031 865 0.010 318 65
0.421 875 27/64 10,715 49 1.071 549 0.010 715 49
0.437 5 7/16 11.112 40 1.111 240 0.011 112 40
0.453 125 29/64 11.509 23 1.150 923 0.011 509 23
0.468 75 15/32 11.906 14 1.190 614 0.011 906 14
0.484 375 31/64 12.302 97 1.230 297 0.012 302 97
0.5 1/2 12. 699 88 1.269 988 0.012 699 88
0.515 625 33/64 13.096 71 1,309 671 0.013 096 71
0.531 25 17/32 13.493 62 1.349 362 0.013 493 62
0.546 875 35/64 13.890 45 1.389 045 0.013 890 45
0.562 5 9/16 14,287 37 1.428 737 0.014 287 37
0.578 125 37/64 14. 684 19 1.468 419 0.014 684 19
0.593 75 19/32 15,081 11 1.508 111 0.015 081 11
0. 609 375 39/64 15.477 93 1.547 793 0.015 477 93
0. 625 5/8 15. 874 85 1.587 485 0.015 874 85
0. 640 625 41/64 16.271 67 1.627 167 0.016 271 67
0. 656 25 21/32 16. 668 59 1. 666 859 0.016 668 59
0.671 875 43/64 17. 065 41 1.706 541 0.017 065 41
0.687 5 11/16 17.462 34 1.746 234 0.017 462 34
0.703 125 45/64 17.859 15 1.785 915 0.017 859 15
0.718 75 23/32 18, 256 08 1. 825 608 0.018 256 08
0.734 375 47/64 18. 652 89 1. 865 289 0.018 652 89
0.75 3/4 19,049 82 1.904 982 0.019 049 82
0.765 625 49/64 19. 446 63 1.944 663 0.019 446 63

0.781 25 25/32 19. 843 56 1.984 356 0.019 843 56
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Joints and Fasteners

Mechanical Joints and Fasteners

Riveted Joints

Although the actual state of stress in a riveted joint is complex,
it is customary to ignore such considerations as stress concentration
at the edge of rivet holes, unequal division of load among fasteners,
and nonuniform distribution of shear stress across the section of the
rivet and of the bearing stress between rivet and plate. Simplifying
assumptions are made, which are summarized as follows:

(1)

(2)

(3)

(4)

(5)

(6)

The

The applied load is assumed to be transmitted entirely by
the rivets, friction between the connected plates being
ignored.

When the center of cross-sectional area of each of the rivets
igs on the line of action of the load, or when the centroid of
the total rivet area is on this line, the rivets of the joint
are assumed to carry equal parts of the load if of the same size;
and to be loaded proportionally to their section areas otherwise.

The shear stress is assumed to be uniformly distributed across
the rivet section.

The bearing stress between plate and rivet is assumed to be
uniformly distributed over an area equal to the rivet diameter
times the plate thickness.

The stress in a tension member is assumed to be uniformly
distributed over the net area.

The stress in a compression member is assumed to be uniformly
distributed over the gross area.

design of riveted joints on the basis of these assumptions is

the accepted practice, although none of them is strictly correct.

The

possibility of secondary failure due to secondary causes, such

as the shearing or tearing out of a plate between rivet and edge of

plate or

between adjacent rivets, the bending or insufficient upsetting

of long rivets, or tensile failure along a zigzag line when rivets are
staggered, are guarded against in standard specifications by provisions
summarized as follows:

(1)

(2)

The distance from a rivet to a sheared edge shall not be less
than 1 3/4 diameters, or to a planed or rolled edge, 1 1/2
diameters.

The minimum rivet spacing shall be 3 diameters,
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B 1.1.1 Riveted Joints (Cont'd)

(3) The maximum rivet pitch in the direction of stress shall be
7 diameters, and at the ends of a compression member it shall
be 4 diameters for a distance equal to 1 1/2 times the width
of the member.

(4) In the case of a diagonal or zigzag chain of holes extending
across a part, the net width of the part shall be obtained
by deducting from the gross width the sum of the diameters of
all the holes in the chain, and adding, for each gauge space
in the chain, the quantity Szlag, where S = longitudinal
spacing of any two successive holes in the chain and g = the
spacing transverse to the direction of stress of the same
two holes. The critical net section of the part is obtained
from that chain which gives the least net width,.

(5) The shear and bearing stresses shall be calculated on the
basis of the nominal rivet diameter, the tensile stresses on
the hole diameter.

If the rivets of a joint are so arranged that the line of action
of the load does not pass through the centroid of the rivet areas then

the effect of eccentricity must be taken into account.

B 1,1.2 Bolted Joints

Bolted joints that are designed on the basis of shear and bearing
are analyzed in the same way as riveted joints. The simplifying assump-
tions listed in Section B 1.1.1 are valid for short bolts where bending
of the shank is negligible.

In general when bolts are designed by tension, the Factor of
Safety should be at least 1.5 based on design load to take care of
eccentricities which are impossible to eliminate in practical design.
Avoid the use of aluminum bolts in tension,

Hole-filling fasteners (such as conventional solid rivets) should
not be combined with non-hole-filling fasteners (such as conventional

bolt or screw installation).

B 1.1.3 Protruding-Head Rivets and Bolts

The load per rivet or bolt, at which the shear or bearing type of
failure occurs, is separately calculated and the lower of the two
governs the design. The ultimate shear and tension stress, and the
ultimate loads for steel AN bolts and pins are given in Table B 1.1.3.1
and B 1.1.3.2, Interaction curves for combined shear and tension load-
ing on AN bolts are given in Fig. B 1.1.3-1. Shear and tension ultimate
loads for MS internal wrenching bolts are specified in Table B 1.1.3.3.
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B 1.1,3 Protruding-Head Rivets and Bolts (Cont'd)

In computing aluminum rivet shear strength, the correction factors
given in Table B 1.1.3.5 should be used to compensate for the reductions
in rivet shear strength resulting from high bearing stresses on the
rivet at D/t ratios in excess of 3.0 for single-shear joints, and 1.5
for double-shear joints. The basic shear strength for protruding-head
aluminum-alloy rivets is given in Table B 1.1.3.6.

The yield and ultimate bearing stresses for various materials at
room and elevated temperatures are given in the strength properties
stated for each alloy or group of alloys, and are applicable to riveted
or bolted joints where cylindrical holes are used and where D/t < 5.5,
Where D/t > 5.5, tests to substantiate yield and ultimate bearing
strengths must be performed. These bearing stresses are applicable only
for the design of rigid joints where there is no possibility of relative
motion of the parts joined without deformation of the parts. Yield and
ultimate stresses at low temperatures will be higher than those specified
for room temperature; however, no quantitative data are available.

For convenience, "unit" sheet bearing strength for rivets, based
on a stress of 100 ksi and nominal hole diameters, is given in Table
B 1.1.3.7. Factors representing the ratio of actual sheet bearing
strength to 100 ksi are given in Table B 1.1.3.8. Table B 1.1.3.9
contains unit bearing strength of sheets on bolts. For magnesium-alloy
riveting, it is unnecessary to use the correction factors of Table
B 1.1.3.5, which account for high bearing stresses on the rivet,
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B 1.1.3 Protruding-Head Rivets and Bolts (Cont'd)
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B 1.1.3 Protruding-Head Rivets and Bolts (Cont'd)
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Note: Curves not applicable where shear
nuts are used. Curves are based on the
results of combined load tests of bolts
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Interaction Formula
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Fig. B 1,1.3-1 Combined Shear and Tension on AN Steel Bolts.
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B 1.1.3 Protruding-Head Rivets and Bolts (Cont'd)
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B 1.1.3 Protruding-Head Rivets and Bolts (Cont'd)

sz 0892 s¢’
0¢° | 080t | $9¢¢ g9ze 0z
91/€ | si8z | 0912 0912 91/€
081" | 0Slz | $607 60T 08T
0/1° | s8sz | <toT <T02 0T”
091" | Oc7e | SZ61 06L€ | O€61 091"
7875 | 29%z | 088l 00LE | 8681 ZE/S
0ST° | ¢Sez | 208t 05E | Svel oSt
ovT- | 180¢ | SZoT 022€ | 291 o7
0ET” | 0261 | 25¢t SE6C | 0891 0ET”
821" | <8e1 | feoT 78z | $991 AN
0z1° | 2si1 | Lewt | swel $79z | 8651 | 0971 01
OTT- | S8ST | 0ol | siet 0s€z | ¢IST | o%el 01T
ZOT° | 0S%T | 0021 | SO1T 0ziz | 9771 | owel ZoL
001" | 0¢YT | L1t | SLo1 | 02l <90z | 0e%T | 0Zzi 00T"
T60° | 0Zz1 | 2901 | 256 | <%9 0081 | GSe1 | OI1T 160°
080" | 2601 | S26 | L08 | 09S S6%1 | S9¢1 | 086 6% 080°
20" $z8 ] 569 | 06v | €1 0921 | S61T | 288 | 2L | 9%% 210"
790" <zl | 685 | 0ty | ¢9¢ | 2%¢ | SLZIT | OE1T | 28 | 0%9 | 91y 790"
10" <iv | 8s1e | 2LZ | S8t 020T | 229 | 067 | 8%t 150°
TH0” A A L) 0l [ 058 | 58% | 1T 1552 THo"
090" Ttz | 00z | 8E1 06v | 08 | 06c¢ | €62 0%0°
Z€0° 97T | 0T 06€ | 06 | 8¢ | 661 ZE0"
T4) T7 0CC [ OTZ [ 0T S0
020" SIT | 671 0¢0" |
910" 09T ] Ot1 510"
UOTSUAL | zyge | 0192 | ST | 62t | sww | 19z | ooew | se9z | gos1 | o18 | 128 |96z Horsusl
PE2H pPe3H
'via | 91/S | #/1 | 91/¢ | ¢€/s | 8/1 | ce/€ | 91/s | #w/1 | 91/ | ee/s | /1 |ze/¢ "Via

SurleATY YSnId T1V

peoH fesiaatuf)

393YSs PeT2TV 9tl-%20¢ PUB £L-%20C

$39ATY PITOS 104 SPROT UOTSUSL IeWIITAH € T°1 €91qel



Section B 1

25 September 1961

Page 9

000°1
¢L6°0

000°1
966"
86"
7L6°
%9670

ll.l.l.ll.;
000°1
966"
086"
%96°0

essccsecey

IR TR RRE DRy

000°1
2L6°0

000°1
966"
086"
%960

Prucavesanecy
eescosccsed
secssscsnsd
Peoessnsasne

ssseconnaad

000°1
966"
086"
%96°0

pescocsces

sevsecsssrsecccscocne

sssescecsd

evecsrsscesfsssssssnnns

000°1
¢L6°0

becvssnanse

966"
86"

e0ecsecssss
eascescescesse
eesosessnnady

sessasesead

seevececssse

peecccsccns

796°0

0sZ°0
061°0
09170
R oAl 0

--.-.-.n-on--..-.-o--o-o-o-OOH .O

locoo-llnnnu-.-onnccaco-oocoo-oooao.o
ooonnnoc-o-o-coon-oo»oc-oocc.o-owo.O

lcc-oo-o-oo-ooo'ooo..o-o-oc.ouoHNO.o

sessssssssesessseseasussensosnnen MH@O-O
v..c-o.oo.oooo-.ao-cn--..t-oc.omo.O
oooooooo-ccoon.oaoooo-o.uuuuulonm.qo.o
Prasecssscssevsssccnncccancsnncsnesve o.qo.o
P N R T T T R Y @M0.0

.........-...-oo-.u..-..o.-....o.-.-o---Nmo.o

0001

R R A R I T R R MNOO

seresscstcsvecssecenessacseacase (3200
fesssscteitcncineititiincceseses QT ()

SeessesssssssseseET et @HO-O

thuT ‘sSsSaudoTyl 329Yys

s103o®3 YiBusals 1aATI 1B3YS-IT3UTS

Protruding-Head Rivets and Bolts (Cont'd)

B 1.1.3

008y
0SH Y
0L6°¢€
016°¢
08Z°¢

09€°¢
0T1‘¢
06L°C
09%°C
06Z2°C

0Z1°¢
0(6°T
09.°1
0SS °T
0S%°1

08T°1
060°1
LL6
798
Z08

18
GSL
S.9
966
9¢¢

Tec
6%
(A
88¢
€9¢

96¢
€L
Lve
L1¢
£0¢

Shl
GET
0¢1
901
66

sy 14="%1 ‘1¢1-%20C
TSy ¢="%4 ‘¢l-.10C
sy 4¢="%3 ‘1¢€1-.10C
sy gg=""3 ‘€l-/11¢C
sy g7="%1 ‘950¢

:q1 ‘y3i8usals aedUS

aa

av

8/¢

91/¢

w/1

91/¢

[AWAS

8/1

ce/e

91/1

‘39ATa JO ao32wel(

ap0o) (rur)

TR

$39ATY AOTTV-wnuiwniy

pEaH-Uysn1d

pue

3uipnajoag jJo syilduails aeays ¢°¢1°1 € 919l




~—

25 September 1961

Section B 1
Page 10

‘sjutol a1eays-afqnop

ur 133Ys ITPpPTW 2Yjl pue sjuyol 1eays-afBurs ur 3I93YS 3ISAUUTYI 3Y3l JO 3IBYI ST SSIUNDTYI 122YS
*d14qeI1I®RAE

aaad13ym pasn aae elep L3T1Tqeqoad juadiad (g6 031 Surpuodsairod g Q°'ZI‘'H QeI UT S2SS2I3IS IBOYS
"2 230u ‘6°0°CT°%

31qe3 uTl parjIoads sadjdweIp 3T0Y jrulwou 2yl o3 Surpuodsailod SeaIP UO PISeq I SanTeA IBIYS

"uoT393110d B yYons 2arnbaa o3 ySnous s8aey sT or3EI 3/Q
29Uyl JId2A2UdYM UTD13Y u3aAIB si1o3ldey 9yl Lq paTTdrifnu aq pInoys yiBuails Ieays JO sanIepA :23I0N

B 1.1.3 Protruding-Head Rivets and Bolts (Cont'd)

000°1
GE6”
£88°
818"
?1L°0

000°1
7L6°
GE6”
£88"°
c6L”
€S L”
889°0

0001
186"
SE6°
0(8°
1€8°
478
owL”
889°0

000°1
196°
(44
968"
168"
818"
71.°0

tevsensecae

000°1
7i6°
8%6"
616°
£88°
(47
ovL”
889°0

secesccand
peeccsncen
cesocsonse
secsccenny

ecscssccnad

000°1
76"
GE6”
0.8"
1€8°
478
oves
889°0

SETTITIRES
000°1
196°
44
968"
LS8
818"
%1L°0

XEXTERFTERR

cesessesenad
000°1
(86"
vi6®
G€6°
048~
47
£s L’
889°0

oc-noo..convt.ounn--oo.oo.co-nn-.nocco-cocomNoo

sesessisittititeticiiitttanaces g

-.cc-o-.-.ooo-n-...-c.c-o.oo-.-OO._”.O

-ooo-o.-novo-oo-oo-oocu-oc-o-oo-.ooo-unnmNH-o

-o---.n-vonnoccu-uounoo-cauucc-tco-ccuoccoo.m .O

-oooooooo.v-:oon-.no.0n.o.0noa‘|cooo-ucu-tomo.o

c.u.t.c...i.ooco-oac..ooc.u.o.-oowo-o

.oo-....oo..o.-...o-o-.-.ooo-oco.ﬂN0.0
Sessecsccsecccesnintscancoccssans MQ0.0
..o.o.oo--.o..n.-.--oc-.-o-Oﬂ0.0

sessacecsssecsessonsasessnnssses m..NO.O

LR R R T N R TR R Y P Oqo.o
L R X T TR @ﬂo.c

cecrssessesteisecstessastcanane 2600
o.-oon---.-..--ocoo-o--n.oomNo.o
.oouun.tconunnot-l-ovlooonoo-QOONo.O
0-oo-.lo-.-o.u-ooooococcoolloncwHo.O

®0000scesrencnrecscsscsccscvntsce @H0.0

trut

s1030€3 Y3i8us13ls 3IIATI IBAYS-dTqnogd

8/¢ | 91/¢

7/1

91/¢

ze/s

8/1

ce/e

91/1

(rur)

(P,3u0d) S33ATY AollV-wnurwnily peaH-ysnig pue Burpnijolg jo syiBuaiag aesys ¢ ¢'1°1 d 319elL

‘ssauyoryl 32ays

‘39AT1 3O adjswerq




Section B 1

25 September 1961

Page 11

~.

Protruding-Head Rivets and Bolts (Cont'd)

B1.1.3

98¢0 €Ce 0} LST0 161°0 66170 §821°0 9600 £90°0]--(-u1) ‘1ajsweIp afoy JeUTWON
.3 AH rm HA—” HN om H.‘\d .—..m .........-.......-.-.oz MHH.HQ
8/¢ 91/6 7/1 91/¢ rAYAY 8/1 e/ € 9T/1 [ "t cctrtctrrttrul f9zis 19aly

S1939WeT( 9TOH [PUIWON pu® S2z1IS [[IX( 9TO0H-19ATY piepuels

"pPasn 3q [TBYS anTes PIISI] Y3l “sSan[ea PaisI] 3yl ueyl 1981e] ST Id3dWeIp 9]0y [BUTWOU 2yl T

‘molaq

P231STT sanfea 3yl ueyj I331e] JOU ST IDIBdWEIP ITOY [BUTWOU 3Y3 jey3 papiroad ‘I1ajasureIp 9oy [BUTWOU
2yl 03 3uTpuodsori0d SEBIAEL UO PISEQ 9q ABW SIBATI UIATIP 10J saniesr yi8uaiils Surieaq pue 1eays 3

*e3ep £31119qBq01d uodn paseq uunyed L3xadoxd-IedTuBydsw 34l ST ¢
¢s91319doad 971susl pesjuerend wnuiuTw 2yl uodn paseq UUNTod L3xadoid-TEOTUBYISW Y ST YV P

(*uoT3TPUOD Po8E BYJ UT USATIP 3I® SISATI 9Y] USYM PIUTE3IQO S3I09JI9 SUIIOM-PTOD 3Y3 WOII I[NSaI

S39AT1 €I-/T10Z 243 Jo sar3zzadoxd yj8uaxzs iay3t1y ayl)

*UPATAP UaUl pue ‘Suiyousnb 133Je SAep b

1sea]

!

e 103 2anjeisdwal woox e pade AT[NJ 91' YOTUM SIIATI /]Q7 O SiAdI01 uo11ruliIsap ¢Il-/T07 22Ul O

‘SUTATIP [TIUN UOTIIPUOD PIIBI1I-IEBIY
9Yyl Ul pPIaUTIRIUTRW UDYJ pUB PIIEII] ILIY UIIq 9ABY IBYI SIIATI 03 S1aJal uoTIeuldisap 1€I-/107 93Ul q

*I9ATX B9Yl JO I9IOWRIP NURYUS TRPUTWOU 33Ul S$2WI] €°T ISEIT] 3¢ 29q [[BYS I9I2WRTIp peoYy UsATIp 3Ul ®©

ey we | se| e ] e ee 67 | 9¢
8¢ LC % LE 8¢ <t 49 %3 013 8¢
d v d v q v q v d v
TCEH- T€L- >€L- ql€l- | €I~
7.9G6-4~TIH
9606 #7¢0¢ LT10¢ L11¢C
pS3IdATI peay-3urpnijord

cce(da1a

L A I RS |

192ATX pUB S39ATX USATAIPUN I10T)
seceeer (839071 UBATIP 103) oNS3

..

L A I I R R R R R .

.Dm.m
:1sy ‘yaduai3ls§ ieays L93vwWIITN

A e s e e

"psTseg
frtrttuor3Tpuo)
*uo13ed1J102dS

-......;AOHHKa

-...@Q\A—H

§19ATY AOTIV UMuUTWN]Y 10F U3zBuallS Ieoay§ o93ewid[19 ¢ 1 1 491981




B 1.1.3 Protruding-Head Rivets and Bolts (Cont'd)

Shear Reduction Factor
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Fig. B 1 1.3-2 Reduction Factor for Allowables of Protruding
Head, AN470-AD (2117-T3), Rivets at Elevated

Temperature for Five Minutes
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B 1.1.3 Protruding-Head Rivets and Bolts (Cont'd)
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Fig. B 1.1.3-3 Unit Bearing Strengths of Shects on Rivets
Fpr = 100 ksi
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B 1.1.3 Protruding-Head Rivets and Bolts (Cont'd)
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Protruding-Head Rivets and Bolts (Cont'd)
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B 1.1.3 Protruding-Head Rivets and Bolts (Cont'd)
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B 1.1.3 Protruding-Head Rivets and Bolts (Cont'd)
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Fig. B 1.1.3-4 Unit Bearing Strengths of Sheets on Bolts and Pins
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B 1.1.3 Protruding-Head Rivets and Bolts (Cont'd)
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B 1.1.4 Flush Rivets

Table B 1.1.4.1 through B 1.1.4.3 contain ultimate and yield
allowable single-shear strength values for both machine-countersunk
and dimpled flush riveted joints employing solid rivets with a head
angle of 100°. These strength values are applicable when the edge
distance is equal to or greater than two times the nominal rivet dia-
meter. Other strength values and edge distances may be used if sub-
stantiated by tests.

The allowable ultimate loads were established from test data using
the average failing load divided by a factor of 1.15. The yield loads
were established from test data wherein the yield load was defined as
the average test load at which the following permanent set across the
joint is developed:

(1) 0.005 inch, up to and including 3/16 inch diameter rivets.

(2) 2.5 percent of the rivet diameter for rivet sizes larger
than 3/16 inch diameter.
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B 1.1.4 Flush Rivets (Cont'd)
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B 1.1.4 Flush Rivets (Cont'd)
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B 1.1.4 Flush Rivets (Cont'd)
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B 1.1.4 Flush Rivets (Cont'd)
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B 1.1.5 Flush Screws

Table B 1.1.5.1 contains ultimate and yield allowable strength
values for 100° flush-head screws with recessed heads installed in
machine-countersunk clad 2024 and 7075 sheet. These strength values
are applicable when the edge distance is equal to or greater than two
times the nominal screw diameter. Other strength values and edge
distances may be used if substantiated by tests.

These strength values may be used for the design of dimpled joints.
Higher values may be used for dimpled joints if based on test results.

The allowable ultimate loads were established from test data using
the average failing load divided by a factor of 1.15. The yield loads
were established from test data, wherein the yield load was defined as
the average test load at which the following permanent set across the
joint is developed:

(1) 0.012 inch, up to and including 1/4 inch diameter screws.

(2) 4.0 percent of the screw diameter for screw sizes larger than
1/4 inch diameter.

The test specimens used were made up of two equal-gage sheets lap
jointed and machine countersunk with washers to build up thickness to
minimum grip. All joints had 2D nominal edge distance in the direction
of the load and were either of the three-screws-across or the two-
screws~in-tandem type. For the latter type, the flush heads were placed
on opposite sides of the joint to assure 2D edge distances.
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B 1.1.5 Flush Screws (Cont'd)
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B 1.1.6 Blind Rivets

Tables B 1.1.6.1 through B 1.1.6.6 contain ultimate and yield
allowable single-shear strengths for protruding and flush-head blind
rivets. These strengths are applicable only when the grip lengths and
rivet-hole tolerances are as recommended by the respective manufacturers,
and may be substantially reduced if oversize holes or improper grip
lengths are used.

The strength values were established from test data obtained from
tests of specimens having values of e/D equal to or greater than 2.0.
Where e/D values less than 2.0 are used, tests to substantiate yield
and ultimate strengths must be made. Ultimate strength values of pro-
truding and flush blind rivets were obtained from the average failing
load of test specimens divided by 1.15. Yield strength values were
obtained from average yield load test data wherein the yield load is
defined as the load at which the following permanent set across the
joint is developed:

(1) 0.005 inch, up to and including 3/16 inch diameter rivets.

(2) 2.5 percent of the rivet diameter for rivet sizes larger than
3/16 inch diameter.

For tables B 1.1.6.2 and B 1.1.6.3 the ultimate rivet shear strength
was based on the comparable rivet shear strength of 2117 solid rivets,
as noted in table B1.1.6.3. Test data on which the strength values of
these tables were based were obtained using standard degreased clad
2024-T4 specimens.

In view of the wide variance in dimpling methods and tolerances
for aluminum and magnesium alloys, no standard or uniform load allow-
ables are recommended. Allowables for ultimate and shear strengths of
blind rivets in double-dimpled or dimpled, machine-countersunk applica-
tion should be established on the basis of specific tests. 1In the
absence of such data, allowables for blind rivets in machine-countersunk
sheet may be used.

Since blind rivets are primarily shear-type fasteners, they should
not be used in applications where appreciable tensile loads on the
rivets will cxist. Reference should be made to the requirements of the
applicable use of blind rivets, such as the limitations of usage on
Drawing MS33522.
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B’1.1.6 Blind Rivets (Cont'd)
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B 1.1.6 Blind Rivets (Cont'd)
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Blind Rivets

B 1.1.6
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B 1.1.6 Blind Rivets (Cont'd)
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B 1.1.6 Blind Rivets (Cont'd)

OETT] G68 | LEQ |eoscefercenodercoscgecceny Ott7T]=so s qosccceqrecccccnngaecccccvacccccnncsses GZT 0
266 | €22 | 966 ....L.......-......-..... OYZT 208k -resecporccccangesascacecccccccnsesea 00T "0
C68 | 69 | LES | LTI | STL leevvecfececc] OVTT G8L|+eccccopecccsrccopeceancccncscnnsesese 060°0
GG/ Jeeseceteeees] 96/ | ¥8G [ T8 | G8E | Q0L pevecccpecesd 070" 0CL! 9SS ceevesssodeccccstcenninnnanenes )80 °Q
om.h mqm esessdeccssad MNm NN.—N .Q..Vm ON@ HNm eecoad Oﬂ@ mwo ¢Nﬂ ocuc...o-;o-.-.--oo--.-....HNO.O
TS9 |E0S | 9€EC [re-ee-4 0L 168C [ LOE| €€9 | L6Y |22C | LEB | LO9] 1I8%| £9¢C cssesscrssrcnrereaes €90°0
GO 1062 |*osese}------{O1E |B%C | 06% [O%Yy |60€ | L99 ]| #6%| O1I%] 11t csssscscccencernccses(3G0 0
L6T ) 16€ {%GE {CLT ] GES | 16€) %ZE€| 89C sesessssecssrssnnnns QR0 0
Bee | 192 |0CC | SER7 | 81¢] 09¢| O1C tecccesicriranccessaa 0E0°0
981 |191 eeseesdeeaes] 0121 S9O1 R T TX YA M0
*Nm.H -c.-..ocouccano-coo-ON0.0
m.ﬁw ‘ssauNOTYl 3I=9|YS
y3i8usa3s ajewrlIf
or/efze/s[8/1 | 7/1 | o1/¢clee/sIs/1f ot/efee/c]8/1] w/1 B1/€lze/S] 8/1 ("ut) a93swelp ISATH
0-VIEZV TetTax=s3euw EEL 6N

€0902-SH |

1090C¢-SKH

2090Z-SK |

0090¢-SH

9dA] 19ATY

}UNsSIa3uUNod BUIYIEK

peay Juipnajoid

UOTJIE][BISUL

q1_‘y3dusils

399Y§ wnysouBel UT SIVATY WNUTWNIY 960G PUTIE 203 sy3aBuoals PIatX pue

93ewIlIn %°9°1°1 € 919l




25 September 1961

Section B 1
Page 35

9JEUIIIN POIBITPUT BY3 JO /7 UBY) SSI] d1r SUOTIBPUTQUOD ISATI-I99YSs @Yyl JO SaNTEA PIIIX

‘saniea

q
*poindwod aq prnoys

SUOTIBUTQUWOD 3BATI-3I9Ys I3MOT 2yl I0J 9]qemo[[e 3urieaq ‘ISduUUTY] ST 3I29Ys I9MOT 9Yl a1aym

sjutol >unsiajunodo autyoew Jo Ised ayj uj

*suoTied1Tdde Junsisjunodo aurydew 103 3I93ys aaddn

243 3o 3ey3 pue ‘suorjedridde peay-3uipnijoad 103 3199Ys 3Isauutyl =yl jo eyl ST 93eS 199Yg e

LShq |2L€q |sLT |0%9q|0%Sq |87y
00%q {12€q |SET |0L17q |SO7q|9SE

q

£es
116

secsessnnccsosnasnnste mNH -o
Ty rryepey Yok IXy

0LEq |96Zq 9124 |06€4 |E7E4|90E, [99Cq |20S
S¥E€q |SLTq [002q |LT1Eq 8824 | €92 (8224 |LSY
0T€q 752 [S8Tq |-++==10%Z | L12q 1614 (9TY
9€T, |0LTy feemer[L61g |78, (1914 |28E
qfq q}’®q|*7!q

KA S K72 # A M 1343

9L, [8LT
L£2q

66€ | €9Cq 1056 | <79 |09%
I8E | 8%Cq (€S8 | 655q|lth [00¢€
¢LE | O%C |008 | 61S {20%,|00E
¢9¢ | SEC |9%L | 48% mmmn 65Cq
cht | 6CC |LL9 | 957 |0SE |6STq
¢1¢ | 9¢C |009 | 1€ (9¢t |[IwC
09Z | v61 |[S6% | ¥Se |06C (ETC
8TC [ I9T |96t | 982 |E€C (€81
88T | LE€T1 |9¢t€ | 8Btec |¢61 (0SI
C9T [ 9QTT [eese-q-eese-={/GT {0OCT
001

oocona-u-u-a-nco-onlOmo-o
cesscccssessscenceeesas (N800
ssssesscscerscinscencs T/
csescestsncscscneesess €00
.-.......o...........Om0.0
esessscrsnsscnncececc(O0 "0
csscecssesssssnsscsace 700
eesssssarcnscsncarenes G700
-oooo.uou-.--nuouoONo-O

yis8uaals piot

A

91/€ [ce/S [8/1 [v/1 [91/€]ec/S[8/T [91/¢€[ec/S[8/1 |%/1 PI/E ke/S [8/1

('utr) I93°WEIpP 3I9ATY

0-VIEZV

TeIio3ew 329Ys

£090C-SH | 10902 -SH

2090Z-SH | 00902 -SK

9dAal 39ATY

MUNSA3JUNOD DUIYDENR

peay duipnijoig

q1 ‘y3Buailg

uoIlelIEISUL

B 1.1.6 Blind Rivets (Cont'd)

199Ys wnysouSel UT SIVATY WNUIWNTY 9G0G PUTTE 103 YyaBuailg pIaTA pue

(p,3u0))

23ewWIITn ¥°9°T°T 4 @Iqel




Section B 1

25 September 1961

Page 36

Cont'd

Blind Rivets
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B 1.1.6 Blind Rivets (Cont'd)
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B 1.1.6 Blind Rivets (Cont'd)

Table B 1.1.6.6 Explosive Rivets, DuPont Extended Cavity

Ultimate Rivet Load, Lb/Rivet

Rivet Sheet Gauge
Size . 025 .032 .040 .051 . 064 .072 .081
5/32 320 410 513 610 610 610 --

3/16 -- 495 620 796 880 880 880
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B 1.1.7 Hollow-End Rivets

If hollow-end rivets with solid cross sections for a portion of
the length (AN 450) are used, the strength of these rivets may be taken
equal to the strength of solid rivets of the same material, provided
that the bottom of the cavity is at least 25 percent of the rivet dia-
meter from the plane of shear, as measured toward the hollow end, and
further provided that they are used in locations where they will not
be subjected to appreciable tensile stresses.

B 1.1.8 Hi-Shear Rivets

The allowable shear load for "Hi-Shear'" rivets is the same as
that specified for the standard aircraft bolts heat treated to 125 ksi
and given in table B 1.1.3.2.

B 1.1.9 Lockbolts

Lockbolts and lockbolt stumps shall be installed in conformance
with the lockbolt manufacturer's recommended practices, and shall be
inspected in accordance with procedures recommended by the manufacturer
or by an equivalent method. The ultimate allowable shear and tensile
strengths for protruding and flush-head Huck lockbolts and lockbolt
stumps are contained in table B 1.1.9.1. These strength values were
established from test data and are minimum values guaranteed by the
manufacturer. Shear and tensile yield strengths and ultimate and
yield bearing strengths will be added when available.

For all lockbolts but the BL type (blind) under combined loading
of shear and tension installed in material having a thickness large
enough to make the shear cutoff strength critical for the shear load-
ing, the following interaction equations are applicable:

Steel lockbolts - R¢ + RglO = 1.0, 7075-T6 lockbolts - Ry + Rg® = 1.0,
where Rt and Rg, are the ratios of applied load to allowable load in
tension and shear, respectively.
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B 1.1.9 Lockbolts (Cont'd)
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B 1.1.10 Jo-Bolts
The ultimate and yield allowable shear strengths for flush-head

steel and aluminum Jo-Bolts in clad aluminum-alloy sheet are given in
Tables B 1.1.10.1 and B 1.1.10.2,
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B 1.1.10 Jo-Bolts (Cont'd)
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B 1.2,.0 Welded Joints

Whenever possible, joints to be welded should be so designed that
the welds will be loaded in shear.

B 1.2.1 Fusion Welding - Arc and Gas

In the design of welded joints, the strength of both the weld
metal and the adjacent parent metal must be considered. The allowable
strength for the adjacent parent metal is given in section B 1.2.2 and
the allowable strength for the weld metal is given in section B 1.2.3.
The weld-metal section will be analyzed on the basis of its loading,
allowables, dimensions, and geometry.

B 1.2.2 Effect on Adjacent Parent Metal Due to Fusion Welding

For joints welded after heat treatment, the allowable stresses
near the weld are given in Tables B 1.2.2,1 and B 1.2.2.2,

For materials heat treated after welding, the allowable stresses
in the parent metal near a welded joint may equal the allowable stress
for the material in the heat-treated condition as given in tables of
design mechanical properties of the specific alloys.

Table B 1.2.2.1 Allowable Ultimate Tensile Stresses
Near Fusion Welds in 4130, 4140, 4340, or 8630 Steels?

(Section thickness 1/4 inch or less)

Type of joint Ultimate tensile
stress, ksi

Tapered joints of 30° or less’ 90
All others 80

2 Welded after heat treatment or normalized after weld.
b Gussets or plate inserts considered 0° taper with center line.

Table B 1.2.2.2 Allowable Bending Modulus of Rupture Near
Fusion Welds in 4130, 4140, 4340, or 8630 Steels?

Type of joint Bending modulus
of rupture, ksi

Tapered joints of 30° or less? Fp, figure B 1.2.2-1 for
Ftu = 90 ksi

All others 0.9 of the values of Fy

from figure B 1.2,2-1

for Fty = 90 ksi

8 Welded after heat treatment or normalized after weld.
Gussets or plate inserts considered 0° taper with center line.
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B 1.2.2 Effect on Adjacent Parent Metal Due to Fusion Welding (Cont'd)

450
-
% 400l
v
3 350
s
=}
% 300 N\ t\\\‘\\
s NGNS
% 250 A P 260 st
— ~ = P, 240 ksi
.8 \ \‘\\; F’:, 220 ksl
L 200/ Ew K. 200 kel
- \-\ > P, 180 kel
g 150 F , 150 ket
=] §§ \Nr ("4 *
A 100 ] ™ P, 125 ksl
2 P 95 kel
505 P, 90 ksl
0 10 20 30 40 50 60
D/t

Fig. B 1.2.2-1 Bending Modulus of
Rupture for Round
Alloy-Steel Tubing.

B 1.2.3 Weld-Metal Allowable Strength

Allowable weld-metal strengths are shown in Table B 1.2.3.1.
Design allowable stresses for the weld metal are based on 85 percent

of the respective minimum tensile ultimate test values.
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B 1.2.3 Weld-Metal Allowable Strength (Cont'd)
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B 1.2.4 Welded Cluster

In a welded structure where seven or more members converge, the
allowable stress shall be determined by dividing the normal allowable
stress by a material factor of 1.5, unless the joint is reinforced. A
tube that is continuous through a joint should be assumed as two members,

B 1.2.5 Flash Welding

The tensile ultimate allowable stresses and bending allowable
modulus of rupture for flash welds are given in Tables B 1.2.5.1 and
B 1.2.5.2.

Table B 1.2.5.1 Allowable Ultimate Tensile
Stress for Flash Welds in Steel Tubing

Tubing Allowable ultimate tensile
stress of welds
Normalized tubing - not heat treated 1.0 Feu (based on F, of
(including normalizing) after normalized tubing)
welding.

Heat-treated tubing welded after heat 1.0 Fy, (based on Fy, of

treatment. normalized tubing)

Tubing heat treated (including normal-
izing) after welding. Fgy of
unwelded material in heat-treated

condition:
<100 ksi 0.9 Fgy
100 to 150 ksi 0.6 Fegy + 30

>150 ksi 0.8 Fry
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B 1.2.5 Flash Welding (Cont'd)

Table B 1.2.5.2 Allowable Bending Modulus of
Rupture for Flash Welds in Steel Tubing

Tubing Allowable bending modulus

of rupture of welds (Fp
from Fig. B 1,2,2-1

using values of Fy,; listed)

Normalized tubing-not heat treated 1.0 Fty for normalized
(including normalizing) after tubing
welding.

Heat-treated tubing welded after heat 1.0 F¢, for normalized
treatment. tubing

Tubing heat treated (including normal-
izing) after welding. F¢y of
unwelded material in heat-treated

condition:
<100 ksi 0.9 Fgy
100 to 150 ksi 0.6 Fry + 30
>150 ksi 0.8 Fyy

B 1.2.6 Spot Welding

Design shear strength allowables for spot welds in various alloys
are given in Tables B 1.2.6.1, B 1.2.6.2, and B 1.2.6.3; the thickness
ratio of the thickest sheet to the thinnest outer sheet in the combina-
tion should not exceed 4:1. Table B 1.2.6.4 gives the minimum allow-
able edge distance for spot welds, these values may be reduced for non-
structural applications, or for applications not depended upon to
develop full tabulated weld strength. Combinations of aluminum alloys
suitable for spot welding are given in Table B 1.2.6.5.
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Spot-Weld Maximum Design Shear Strengths for

Uncoated Steels? and Nickel Alloys

Nominal thickness of Material ultimate tensile
thinner sheet, in. strength, 1b
150 ksi and| 70 ksi to Below 70 ksi
above 150 ksi
0.006 ....ccviiennnvnnn 70 57 | i
0.008 ......cciiiirienn 120 85 70
0.010 ... iiiiininannn 165 127 92
0.012 ... .iiiinunnnns 220 155 120
0.0l vvvereeeeneennnns 270 198 142
0.016 .....ivivinnnens 320 235 170
0.018 ... ... iiriieninn 390 270 198
0.020 ... ienvinnenn 425 310 225
0.025 ..., . 580 425 320
0.030 ..iiiiiiinnnnncns 750 565 403
0.032 ...iiiiiennnennns 835 623 453
0.040 ... .. iiiinennnn 1,168 850 650
0.042 ... v iiieineens 1,275 920 712
0.050 ...ivvrinnnnnanns 1,700 1,205 955
0.056 ..iviieriannnns . 2,039 1,358 1,166
0.060 ... v evnenensna 2,265 1,558 1,310
0.063 ... ivrinnrnnens 2,479 1,685 1,405
0.071 ...ttt iienn 3,012 2,024 1,656
0.080 .....iivevrnnnnns 3,540 2,405 1,960
0.090 ...t nennn 4,100 2,810 2,290
0.095 .. iiiiniiennnne 4,336 3,012 2,476
0.100 .....iiviiennns 4,575 3,200 2,645
0.112 ... . iiiinninnnn 5,088 3,633 3,026
0.125 ..t 5,665 4,052 3,440

dRefers to plain carbon steels containing not more than 0.20 percent
The reduction in strength of spot-

carbon and to austenitic steels.

welds due to the cumulative effects of time-temperature-stress factors
is not greater than the reduction in strength of the parent metal.
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Table B 1.2.6.2 Spot-Weld Maximum Design Shear Strength
Standards for Bare and Clad Aluminum Alloys?

Nominal thickness Material ultimate tensile strength, 1b
of thinner sheet, in.
Above 56 | 28 ksi 20 ksi to} 19.5 ksi
ksi to 56 ksi 27.5 ksi Jand below]
0.012 e eciserenceaens 60 52 24 16
0.016 ....0oivevrnracaonns 86 78 56 40
0.020 et ensensaseans 112 106 80 62
0.025 ... iiiiinannnnnnns 148 140 116 88
0.032 ... it 208 188 168 132
0.040 .....ivivnnsnnnnns 276 248 240 180
0.050 ....civiniiiennens 374 344 321 234
0.063 ....vvivernennnnans 539 489 442 314
0.071 ..iiiirininennnans 662 578 515 358
0,080 ..vvivvvennnancannss 824 680 609 417
0.090 ....v0ovtnrenccncnnn 1,002 798 695 478
0.100 ........ cereseenans 1,192 933 750 536
0.112 ....... vessereneann 1,426 1,064 796 584
0.125 ..o irncannaas 1,698 1,300 840 629
0.160 ........ cevesrenens 2,490

2gpot welding of aluminum-alloy combinations conforming to QQ-A-277,

QQ-A-355, and QQ-A-255 may be accomplished.

The reduction in strength

of spotwelds due to cumulative effects of time-temperature-stress
factors is not greater than the reduction in strength of the parent

metal.
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Table B 1.2.6.3 Spot-Weld Maximum Design Shear Strength
Standards for Magnesium Alloys?
Welding Specification MIL-W-6858

Nominal thickness of
thinner sheet, in.

Design shear strength, 1lb

[=NeNoloNoNoNoNoNoNolNoNoNoNolNo)
o
w
(o))

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

72

84
100
120
140
164
188
220
248
284
324
376
428
496
572
648
720

@Magnesium alloys AZ31B and HK31A may be spot welded in any

combination.
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B 1.2.6 Spot Welding (Cont'd)

Table B 1.2.6.4 Minimum Edge Distances for Spot-Welded

Joints?
Nominal thickness of
thinner sheet, in, Edge distance, E, in.

0.016 .......c00vun... 3/16
0.020 ....ciivnnnanne eee 3/16
0.025 ... iiiiiineenneanes 7/32
0.032 .. iiiiiinnninanns 1/4
0.036 ...ivininennnnns 1/4
0.040 ...ivivennenennnns 9/32
0.045 . iviviveenennnnnns 5/16
0.050 ..iviiiiinnernnnnns 5/16
0.063 ....ovevveerenennnse 3/8
0.071 .. eiiireiinnenanan 3/8
0.0B0 ....ievieeneernonns 13/32
0.090 ...iiriininnrnens 7/16
0.100 .....iivieiennnnnns 7/16
0.125 ...t ineioanannns 9/16
0.160 0.t reoennenonss 5/8

aIntermediate gages will conform to the requirement for the
next thinner gage shown.

bpor edge distances less than those specified above, appropriate
reductions in the spot-weld allowable loads shall be made.

A K K

Fig. B 1.2.6-1 Edge Distances for Spot-Welded Joints.
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B 1.2.6 Spot Welding (Cont'd)
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B 1.2.7 Reduction in Tensile Strength of Parent Metal Due to Spot
Welding

In applications of spot welding where ribs, intercostals, or
doublers are attached to sheet, either at splices or at other points
on the sheet panels, the allowable ultimate strength of the spot-welded
sheet shall be determined by multiplying the ultimate tensile sheet
strength ("A" values where available) by the appropriate efficiency
factor shown on Figures B 1.2.7-1 through B 1.2.7-4., The minimum values
of the basic sheet efficiency in tension should not be considered
applicable to cases of seam welds. Allowable ultimate tensile strengths
for spot-welded sheet gages of less than 0.012 inch for steel and
0.020 inch for aluminum shall be established on the basis of tests,
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B 1.2.7 Reduction in Tensile Strength of Parent Metal Due to Spot
Welding (Cont'd)

o 100 0.012 in.

- — 0.020 in.

> a — 0.032 in.
s .

g8 90 A 0.040 {n.

o :///// —— 0.050 in.

o | 0.063 in.

b & 80 4 /, < .080 1n.

" —J/ / \J0.090 1n.

9 - 0.125 in.

% % 70-———-j yd sheet

o F gage

wd

/]

A 60

0 0.5 1.0 1.5 2.0 2.5 3.0
Spot Spacing (Center to Center), inches
Fig. B 1.2.7-1 Efficiency of the Parent Metal

in Tension for Spot-Welded 301-1/2 H
Corrosion-Resistant Steel
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M e A 0.125 in.
% § 70=4 7 sheet
/4 sage
=
3 60
[}
3]
/m
50

0 0.5 1.0 1.5 2.0 2.5 3.0

Spot Spacing (Center to Center), inches

Fig. B 1.2.7-2 Efficiency of the Parent Metal
in Tension for Spot-Welded 301-H
Corrosion-Resistant Steel
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B 1.2.7 Reduction in Tensile Strength of Parent Metal Due to Spot
Welding (Cont'd)

Basic Sheet Efficiency in
Tension, per cent

Basic Sheet Efficiency in
Tension, per cent

100 J/,__. ‘% 3 0,012 in.
) | I _—'-_,‘ 0.020 1in.
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d 0.125 in.
70 sheet
gage
60
0 0.5 1.0 1.5 2.0 2.5 3.0
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70

60
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Spot Spacing (Center to Center), inches

Fig. B 1.2.7-3 Efficiency of the Parent
Metal in Tension for Spot-Welded
301-A, 347-A, and 301-1/4 H

Corrosion-Resistant Steel
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Fig. B 1.2.7-4 Efficiency of the Parent
Metal in Tension for Spot-Welded
Aluminum Alloys
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B 1.3.0 Brazing

Insofar as discussed herein, brazing is applicable only to steel.
Brazing is defined as a weld wherein coalescence is produced by heating
to suitable temperatures above 800° F and by using a nonferrous filler
metal having a melting point below that of the base metal. The filler
metal is distributed through the joint by capillarity.

The effect of the brazing process upon the strength of the parent
or base metal shall be considered in the structural design. Where
copper furnace brazing or silver brazing is employed the calculated
allowable strength of the base metal which is subjected to the tempera-
tures of the brazing process shall be in accordance with the following:

Material Allowable Strength
Heat-treated material Mechanical properties of
(including normalized) normalized material

used in '"'as-brazed"
condition

Heat-treated material Mechanical properties
(including normalized) corresponding to heat
reheat-treated during treatment performed

or after brazing

B 1.3.1 Copper Brazing

The allowable shear stress for design shall be 15 ksi, for all
conditions of heat treatment,

B 1.3.2 Silver Brazing

The allowable shear stress for design shall be 15 ksi, provided
that clearances or gaps between parts to be brazed do not exceed 0.010
inch. Silver-brazed areas should not be subjected to temperatures
exceeding 900° F. Acceptable brazing alloys, with the exception of
Class 3, are listed in Federal Specification QQ-S-561d.
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Reference:

(1) MIL-HDBK-5, Strength of Metal Aircraft Elements, Armed Forces
Supply Support Center, Washington 25, D.C,, March 1959.
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B 2.0.0 Analysis of Lugs and Shear Pins

The method described in this section is semi-empirical and is
applicable to aluminum or steel alloy lugs. The analysis considers
loads in the axial, transverse and oblique directions. Each of these

loads are treated in Sections B 2.1.0, B 2.2.0, and B 2.3.0 respectively.
See Fig. B 2.0.0-1 for description of directions,

Axial load
Oblique load
Transverse load

Fig. B 2.0.0-1
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B 2.1.0 Analysis of Lugs with Axial Loading

A lug-pin combination under tension load can fail in any of the
following ways, each of which must be investigated by the methods
presented in this section:

1. Tension across the net section. Stress concentration must
be considered.

2. Shear tear-out or bearing. These two are closely related
and are covered by a single calculation based on empirical
curves.

3. Shear of the pin, This is analyzed in the usual manner.

4. Bending of the pin. The ultimate strength of the pin is
based on the modulus of rupture,.

5. Excessive yielding of bushing (if used).

6. Yielding of the lug is considered to be excessive at a
permanent set equal to .02 times pin diameter. This
condition must always be checked as it is frequently
reached at a lower load than would be anticipated from —
the ratio of the yield stress, Fty to the ultimate stress,
Fiyy for the material.

Notes:
a. Hoop tension at tip of lug is not a critical condition,
as the shear-bearing condition precludes a hoop tension
failure.

b. The lug should be checked for side loads (due to mis-
alignment, etc.) by conventional beam formulas (Fig.
B 2,1.0-1).
Analysis procedure to obtain ultimate axial load.
1. Compute (See Fig. B 2.,1,0-1 for nomenclature)

e/D, W/D, D/t; Apy = Dt, Ay = (W-D)t

2., Ultimate load for shear-bearing failure:
Note: In addition to the limitations provided by curves '"A"
and "B" of Fig. B 2.1.0-3, Ky, greater than 2.00 shall not
be used for lugs made from .5 inch thick or thicker aluminum
alloy plate, bar or hand forged billet.

~—
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B 2.1.0 Analysis of Lugs with Axial Loading (Cont'd)

Bushing

s
v,

I

I'
il

—p— | — ] ——

.10P (Minimum side load assumed
to account for misalignment)

Fig. B 2.1.0-1

(a) Enter Fig. B 2.1.0-3 with e/D and D/t to obtain Kpy
(b) The ultimate load for shear bearing failure, P'bru is
P'uyru = Kbr Frux Abr  ceverevnennnn. feeeraeen (1)
where

Fiux = Ultimate tensile strength of lug material
in transverse direction,

3. Ultimate load for tension failure:

(a) Enter Fig. B 2.1.0-4 with W/D to obtain K; for proper
material

(b) The ultimate load for tension failure P'  is

R (2)
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Analysis of Lugs with Axial Loading (Cont'd)

where
Fry = ultimate tensile strength of lug material
Load for yielding of the lug
(a) eqer Fig. B 2.1.0-5 with e/D to obtain Kpry-
(b) The yield load, Py is
P'y = Kpry Abr Fey ..ot ettt (3)
where
Fry = Tensile yield stress of the lug material.
Load for yielding of the bushing in bearing (if used):
Phry = 1.85 Fty Abrb «vvevvrenevunenniennens (4)
where
Fty = Compressive yield stress of bushing material
Apbrb = Dpt (Fig. B 2.1.0-1)

Pin bending stress.

—a

P/2 —{— i Itl
;E = - P/2
b L] fo 4

[=: - p/2

R s = i

‘ ty
(a) P/ 2——a— ::z:uﬂi
= A 4 - P/2
b /////7, P/2
12 = (o] | o

— 7 (t4/2)

(b)

Fig. B 2.1.0-2
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B 2.1.0 Analysis of Lugs with Axial Loading (Cont'd)

(a)

(b)

(c)

(d)

(e)

(£)

(g)

Obtain moment arm "b'" as follows:
(See Fig. B 2.1.0-2a) compute for the inner lug

c-l(e) 42 (5)

Take the smaller of P'y,y and P'ty for the inner lug as
(P'yImin and compute (P'y)min/AbrFrux.

Enter Fig. B 2.1.0-6 with (P))in/AbrFeux and "r'" to
obtain the reduction factor, 'y '" which compensates
for the "peaking'" of the distributed pin bearing load
near the shear plane. Calculate the moment arm "b"

from

Where '"g" is the gap between lugs as in Fig. B 2.1.0-2a
and may be zero. Note that the peaking reduction factor
applies only to the inner lugs,

Calculate maximum pin bending moment M, from the
equation

Calculate bending stress resulting from "M', assuming
an My/I distribution,

Obtain ultimate strength of the pin in bending by use
of Section B 4.5.2. 1If the analysis should show
inadequate pin bending strength, it may be possible to
take advantage of any excess lug strength to show
adequate strength for the pin by continuing the
analysis as follows:

Consider a portion of the lugs to be inactive as
indicated by the shaded area of Fig. B 2.1.0-2b. The
portion of the thickness to be considered active may
have any desired value sufficient to carry the load
and should be chosen by trial and error to give
approximately equal Factors of Safety for the lugs
and pin.

Recalculate all lug Factors of Safety, with ultimate
loads reduced in the ratio of active thickness to
actual thickness.

Recalculate pin bending moment, M = P (b/2), and Factor
of Safety using 2 reduced valuec of "b" which is obtained
as follows:
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B 2.1.0 Analysis of Lugs with Axial Loading (Cont'd)

Compute for the inner lug, Fig. B 2.1.0-2b

1 D
r=[< S>- 2 j| 2t4 ................... (8)

Take the smaller of P'hyry and P'y for the inner lug,
based upon the active thickness, as (P})pin and compute
(P))min/Abr Ftux, where Apr = 2t4 D. Enter Fig. B 2.1.0-
6 with (P})min/Abr Feux and "I " to obtain the reduc-
tion factor " y " for peaking. Then the moment arm is

This reduced value of "b" should not be used if the
resulting eccentricity of load on the outer lugs
introduce excessive bending stresses in the adjacent
structure. In such cases the pin must be strong enough
to distribute the load uniformly across the entire lug.

7. Factor of Safety, F.S.
Compute the following Factors of Safety:

(a)

(b)

(c)

Lug
Pl
Ultimate F.S. in shcar~bearing = Pbru ...... (10)
Pv
Ultimate F.S, in tension = P D, (11)
Pl
Yield F.S. = Ty_ ......................... (12)
Pin
Fou (13)
Ultimate F.S. in shecar = Ty
o
Iv‘
Ultimate F.S, in bending = 7?2 """"""""" (14)
b
Bushing (if used)
P ey (15)

Yield F.S, in bearing =

1)

An analysis for yielding of the pin and ultimate bearing
failure of the bushing is not required.
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2.4 2.6 2,8 3,0 3.2 3.4 3.6 3.84.0

e/D

.6 .8 1.01.2 1.41.61.82.02¢2.2

Fig. B 2.1.0-3
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B 2.1.0 Analysis of Lugs with Axial Loading (Cont'd)

Curve A is a cutoff to be used for all aluminum alloy hand forged
billet when the long transverse grain direction has the general
direction C in the sketch.

Curve B is a cutoff to be used for all aluminum alloy plate, bar and
hand forged billet when the short transverse grain direction has the
general direction C in the sketch, and for die forging when the lug
contains the parting plane in a direction approximately normal to the
direction C,
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B 2.1.0 Analysis of Lugs with Axial Loading (Cont'd)
1.
c. -l
KRR O)
2
0.8 \\\ \\
0.7 Oln )
N
N
K, 0.6 N B 1Y
N TS
0.5 N N 8
4\\\ \\\
0.4 \@\) N
| A\ N
0.3 by ~<fe N
w D | ad N
o [ 1 b li
0.1 L ] N
L1
0 l
1.0 1.5 2.0 2.5 3 5 4.0 4.5 5.0

Fig. B 2.1.0-4

Legend on following pages.
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B 2.1.0 Analysis of Lugs with Axial Loading (Cont'd)

Legend - Figure B 2.1.0-4- L, T, N, indicate grain in direction
F in sketch
L = longitudinal

T = long transverse
N = short transverse (normal)
Curve 1

4130, 4140, 4340 and 8630 steel

2014-T6 and 7075-T6 plate <€ 0.5 in (L,T)
7075-T6 bar and extrusion (L)

2014-T6 hand forged billet < 144 sq. in. (L)
2014-T6 and 7075-T6 die forgings (L)

Curve 2

2014-T6 and 7075-T6 plate > 0.5 in.,, < 1 in.
7075-T6 extrusion (T,N)

7075-T6 hand forged billet < 36 sq.in. (L)
2014-T6 hand forged billet > 144 sq.in. (L)
2014-T6 hand forged billet < 36 sq.in. (T)
2014-T6 and 7075-T6 die forgings (T)

17-4 PH

17-7 PH-THD

Curve 3

2024-T6 plate (L,T)
2024-T4 and 2024-T42 extrusion (L,T,N)

Curve 4

2024-T4 plate (L,T)

2024-T3 plate (L,T)

2014-T6 and 7075-T6 plate > 1 in.(L,T)
2024-T4 bar (L,T)

7075-T6 hand forged billet > 36 sq.in. (L)
7075-T6 hand forged billet < 16 sq.in. (T)

Curve 5
195T6, 220T4, and 356T6 aluminum alloy casting

7075-T6 hand forged billet > 16 sq.in. (T)
2014-T6 hand forged billet > 36 sq.in. (T)
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B 2.1.0 Analysis of Lugs with Axial Loading (Cont'd)

Curve 6

Aluminum alloy plate, bar, hand forged billet, and die forging
(N). Note: for die forgings, N direction exists only at the
parting plane. 7075-T6 bar (T)

Curve 7

18-8 stainless steel, annealed

Curve 8

18-8 stainless steel, full hard, Note: for 1/4, 1/2 and 3/4
hard, interpolate between Curves 7 and 8,
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B 2.1.0 Analysis of Lugs with Axial Loading (Cont'd)
/———_—'
2.0 ///////,/f—»
1.5
1.0 /
Kbry
.5
U INENVANEE
0 1.0 2.0 3.0 4.0

e/D

Fig. B 2.1.0-5
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B 2.1.0 Analysis of Lugs with Axial Loading (Cont'd)
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B 2.1.0 Analysis of Lugs with Axial Loading (Cont'd)

Special Applications

1. Irregular lug section - bearing load distributed over
entire thickness.
For lugs of irregular section having bearing stress distributed
over the entire thickness, an analysis is made based on an
equivalent lug with rectangular sections having an area equal
to the original section.
A -
c w/2 (Sec. A)
B e (Sec. B)
(a) (b)
Fig. B 2.1.0-7
Dashed lines show equivalent lug
2. Critical bearing stress

NASA Design Manual Section 3.0.0 lists the values of the
ultimate and yield bearing stress of materials for e/D values
of 2.0 and 1.5, these are valid for values of D/t to 5.5.

The ultimate and yield bearing stress for geometrical
conditions outside of the above range may be determined in
the following manner:

(a) Ultimate bearing stress: For the particular D/t and e/D,
obtain Ky from Fig. B 2.1.0-3 then

Foru = %r Feux
where

Fiux = Ultimate strength of lug material in transverse
direction.
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B 2.1.0 Analysis of Lugs with Axial Loading (Cont'd)

(b) Yield bearing stress: With the particular e/D obtain
Kpry from Fig. B 2.1.0-5. Then

Fory = Xbry Feyx

where

Ftyx = Tensile yield stress of lug material in transverse
direction,

3. Eccentrically located hole

If the hole is located as in Fig. B 2.1.0-8 (e; less than e,),
the ultimate and yield lug loads are determineé by obtaining
P'bry, P'tu and P'y for the equivalent lug shown and multiply-
ing by the factor

€1 + €2 + 2p

2ep + 2D

factor =

!
1O 10

Actual lug Equivalent lug

Fig. B 2.1.0-8

4., Multiple shear connections

Lug-pin combinations having the geometry shown in Fig.
B 2.1.0-9 are analyzed according to the following criteria:

(a) The load carried by each lug is determined by distributing
the total applied load '"P" among the lugs as shown on
Fig. B 2.1.0-9 and the value of "C" is obtained from
Table B 2.1.0.1.
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Two outer lugs of equal thickness
not less than Ct' (See Table

t' B 2.1.0.1)
CPI_-__ r‘ﬁ
NN P2
P40
P - NN N— P2
P, ~—!
Py
CP} ce— SAS Y,
e

Fig. B

thickness t"

2.1.0-9

These lugs of equal

(b) The maximum shear load on the pin is given in Table

B 2.1.0.1.

(c) The maximum bending moment in the pin is given by the

P.b
formula, M = > where '"b" is given in Table B 2.1.0.1,
Table B 2.1.0.1
Total number of
lugs including c Pin Shear b
both sides
tl + t"
5 .35 | .50 Py .28 5
7 40 | .53 By 33 £l x e
2
9 43 | .54 p 37 Ll + t"
1 2
11 44 | se By R
tl + t”
P .50 .50 Py .50 5
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B 2.2.0 Analysis of Lugs with Transverse Loading

Shape Parameter

In order to determine the ultimate and yield loads for lugs with
transverse loading, the shape of the lug must be taken into account.
This is accomplished by use of a shape parameter given by

Shape parameter = —av
Apr

where

Ap

r 1s the bearing area = Dt

Aay is the weighted average area given by

Aay = (—f{;}(“}\ﬁ 5 (x) + (%)

Ay, Ay, A3 and A, are areas of the lug sections indicated in
Fig. B 2.2.0-1.

A3 least of any
radial section

g radius
of wall

45p

(a) (b)
Fig. B 2.2.0-1

(1) Obtain the areas Aj, Ay, A3, and A4 as follows:

(la) Ay, Ay, and A, are measured on the planes indicated in
Fig. B 2.2.0-la (perpendicular to the axial center line),
except that in a necked 1lug, as shown in Fig. B 2.2.0-1b,
A1 and Ay should be measured perpendicular to the local
line.
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B 2.2.0 Analysis of Lugs with Transverse Loading (Cont'd)
(1b) A3 is the least area on any radial section around the
hole.
(lc) Thought should always be given to assure that the areas
Ay, Ap, A3, and A4 adequately reflect the strength of
the lug. For lugs of unusual shape (e.g. with sudden
changes of cross section), an equivalent lug should be
sketched as shown in Fig. B 2.2.0-2 and used in the
analysis.
Equivalent lug Equivalent
lug
< 45°
p~ 459 _

Fig. B 2.2.0-2

(2) Obtain the weighted average

6

Aav = TR ¥ (17Az) + (17A3) + (17A))

(3) Compute Ay, = Dt and A,,/ Ap,

(4) Ultimate load P', ., for lug failure:
(a) Obtain K¢y, from Fig. B 2.2.0-4
(B) Plypy = Kery Abr Fruy

(5) Yield load P', of the lug:

y

(a) Obtain Ktry from Fig. B 2.2,0-4
(b) P'y = Ktry Abr Ftyx

—~—

(6) Check bushing yield and pin shear as outlined previously.
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B 2.2.0 Analysis of Lugs with Transverse Loading (Cont'd)

(7) Investigate pin bending as for axial load with following
modifications: Take (P'y)min = P'tru' In the equation r =

[e - (D/2)] /t use for the [e - (0/2)] term the edge
distance at @ = 900.

Fig. B 2.2.0-3
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B 2.2.0 Analysis of Lugs with Transverse Loading (Cont'd)
~ .. ' B
(D 125,000 Hr
1.6
Kery-All alum, 1)150,000 HT
1.4 & steel alloys<|
X
12 /\b: SDso,ooom
x _
, 1 '/ ;V//./ %
i -
1.0 . LA
vy | x] &~ L7
K b 3 omreer 4
try yay // ’/ L—1
xf///;//
0.6 / ' r 7
7 =2
] 9
0.4
10
0-2 M' ! : H H @
Curve A-Approximate cantilever —
strength, If K;,, is below this curve se%
0 Lexg., i A i A " [y
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Aay/Abr

Fig. B 2.2.0-4

Legend on following pages
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B 2.2.0 Analysis of Lugs with Transverse Loading (Cont'd)

Legend - Fig. B 2.2.0-4
Curve 1:
4130, 4140, 4340, and 8630 steels, heat treatment as noted.
Curve 2:
2024-T4 and 2024-T3 plate <0.5 in.
Curve 3:
220-T4 aluminum alloy casting
Curve &4:
17-7 PH (THD)
Curve 5:
2014-T6 and 7075-T6 plate<0.5 in.
Curve 6:
2024-T3 and 2024-T4 plate >0.5 in., 2024-T4 bar
Curve 7:
195-T6 and 356-T6 aluminum alloy casting
Curve 8§:
2014-T6 and 7075-T6 plate>0.51in.,=<1 in,.
7075-T6 extrusion
2014-T6 hand forged billet< 36 sq, im.
2014-T6 and 7075-T6 die forgings

Curve 9:

2024-T6 plate
2024-T4 and 2024-T42 extrusion

Curve 10:

2014-T6 and 7075-T6 plate> 1 in.
7075-T6 hand forged billet <16 sq. in.
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B 2.2.0 Analysis of Lugs with Transverse Loading (Cont'd)

Legend - Fig. B 2.2.0-4 Cont'd
Curve 11:

7075-T6 hand forged billet >16 sq. in.
2014-T6 hand forged billet > 36 sq. in.

All curves are for K., except the one noted as K

Note: The curve for 125,000 HT steel in Fig. B 2.2.0-4 agrees
closely with test data., Curves for all other materials have been
obtained by the best available means of correcting for material
properties and may possibly be very conservative to some places.

In no case should the ultimate transverse load be taken as less
than that which could be carried by cantilever beam action of
the portion of the lug under the load (Fig. B 2.2.0-3). The
load that can be carried by cantilever beam action is indicated
very approximately by curve (A) in Fig. B 2.2.0-4, should Keru
be below curve (A), separate calculation as a cantilever beam
is warranted,
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B 2.3.0 Analysis of Lugs with Oblique Loading

Interaction Relation

In analyzing lugs subject to oblique loading it is convenient
to resolve the loading into axial and transverse components (denoted
by subscripts "a'" and "tr" respectively), analyze the two cases
separately and utilize the results b{ means of an interaction equation.
The interaction equation Ral- + Rer 6 = 1, where Ry and R¢r are
ratios of applied to critical loads in the indicated directions, is to
be used for both ultimate and yield loads for both aluminum and steel
alloys.
where, for ultimate loads

Ra = (Axial component of applied load) divided by (smaller of
P'bru and P'¢y from Eq. 1 and Eq. 2.)

Rty = (Transverse component of applied load) divided by

(P'¢yy from analysis procedure for @ = 90 deg.)

and for yield load:

R, = (Axial component of applied load) divided by (P’y from
Eq. 3.)

Rtr = (Transverse component of applied load) divided by
(P'try from Analysis Procedure for & = 90 deg.)

Analysis Procedure
(1) Resolve the applied load into axial and transverse components

and obtain the lug ultimate and yield Factor of Safety from
the interaction equation:

[Ral.6 v R L0 JO.625

(2) Check pin shear and bushing yield as in Section B 2.1.0.

(3) Investigate pin bending using the procedure for axial load
modified as follows:

P

(Ral.6 N Rtr1.6\0.625
/

N

Take (P' Imin =

In the equation r = [e - (D/2)] /t use for the [e-(D/2)]
term the edge distance at the value of " " corresponding to
the direction of load on the lug.
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B 2.3.0 Analysis of Lugs with Oblique Loading (Cont'd)

Reference

Melcone, M. A. and F. M. Hoblit, Developments in the Analysis of
Method for Determining the Strength of Lugs Loaded Obliquely_or
Transversely, Product Engineering, June, 1953,
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B 3.0.0 SPRINGS

B 3.1.0 Helical Springs

B 3.1.1 Helical Compression Springs

Most compression springs are open-coil, helical springs which
offer resistance to loads acting to reduce the length of the spring.
The longitudinal deflection of springs produces shearing stresses in
the spring wire. Where particular load-deflection characteristics
are desired, springs with varying pitch diameters may be used. These
springs may have any number of configurations, including cone, barrel,
and hourglass .

Round-Wire Springs

The relation between the applied load and the shearing stress for
helical springs formed from round wire is

e =8 (1)
S 14
where
fg = shearing stress in pounds per sq. inch,

(not corrected for curvature)
P = axial load in pounds

D = mean diameter of the spring coil (Outside diameter
minus wire diameter or inside diameter plus wire
diameter)

d = diameter of the wire in inches.

Equation (1) is based on the assumption that the magnitude of the
stress varies directly with the distance from the center of the wire;
but, actually, the stress is greater on the inside of the cross section
due to the curvature. The stress correction factor (k) used to deter-
mine the maximum shearing stress for static loads is found in
Fig. B 3.1.1-1. This correction factor gives the effect of both
torsion and direct shear. The equation for the maximum stress is

i 82D (2)

f =k f = P
s nd3

max
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B 3.1.1 Helical Compression Springs (Cont'd)

where

Stress Concentration Correction Factor, "k"

Stress concentration factor plus the effect

C1 of direct shear

k. = 4C1 - 1 Stress concentration factor due to curvature
" TG
C, = D Ratio of mean diameter of helix to the

d diameter of the bar or wire
2.1 1
2.
1.9

fo
.
Ut

4 5 6 7 8 9 10 11 12
Spring index, C; = g

Fig. B 3.1.i-1
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B 3.1.1 Helical Compression Springs (Cont'd)

Stress correction for temperature.

Corrections must be made to account for changes in strength and
in elastic properties of spring materials at elevated temperatures.
This correction is made to the allowable stress of the spring material.
Values for various materials at various temperatures may be obtained
from Section 3.0.0 of the Design Manual.

Deflection

The formula for the relation between deflection and load
when using round wire in helical springs is

3
o = B (3)
Gd
where
© = total deflection
N = number of coils
G = modulus of rigidity

The deflection may also be given in terms of the shearing stress
by combining Eqs. (1) and (3). Stress concentration usually does not
affect deflection to an appreciable degree, and no adjustment is needed
in Eq. (1). The expression for the deflection is

Spring rate

The spring rate (K) is defined as the amount of force required
to deflect the spring a unit length. By proper substitution of the
previous equations, the spring rate may be shown to be

Buckling of Compression Springs

A compression spring which is long compared to its diameter will
buckle under relatively low loads in the same manner as a column. How-
ever, the problem of buckling is of little consequence if the compres-
sion spring operates inside a cylinder or over a rod.
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B 3.1.1 Helical Compression Springs (Cont'd)

As the critical buckling load of a column is dependent upon the
end fixity at the supports, so is the critical buckling load of a
spring dependent upon the fixity of the ends. 1In general, a compres-
sion spring with ends squared, ground, and compressed between two
parallel surfaces can be considered a fixed-end spring. The following
formula gives the critical buckling load.

Pc - JKL LR Y B Y I T T I R I R R I R I I L B ) (6)
where
J = factor from Fig. B 3.1.1-2 = %;felei——gﬁ
L = free length of spring &
K = spring rate (See Eq. 5)

Fig. B 3.1.1-2 (curve 1) is for squared and ground springs with
one end on a flat surface and the other on a ball. Curve 2 indicates
buckling for a squared and ground spring both ends of which are com-
pressed against parallel plates. This is the most common condition
with which the user must contend.

Helical Springs of Rectangular Wire.

When rectangular wire is used for helical springs, the value of
the shearing stress can be found by use of the equations for rectangu-
lar shafts. A stress concentration factor is applied in che usual way
to compensate for the effect of curvature and direct shear. For the

springs in Fig. B 3.1.1-3 (a) and (b) the stresses at points Aj and Aj
are as follows:

_ kPR 5 for point A1 ........................ @)
s . be
1
£ kPR ¢ . A (8)
= or point et aretecr e eeaaes
s Otzbc2 2

values for(x1 and(x2 for various b/c ratios are found in Table B 3.1.1-1.

The stress concentration factor should be applied for point Ay in
Fig. B 3.1.1-3(a) and to point A, in Fig. B 3.1.1-3 (b). The stress
concentration factors of Fig. B 3.1.1-1 may be used as an approximate
value for rectangular wire.
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B 3.1.1 Helical Compression Springs (Cont'd)

1 2
.7
Springs above and to the
right of the curves will
buckle.
.6
.5
01 \
[}
- L]
-, .4
iF \
Wk \
ofm \
]
~lo
wa 3
it \\
2 AN
\\ \\
N
0 el

0 1 2 3 4 5 6 7 8 9 10 11 12

Free Length _ L
Mean Diameter D

Fig. B 3.1.1-2
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2R

Spring index, C; = Y

Fig. B 3.1.1-3

b/c|1.00 |1.20]1.50|1.75/2.00/2.50|3.00{4.00|5.00[6.00{8.00]10.00| =
a .208 |.219(.231|.239|.246|.258|.267|.282|.291|.299|.307{.312 |.333
a, .208 |.235(.269}.291|.309].336|.355|.378{.392|.402].414}.421 | -~
B |.1406(.166|.196|.214].229}.249].263|.281}.291].299].307|.312 |.333
Table B 3.1.1-1
The equation for the relation between the load (P) and the -
deflection (93) is !
3
s = ZERE (9)
BGbe

where:

B is obtained from Table B 3.,1.1-1

b and ¢ are as shown in Fig. B 3.1.1-3

R is the mean radius of the spring

N is the number of coils
G is the modulus of rigidity

P is the axial load
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B 3.1.2 Helical Extension Springs

Helical extension springs differ from helical compression springs
only in that they are usually closely coiled helices with ends formed
to permit their use in applications requiring resistance to tensile
forces. It is also possible for the spring to be wound so that it is
preloaded, that is, the spring is capable of resisting an initial
tensile load before the coils separate. This initial tensile load
does not affect the spring rate. See Figure B 3.1.2-1 for the load-
deflection relationship of a preloaded helical extension spring.

Spring with

initial
tension
Load P
~
— <
Spring without

]Initial _ ~ initial tension
tension 7

Deflection

Fig. B 3.1.2-1

Stresses and Deflection

In helical extension springs, the shape of the hook or end turns
for applying the load must be designed so that the stress concentra-
tion effects caused by the presence of sharp bends are decreased as
much as possible. This problem is covered in the next article.

If the extension spring is designed with initial tension, formulas
(1) through (9) from Section B 3.1.1 are valid, but must be applied
with some understanding of the nature of the forces involved.
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B 3.1.2 Helical Extension Springs (Cont'd)

Stress concentration in hooks on extension springs.

| |

R I—v—
(a) ()
Fig. B 3.1.2-2

a. Bending Stress

Fig. B 3.1.2-2(a) illustrates the bending moment (PR) due to the
load (P). The bending stress at point A is:

£ o= A2BR AR (10)

b ﬂd3 ndz

where k is the correction factor obtained from Fig. B 3.1,2-3, using
the ratio 2r,/d.

r1 = radius of center line of maximum curvature.
A gsimplified equation is:
/T
£, - 2R r—1> ................................. (11)
nd 3

ry = inside radius of bend.

The maximum bending stress obtained by this simplified form will
always be on the safe side and, under normal conditiomns, only slightly
higher than the true stress.
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B 3.1.2 Helical Extension Springs (Cont'd)

b. Torsional Stress

At point A', Fig. B 3.1.2-2(b), where the bend joins the helical

Fig. B 3.1.2-3

portion of the spring, the stress condition is primarily torsion. The
maximum torsional shear stress due to the moment (PR) is
] =16PR(4C1-1) 12)
s ﬂd3 4C1 - 4
¢ -2
1 d
A simplified form similar to the one for bending is
r
1
e, =12 a
nd 4
This will also give safe results.
s —
4 r- C |- —
FR—e! | |
3 [0\ B
\ —
k [ -
A o I
2 N ~h
bt
1
0
0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
R_D_D
c d h
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B 3.1.3 Helical Springs with Torsional Loading

A helical spring can be loaded by a torque about the axis of the
helix. Such loading, as shown in Fig. B 3.1.3-1(a), is similar to the
torsional loading of a shaft. The torque about the axis of the helix
acts as a bending moment on each section of the wire as shown in
Fig. B 3.1.3-1(b). The stress is then

S (14)

where the stress concentration factor, K,, is given as

2
Ky = 3¢;" -C - 0.8 inner
1 3c1(Ct1 - 1) edge Rectangular
cross section
o = 3¢c12 +C; - 0.8 outer wire
2 3cy(cy -1) edge

C1 = %5 ; "h'" is the depth of section perpendicular

to the axis.

2
Ka = 4c; -Cp -1 inner
3 4ci(Cq - 1) edge Round
9 cross section
K, = 4C1 +Cy -1 outer wire
4 4ci(cy + 1) edge
2R
C1 ='E-

Angular deformation

The deformation of the wire in the spring is the same as for a
straight bar of the same length "S'". The total angular deformation 8
between tangents drawn at the ends of the bar is:

Angle 0 in some cases may amount to a number of revolutions.
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B 3.1.3 Helical Springs with Torsional Loading (Cont'd)

(a) M

Fig. B 3.1.3-1
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B 3.1.4 Analysis of Helical Springs by Use of Nomograph

The procedure for using the nomographs (Fig. B 3.1.4-1 and
Fig. B 3.1.4-2) for helical springs are as follows:

1. Set the appropriate wire diam. on the '"d'" scale.
2. Set the appropriate mean diam. on the 'D" scale.

3. Connect-the two points and read the curvature correction
factor:

a. For tension and compression springs read the "y" scale
on Fig. B 3.1.4-1,

b. For torsion springs read the "k'" scale on Fig. 3.1.4-2.

4, Set the correction factor, obtained in step 3, on the
appropriate '"y" or "k'" scale to the right of Fig. B 3.1.4-1
and Fig. B 3.1.4-2.

5. Set the '"calculated" (Eq. 1 or Eq. 14 with kp = 1) stress
on the "f" scale.

6. Connect the two points, from steps 4 and 5, and read the
corrected stress on thie (f') scale.
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B 3.1.4 Analysis of Helical Springs by Use of Nomograph (Cont'd)
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B 3.1.4 Analysis of Helical Springs by Use of Nomograph (Cont'd)

FIBER STRESS CORRECTION FOR CURVATURE
Torsion Springs
Find Correction Factor Using Correction Factor Found on
Left Half of Chart--Determine
True Fiber Stress
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B 3.1.5 Maximum Design Stress for Various Spring Materials

Phosphor Bronze Spring Wire
Maximum Design Stresses
120 l l |
L ;
" Torsion Springs i
/ L T r T
e —— T Compression Springs
100 F— i
— ] T T 1 |
) — Extension Springs , i
' / ]
: /|
¢ 80 ] / N
5 e Al A
%] TV \\
& A D
a 60 —] e ! ? I
i Tl
> T4
2 e |
40 —
E = 15,000,000
G = 6,200,000
20 |-
-
0 :l L bocipnnit el ol e iigadul
.01 .02 .04 .10 .20 .40

Wire Diameter - Inches

Fig. B 3.1.5-1
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B 3.1.5 Maximum Design Stresses for Various Spring Materials (Cont'd)
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B 3.1.6 Dynamic or Suddenly Applied Spring Loading

A freely falling weight, or moving body, that strikes a structure
delivers a dynamic or impact load, or force. Problems involving such
forces may be analyzed on the basis of the following idealizing
assumptions:

1. Materials behave elastically, and no dissipation of energy
takes place at the point of impact or at the supports owing to local
inelastic deformation of materials,

2. The deflection of a system is directly proportional to the
magnitude of the dynamically or statically applied force.

Then, on the basis of the principle of conservation of energy,if
it may be further assumed that at the instant a moving body is stopped,
its kinetic energy is completely transformed into the internal strain
energy of the resisting system, the following formulas will apply:

(a) For very slowly applied loads

4

il
b el
~
—
(=)}
~

(b) For loads suddenly applied

(c) For loads dropped from a given height

where:

Total deflection

= Spring rate

Load on spring

Height load is dropped.

o RO

The following problems will illustrate such conditions and their
solutions:

Problem 1.

Given a spring which compresses onc inch for each pound of load,
determine the maximum load and deflection resulting from a 4 1b.
weight.
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B 3.1.6 Dynamic or Suddenly Applied Spring Loading (Cont'd)
(a) Case 1:
The weight is laid gently on the spring.
P _ 4

8= =717 4 in. from Eq. 16

since K = 1 maximum load = 4 1b.
(b) Case 2:
The weight is suddenly dropped an the spring from zero height,
5 = )8 = 2(4) = 8 in. from Eq. 17

K 1
maximum load = 8 1b.

(c) Case 3:
The weight is dropped on the spring from a height of 12
inches.
52 = Zp(i +0) 21(‘& (12 + 8) from Eq. 18
or
2

8" - 85 - 96 =0

_ 8+ V8?4 4(9)

2
maximum load 14.6 1b.

s} = 14.6 in.

From the maximum load produced, Eq. 2 section B 3.1.1 may be
used to calculate the stress produced. This should be within the
limits indicated on Fig. B 3.1.5-1, B 3.1.5-2, B 3.1.5-3 and B 3.1.5-4.

Problem 2.

For many uses it is necessary to know the return speed of a
spring or the speed with which it will return a given weight. A
typical example of this problem could be stated as follows: a spring
made of 5/16 in. by 3/16 in. rectangular steel contains 4 3/8 total
coils, 2 3/8 active coils, on a mean diameter of 1 5/16 in. The
spring compresses 5/32 in. for 200 1b. load. If the spring is com-
pressed and then instantaneously released, how fast will it be moving
at its original free length position of 1 21/32 in.? The solution is
as follows:
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B 3.1.6 Dynamic or Suddenly Applied Spring Loading (Cont'd)

Weight per turn = =n(l 5/16)(3/16)(5/16)(.283) 1b. per cu. in.
= ,0685 1b. of steel in each coil

.0685 (2 3/8) active coils (1/3) = .0542 1b (one-third of the
weight of active spring material involved.)

To this .0542 1b. we add the dead coil at the end plus the moving
weight, if any.

The equivalent total weight (.0542 + .0685) is 0.1227 1b.

The potential energy of a spring is equal to 1/2 the total load
times the distance moved, or 1/2(200)(5/32) = 15.6 in. 1b. The
kinetic energy equals 1/2 MvZ wherein (M) is the mass and (v) is the
velocity.

i . . . .
Mass = EEEEEE where g is the gravitational acceleration,

or 32.16 ft/sec./sec.

L 1227v2
2(32.16) (12)

Therefore 15.6 = or v = 314 in/sec

Often springs are used to absorb energy of impact. In most
such instances springs must be designed so that they will absorb the
entire energy. In a few cases partial absorption is tolerated. A
typical problem of this type follows.

Problem 3.

A 30 1b. weight has a velocity of 4 ft. per second. How far will
a spring that has a spring rate of 10 1b/in. be compressed?

KINETIC ENERGY

-1 2 _30(8)(4) _ i
K.E. > M 2(32.16) 7.46 ft. 1b.

or
7.46(12) = 89.52 in.1b.
Spring energy = % load times deflection

Load = rate per inch times deflection

Spring energy = % KoZ = 89.52 in. lb.
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B 3.1.6 Dynamic or Suddenly Applied Spring Loading (Cont'd)

% 1062 = 89.52
62 = 17.90

deflection, & = 4.23 in.

If springs are used to propel a mass, a parallel attack using
velocity and acceleration applies.

Problem 4.

Let it be required to find the spring load that will propel a
1-1b, ball 15 ft. vertically upward in 1/2 second. It is assumed
that the spring can be compressed a distance of 1 ft.

In order to travel 15 ft. in 1/2 second the 1-1b. load must have
a certain initial velocity. This can be found as follows:

-h gt
veEt o
wherein: h = height
g = 32.16 ft. per sec?
t = time 1
15 , 32.16 (E)
=1 . 38.04 ft. per sec. Spring velocity at
> free height.
2 99 2
Spring acceleration = %g = gé%?§é2~ = 723 ft/sec/sec

Force equals mass times acceleration so

F = ;3312 = 22.5 1b. avg.

The average spring pressure is 1/2 the total load. Hence the
spring will compress 1 ft. with 2(22.5) or 45-1b. of load. Often, it
is desired to know how high the weight would be propelled. This can
be determined by equating the work performed by the spring to the work
of the falling weight; thus work equals force times distance.

45

In the spring we have > (1) Fe.

In the weight we have 1-1b. (h)

Hence 1(h) = 43 (1) = 22.5 ft., the height to which the weight
would be thrown.
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B 3.1.6 Dynamic or Suddenly Applied Spring Loading (Cont'd)

If we were to apply the previous formula
52 < ggi%—i——i' to the springs,

we must remember (S) is the height the load is dropped. The total
distance traveled by the weight is (S + ).

Therefore, h =S + 8 1in this case

2(1)h

Substituting 1 45

h

22.5 ft.
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B 3.1.7 Working Stress for Springs

If the loading on the spring is continuously fluctuating, due
allowance must be made in the design for fatigue and stress concentra-
tion. A method of determining the allowable or working stress for a
particular spring is dependent on the application as well as the
physical properties of the material.
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B 3.2.0 Curved Springs

The analytical expression for determining stresses for curved
springs is

in which the quantities have the same meaning defined in section
B 4.3.1.

Displacement of curved springs is determined by use of
Castigliano's theorem.

_9ov _ [ N_ON V__._y_
5 T op EA 53ds+f GA P fEAyORBP S

M O N_ oM
+f—EA‘E5‘E‘ds+ma—P‘ds .............. (20)
P
in which

N = normal force _j_ s

E = Modulus of Elasticity P
G = Modulus of Rigidity —?~

A = Cross-sectional area

R = Radius to centroid
ds = Incremental length

= ZR
Yo = \ 4
N— %
z=_..f /
R+y
y = is measured from the centroid Fig. B 3.2.0-1

These expressions for stresses and displacements are quite
cumbersome; therefore, correction factors are used to simplify the
analysis. The correction factors (K) used to determine the stresses
are given in section B 4.3.1. The expression for the stress is

See Table B 4.3.1-1 for values of correction factor K.

Deflection formulas for some basic types of curved springs are
given in Table B 3.2.0-1. Complex spring shapes may be analyzed by
combination of two or more basic types.
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B 3.2.0 Curved Springs (Cont'd)
Table B 3.2.0-1
Spring types Deflection
A .
— A 5=2R. (n4p)°
R — .5 3EI
B ¥
where @ = B for finding K
B
3 3
2KPR B
5= T3 <‘“+2
where O = % for finding K
Cc
3 3
- 4KPR” B
® = "3 <‘“+2>
where O = % for finding K
D

N\N

SEERGHINE

where @ = 2 for finding K

~|e
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B 3.2.0 Curved Springs (Cont'd)

=30

1.0 7[:1 i TFF

a=45° | AT — T 1T
.o 1] P EC e a7
H T /’
AT
0.8 —— o — T S 4
=7 A
07 A 7//// %
>

. ,/D/L/ it 71
5 0.6 [ =105~
T gt
u jr - 4//4 //
o 0.5 .L/'L, ‘ 4 / /
N —T1  a=135_ //// /
S 0.4 1 ’
b —T ~ a=150 ¥ P)r
© o LT | M

0. 3= r—a=165‘/A

| a=1soj,,/’/A
0.2
0.1
-
0 : ol ooppneoumei sl
0.1 0.2 0.3 0.50.7.9 1.52.0 3 4 5 6 8 10
0.15 0.4 0.6 .8 1.0 79
u
Ratio E

Fig. B 3.2.0-2
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B 3.2.0 Curved Springs (Cont'd)

For close approximations, the following conditions should be met:

flat springs

spring thickness - b 05
radius of curvature R
round wire
wire diameter I < 0.6
radius of curvature R

Figure B 3.2.0-3 is a typical curved spring. The deflection of
the spring at point A is calculated as follows:

Spring Characteristics | U1 ._' U2
B o6 u, =25" 5 i I
1 h

R 2 R
- = T 17T

Bl =7 R1 R2 1
B, =%

2 2 A
u, = 1" U L‘——

1 lp

Fig. B 3.2.0-3
Solution -

The solution involves two basic types (type B and A of Table B 3.2.0-1).
Type A solution is used for that portion of the spring denoted by sub-
script (2), and type B solution is used for that portion of the spring
denoted by subscript (1).

Correction factor, K (from Fig. B 3.2.0-2)

u u
1 1 _ o _ 2 _ 2.5 _
= =1 1, al = 1807, Kl = .80 " == = 2.5,
1 o 2
O£1=90 . =900 K - 86
2 2 ’
Deflection at point A
2K,PR 3 B 3 K, PR 3 3
5 = ——L (4=t + =22 (n+p
A~ 3EI 2 3EI 2

s = 20:8) p)?(, =z}, 8627, .z 3
A 3EI 2 3ET >ty

_ 28.4P
A~ EI
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B 3.3.0 3elleville Sprinas or Washers

Belleville type springs are used where space requiramentis
necessitate high stresses and short rangze of motioun. & compiete
derivation of data that is presented in this section will be fourd in
"Transactions of Amer. Soc. of Mach. Engineers", May 1936, Volume 58,
No. 4, by Almen and Laszlo.

] . P
/’7~\\ h- Yo &
Ly - T gp.= 2
A% <
d
l ~£ff‘lt
' Ny
Fig. B 3.3.0-1 :
Symbols
P = Load in pounds
& = Deflection in inches
t = Thickness of material in inches
h = Free height minus thickness In inches
a = One-half outside diameter in inches
E = Young's wmodulus
f = Stress at inside circumference
k

= ratio of 8:D. - 2
1.D. b

= Poisson's ratio

<

M, C; and C, are constants which can be taken from the chart,
Fig. B 3.3,0-4, or calculated from the formulas given.

The formulas are:

L6 Qe ceenn (22)
T logek k2
C = 6 [Lk-l)-l] PRI R R R R B A BB A L A (23)
1 1§ lpgek logek
3 (k-1)

c -

P ¢ 2
2 ﬂlogek * 8 00 ( )
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B 3.3.0 Belleville Springs or Washers (Cont'd)

The deflection-load formula. using these comstants is

P= 1 - VE“kasz[( h"%)(h- 6) ¢+ t;:l----..... (25)

The stress formula is as followé:

f'_%——Tz[‘:l( '%)*cz‘] RN ¢1)

(1-v )Mk b

: Before using these formulas to calculate a sample problem, there
are some facts which should be considered. In the stress formula it
is possible for the term (h - 5/2) to become negative if () is
large. When this occurs, the term inside the brackets should be

changed to read Ci(h - 8/2) - Cat. Such an occurrence means that the
maximum stress is tensile,

For a spring life of less than one-half million stress cycles, &
fiber stress of 200,000 p.s.i. can be substituted for f, even though
this might be slightly beyond the elastic limit of the steel. This is
because the stress is calculated at the point of greatest intensity,
which {s on an extremely small part of the disc. Immediately surround-
ing this area is a much lower-stressed portion which so supports the
higher-loaded corner that very little setting results at atmospheric
temperatures. For higher operating temperatures and longer spring
1ife lower stresses must be employed.

Fig B 3.3.0-2 displays the load-deflection characteristics of a
.040 in. thick washer for various h/t ratios.

It is noted (from Fig. B 3.3.0-2) that for ratios of (h/t) under
1.41 the load-deflection durve is somewhat similar to that of other
conventional springs. As this ratio approaches the value of 1.41, the
spring rate approaches zero (practically horizontal load-deflection
curve) at the flat position. When the (h/t) ratio is 2.83 or over
there is a portion of the curve where further deflection produces a
lower load. This is 1llustrated in the curves for the washers having
(h/t) ratios of 2.83 and 3.50. Such a spring, when deflected to a
certain point, will snap through center and require a negative loadins
to return it to its original positionm.

The washers may sometimes be stacked so as to obtain the load-
deflection characteristics desired. The accepted methods are
1llustrated in Pig. B 3.3.0-3.
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B 3.3.0 Belleville Springs or Washers (Cont'd)
©
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Fig. B 3.3.0-2
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B 3.3.0 Belleville $prings or Washers (Cont'd)

Series Parallel Parallel - Series

Fig. B 3.3.0-3

As the number of washers used increases, so does the friction in
the stacks. This is not uniform and could result in spring units
which are very erratic in their load-carrying capacities. Belleville
springs, as a class, are one of the most difficult to hold to small
load-limit tolerances.
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B 3.3.0 Belleville Springs or Washer (Cont'd)
2.3
2.2
- /|
2.1 2 / _
Y
2.0 1.0
1.9 / 0.9
/
€1 1.8 4 0.8
and ] >
1.7 M// / — 0.7
Co //V D M
)4 %
1.6 v 0.6
/1 »
1 /)
5 1 0.5
7
1.4 , LA 0.4
[I /
1.3 0.3
av4
1.2 A
] /,/'/, 0.2
1.1 LA A 1.0
pd
1.0 /, 0]

1.21.6 2.0 2.4 2.83.2 3.6 4.04.4 4.8

Ratio of 9.D. , k
I.D.

Fig.B 3,3.0-4 Belleville Spring Constants: M, C; and C)
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B 3.3.0 Belleville Springs or Washers (Cont'd)
‘b_I.D._ﬁ‘
Example Problem ¢
Given: /11 1\ h:\?\
O.D. = 2" L IT
I.D, = 1.25" I 0.D. o
Load to deflect .02" = 675 1b.
Required: Fig. B 3.3.0-5

Determine required thickness, t and dimension h.

Solution:

The constants M, C; and C» may be taken from the curves in
Fig. B 3.3.0-4 or may be calculated as follows:

6 (k-1)% _ 6 (1.6 - 1.0)2

T x logk 2 3.14(0.47) (1.6)2

= 0.57

6 k-1 6 1.6 - 1.0 _
€1 7 X Tog x [logek -1 ] ~ 3.14(0.4D [ 0.47 1 ] = 1.123

__6 k-1 _ 6 1.6 - 1.0 | _
€2 7 7 Tog k [ 2 ] 3.14(0.47) [ 2 ] 1220

The Deflection-Stress Formula

- a6 o]

may be written in the form

5
T2
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B 3.3.0 Belleville Springs or Washers (Cont'd)

Assume that the washer shown in Fig., B 3.3.,0-5 is steel

fmax = 200,000 psi

E = 30,000,000 psi

v = .3

® = 0.02 in.

M = 0.57

C1 = 1.123

C2 = 1.220

a = 1.00 (half outside dia., inches)
try t = .04 and solve for dimension h

_ 200,000 (1)2(.57)(1-.331 4202 1.220 ¢ g4y - 190 in

B (1.123) (. 02) (30)10° 2 1123

This value for (h) is then substituted in the deflection-load
formula to obtain the load.

I o . 3
P m[<h 2><h O>t+t}

6
30410 )('021~2[(.121-.01)(.121-.02)(.04)+(.04)3] = 600 1b.
1-.39¢57 )

Since this load is too low, the calculation is repeated using a
stock thickness (t) of .05 in.

Then, solving again for h, the result is
h = .110 in.

Therefore, substituting this value of h into the formula used to
calculate the previous value of load (P), the new value of (P) is

P = 665 1b.
This is as close as calculation need be carried. It is not

expected that this or a similarly calculated spring will be deflected
beyond the amount used in the calculation.



Section B 3

19 May 1961
Page 36
REFERENCES
Manuals

1. Chrysler Missile Operation, Design Practices, Sec. 108,
Dtd. 1 November 1957.

2. Convair (Fort Worth), Structures Manual, Sec. 10.4.0,
Vol. 1.

Handbook

1., Assoclated Spring Corporation, Mechanical Spring Design,
Bristol, Conn.

Periodicals

1. Klaus, Thomas and Joachim Palm, Product Engineering, Design
Digest Issue, Mid-September 1960.

Text Books

1. Seely, Fred, B, and Smith, J. 0., Advanced Mechanics of
Materials, Second Edition, John Wiley & Sons, Inc.,
New York, 1957.

2. Spotts, M, F., Design of Machine Elements, Second Edition,
Prentice-Hall, Inc., Englewood Cliffs, N, J., 1955.




SECTION B4
BEAMS






TABLE OF CONTENTS

Page
BEams ¢ s o oo v oo e s ot s a0 as s o a0 s e e e s e 1
Simple BEAMS + ¢ v o ¢ ¢ 0 o ot s s s s noansosasassases 1
Shear, Moment and Deflection . ... o v eeev oo eeces 1
Stress ANalySiS o v v o e et e o e v v st s e e s e s s 24
Variable Cross-Section « v ¢« c ¢ oo v e et e e vesenonns 25
Symmetrical Beams of Two Different Materials. ... ... 26
Continuous BEams .« oo et et s s s e s s as aasocessssn 29
Castigliano's Theorem .. ..o oo eeesoaeesosos . o 29
Unit Load or Dummy Load Method. .. ..... e et e e e e 30
The Two-Moment Equation. . .« oo ee oo oeoesnoees . 32
The Three-Moment Equation ...... e e e e e e s e e 34
Moment Distribution Method. . . ¢« ¢« ¢ ¢ ¢ ¢ ¢ 0 0 s o e e 37
CUurved BEAIMS 4 v ¢ s s ¢ o e s e s s s 6 oo oosoasasoesss 38
Correction Factors for Use with the Straight Beam
FOrmula o« v c v o v e v e o o naaoscnoessssocsasossase 38
Bending-Crippling Failure of Formed Beams ... ..... 43
Bending Moment Only « « o o o e o oo e o o0 a0 aossooase 43
Combined Bending Moment and Axial Load . .. +v .4 oo 46

B4-iii






Section B 4
21 April 1961

Page 1

B 4.0.0 BEAMS

B 4.1.0 Simple Beams

B 4.1.1 Shear, Moment, and Deflection

The general equations relating load, shear, bending moment, and
deflection are given in Table B 4.1.1.1. These equations are given in
terms of deflection and bending moments.

Title Y M
Deflection A=y N = (/]~%}d
Slope 0 = dy/dx 0 = uf %—d
Bending Moment M = EI dzy/dx2 M
Shear v = EI d3y/dx’ V = dM/dx
Load W= EI dz*y/dx4 W= dv/dx = dzM/dx2

Table B 4.1.1.1
Sign Convention

a) x is positive to the right.

b) y is positive upward.

c) M is positive when the compressed
fibers are at the top.

d) W is positive in the direction of -y
negative y.

e) V 1s positive when the part of the beam to the left of the scction
tends to move upward under the action of the resultant of the
vertical forces.

The limiting assumptions are:

a) The material follows Hooke's Law.
b) Plane cross sections remain plane.
¢) Shear deflections are negligible.
d) The deflections are small,
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B 4.1.1 Shear, Moment and Deflection (Cont'd)

The deflection of short, deep beams due to vertical shear may
need to be considered. The differential equation of the deflection
curve including the effects of shearing deformation is:

_ M dxdx KV
y ‘U/l/ﬁ ET f/pAc dx
(K) is the ratio of the maximum shearing stress on the cross section

to the average shearing stress. The value of (K) is given by the
equation:

i

K = Eég L/ b'ydy

o

(1) is the moment of inertia of the
cross-section with respect to the

centrodial axis and (a), (b), (b'), and

(y) are the dimensions shown in Fig. B 4.1.1-1,

(A) is the area of the cross-section

na N
T 0
4

Fig. B 4.1.1-1
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B 4.1.1 Shear, Moment and Deflection (Cont'd)
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B 4.1.1 Shear, Moment and Deflection (Cont'd)
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B 4.1.1 Shear, Moment and Deflection (Cont'd)
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B 4,1.1 Shear, Moment and Deflection (Cont'd)
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B4,1.2 Stress Analysis
The maximum bending stress is:
£ = Mc e ieeaerasae Ceseecssetanacanas B €9

The limitations are:

a) The loads on the beam must be static loads,

b) The value of £ 1is the result of external forces only.

c) The beam acts as a unit with bending as the dominant action.

d) The initial curvature of the member must be relatively small,
(Radius of curvature at least ten times the depth)

e) Plane cross sections remain plane.

f) The material follows Hooke's law.

If the calculated stress does exceed the proportional limit, a suitable
reduced modulus must be used.

The maximum shearing stress in a beam in combined bending and
shear is:

e O ¢4
fs=KA ()

where (K) is the ratio of the maximum shearing stress on the cross
section to the average shearing stress, The maximum shearing stress is
often expressed as:

fs= Vo PR €3 )
It

Where Q = j”ydA (First moment about the neutral axis of the area
Area between the neutral axis and the extreme outer
fiber.)
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B 4.1.3 Variable Cross Section

The following formulas and figures present a method of analyzing
beams with uniformly tapering cross sections. Figure B 4.1.3-1 shows
a tapered cantilever beam consisting of two concentrated flange areas
joined by a vertical web which resists no bending. The vertical com-
ponents of the loads in the flanges, P tan & {, and P tan & 5, resist
some of the external force V. Letting V¢ equal the force resisted by
the flanges and V,, the force resisted by the webs, then:

Voo VE F Vi ettt et tet e et (1)
VE =P (tan G, + tan @ 9) . .iiiiiiinireesinnrennensreeensnans (2)
hi hy
From Fig. B 4.1.3-1, tan O3 = - tan Oy =, and tan Q4
h h
+ tan Qo = Lr 2 = h. From this Ve =P h, and since P =V F,
c c c 1
then
b
Ve = Vo e (3)

The load in the web is V %, so by writing a, b, and ¢, in terms of
h_  and h, we have

o
hO
L (4)
h - h
vy ¢ 0) (5)

Ve

P

Fig. B 4.1.3-1
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B 4.1.4 Symmetrical Beams of Two Different Materials

The analysis of symmetrical beams of two or more materials within
the elastic range may be analyzed by transforming the section into
an equivalent beam of one material, The usual elastic flexure formula
then applies.,

The transformation is accomplished by changing the dimension
perpendicular to the axis of symmetry of the various materials in the
ratio of their elastic moduli. Examples to illustrate the method for
various conditions follows.

Example 1. Consider a beam made of two materials whose cross section
is shown in Fig. B 4.1.4-la. Assuming n = Ea/Es, the transformation
in terms of material (S) (Fig. B 4.1.4-1b) is then b; = nb. The maxi-

mum stress in member (S) is then f(s) max = _fl and the maximum stress
-Mh
in member (A) is f(,) max = —;ig' It is noted that the section could

have been transformed in terms of member (A) (Fig. B 4.l.4-1c) giving
the same results for the maximum fiber stresses.

3

\W_LI" ,

7
7
AT
1

A

| T
/5% EZZ&QZZ%_RL N

le
fe-

b,
(a) {b) (¢)

Fig. B 4.1.4-1

Example 2. Reinforced-Concrete Beams. It is the established practice
in calculating bending stresses in reinforced-concrete beams to assume
that concrete can withstand only compressive stress., The steel or
other reinforcing member then is transformed into an equivalent area
as shown in Fig. B 4.1.4-2b. The distribution of internal forces for
a beam (Fig. B 4.1.4-2a) over any cross section ab is shown in Fig.

B 4.1.4-2¢c,
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B 4.1.4 Symmetrical Beams of Two Different Materials (Cont'd)

T
k

T TS
i d \\\\\_L
L I N 4
@\TZ —Tm ( / .

s

o
2
)=
.
20
|
—

(a) (b) (c)

Fig. B 4.1.4-2

To satisfy the equation of equilibrium, the internal moment must equal
the external moment. The mathematical statement is:

b (kd) (_12<_d) = nAs (d-kd)sveeeceeecene . ()
-~ A ol ~— g s N _'V_'

Concrete Transformed

area arm steel area arm

From which

DAs ﬂ/ 2bd o) L.... et ettt (2)
kd N < 1+ v - 1>

E steel
E concrete

where n =

The stress in the concrete fc and the stress in the steel fst is

_ M (kd) ..... cte et et eeates e ereneeanoanennn RN &)
fc = I
fst = nM(d-kd Ce ettt et C et et careas N Y
I
where

I = Moment of inertia of the transformed section.
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B 4.1.4 Symmetrical Beams of Two Different Materials (Cont'd)

Alternate solution: After kd is determined, instead of computing
I, a procedure evident from Fig. B 4.1.4-2c may be used. The resultant
force developed by the stresses acting in a "hydrostatic'" manner on

the compression side of the beam must be located %Q below the top of

the beam. Moveover, if b is the width of the beam, this resultant

force R, = %(kd) f. max, (average stress times area). The resultant

tensile force Ry acts at the center of the steel and is equal to A fge,
where Ag {s the cross-sectional area of the steel. Then if jd is the
distance between R¢ and R., and since Re = Ry, the applied moment M is
resisted by a couple equai to Rcjd or R¢jd.

jd=d-%—kd ................... e ceern (5)

f = R (7
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B 4.2.0 Continuous Beams

B 4.2.1 Castigliano's Theorem

Castigliano's Theorem is useful in the solution of problems
involving continuous beams with only one or two redundant supports.,
The theorem can be written as

L
_ou _ 1 oM
6Q _EQ —EI f E)Q s 1= (1)
o]
L
~9Us _ 1L oV
SQ"a ‘GA VBQ o =S (2)
(o}
L
. ou_ 1 oM
ea"a _EI MBM ds Lo e e e (3)

& . is the deflection at the load Q in the direction of Q.
Q may be a real or fictitious load.

Q_ is the slope at the moment Ma in the direction of Ma.

may be a real or fictitious moment.

is the strain energy of the beam.

is the bending moment due to all loads.

is the vertical shearing forces due to all loads.

is the cross-sectional area of the beam.

is the modulus of elasticity.

H o oME P g B mz [

is the moment of inertia.
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B 4.2.2 Unit Load or Dummy Load Method

The unit load or dummy load method may be used to determine
deflection at elastic or inelastic members. Deflection of inelastic
members by this method is given in section B 4.5.0. The theorem as
applied to elastic beams is written in integral form as

L .
= Mm et eereeeniee e, B ¢ 5 |
o) J/\EI dx
(o]

L
e] \]PEI dx
(o]

Where (8) is the deflection at the unit load and (8) is the rotation

at the unit moment. The Moment (M) is the bending moment at any
section caused by the actual loads. (m) is the bending moment at any
section of the beam caused by a dummy load of unity acting at the point
whose deflection is to be found and in the direction of the desired
deflection. The bending moment (m') is the bending moment at any
section of the beam caused by a dummy couple of unity applied at the
section where the change in slope is desired. It is noted that although
(m') may be thought of as a bending moment, it is evident from the

expression m' = g%%'that it is actually dimensionless.
a
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B 4.2.2 Unit Load or Dummy Load Method (Cont'd)

Illustrative Problem: Find the elastic vertical deflection of the

point A (Fig. B 4.2.2-1la) of the simply supported beam subjected to
two concentrated loads.

P P
L/4‘l f— ‘.- L/4 |_L/4,‘ I Lb.
1
A *
R=P R:=P |
3
L z 4 R /4

Fig. B 4.2.2-1
Solution: The actual loading is shown in Fig. B 4.2.2-1a and the
dummy loading is shown on Fig. B 4.2.2-1b. The moment for the actual
loading is shown on Fig. B 4.2.2-1c and the corresponding moment dia-

gram for the dummy loading is shown on Fig. B 4.2.2-1d.

The deflection by use of equation (1) noting that x] starts at
the left and x5 starts at the right is

L
A
Px) [/ 3x) /WPXZ <X2 >
. Mm _ = — —_— - d

o o 0

3L
b 3
PL / %2 _ _PL
+/ LET <Z_> dx, = %8E1
L
4

=
Rl
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B 4.2.3 The Two-Moment Equation

The two-moment equation may be used to determine the bending
moment at one section of the beam when the shear and bending moment at
another section and the loads applied to the beam between the two

sections are known. The expressions for the moment and shear corre-
sponding to Fig. B 4.2.3-1 is

M, = M} + Vid + Fx

|

-------------------------------

CENTROID OF LOADS

MV, M2

Fig. B 4.2.3-1

The two-moment equation is particularly useful in determining the
curve of bending moments and shears in the case of a cantilever beam
subjected to distributed loads, such as shown in Fig, B 4.2.3-2. The
calculations may be done in tabular form as in Table B 4.2.3-1.

0¥
# IN
3 20 26
- 1g¥ £ IN
io* N IN ——]”T'ﬂ”}
W T
Rl »
"4
e |0 —>f¢— |0—=1=— [0 —]

e— 10— lo—*-;

50

Fig. B 4.2.3-2
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B 4.2.3 The Two-Moment Equation (Cont'd)
Station W= Shear A * Bending Momeng 2
(inches Load V=(W{+tW2) —§§> M=(2W1+W9) kf_g;%vl(ZBX)
from end) | 1b/in
0 10 0 0
(10+14)10/2=| 120 ) 567
(2:10+14)10%/6 =
10 14 120 567
(2-14+18)102/6 =
(14+18)10/2= | 160 120-10 = 767
1200
20 18 280 2534
(2:18+22)104/6 = 976
(18422)10/2=| 200 280-10 = 2800
30 22 480 6301
(2-22+26)102/6 = 1167
(22426)10/2= | 240 480.10 = 4800
40 26 720 12,268
(2-26+30)102/6 1367
(26+30)10/2= | 280 720+10 = 7200
50 30 1000 20,835

Table B 4.2.3-1

*The increment of bending moment between stations may be calculated
from the relation:

M = (AV) (Dist. from centroid of trapezoid to inboard station)

+ Vi (Ax)
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B 4.2.4 The Three-Moment Equation

The three-moment equation is useful in the solution of problems
involving continuous beams with relatively few redundant supports. The -
equation is:

MaL MpL 2MbL L
ali + bL1 + 2 + McL2
I, I; I I,

K1+K2+_€_§(Y8_Yb)+g_§(YC_Yb) ....... ss s s e cer e e (1)

Where <K1) and (K2) are functions of loading on span (L1) and span
(Ly), respectively.

—
T% %C R

Fig. B 4.2.4-1

One equation must be written for each intermediate support. The
system of simultaneous equations is then solved for the moments at
the intermediate supports.

Values at (K;) and (Kp) for various types of loading are tabulated ~
in Table B 4.2.4-1,
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B 4.2.4 The Three-Moment Equation (Cont'd)

Table B 4.2.4-1 Kj and K9 Values for Various Load Conditions

Type of Loading Left Bay -Kp Right Bay - K2
1. 3
4| il gl
IERERERRE IR T
L —] 41y I
T
2, )
*] @ e 9 e (3L1-C1?) tugey (3Lp2- c3?)
w
— [TETT 81 81,
1
——
3. 2091 21 2y_. 20072 2
K w]_[b]_ (2Ll -bl )—a1 (2L1 - al )J
l =
| ‘ 2
J mmm% L [5, 2252 b2y (21, - a,D) ]
2 =
L ‘ 412L2
4.
—rore | OB 0%
T
! 1
5.

L.3

3
« e R s
o 6011 151,

! 2
. N +3L7vy 3Ly 7wy
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Table 4.2.4-1 Kj and K, Values for Various Load Conditions

Type of Loading

Left Bay - Kp

Right Bay - Kjp

7. N b
/l“llt ~l

6

3
+2¥1lg

321

4+5w)Ly?
321,

=

2 2
Wiy (Ll -1 >

2
L
v v
9.
2
. X ' + Ml L-3al Mz 3b2 -1
g 1" L I L 2
EM | I; \ 1 2 2
! L |
| L
10.
- [y d
1~ 170, 1 *1 9
W (o]
/
] L
Ky = =—2 M d
2 =11 2 X2 dxp
l | 2k
3 K

Where M is the bending moment.
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B 4.2.5 Moment Distribution Method

The moment distribution method is suggested for the solution of
problems involving continuous beams with many redundant supports. The
discussion and application of the method is given in section B 5.0.0
(Frames).
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B 4.3.0 Curved Beams

B 4.3.1 Correction Factors for Use in Straight-Beam Formula

When a curved beam is bent in the plane of initial curvature,
plane sections remain plane, but the strains of the fibers are not
proportional to the distance from the neutral axis because the fibers
are not at equal length. If(K)denotes a correction factor, the stress
at the extreme fiber of a curved beam is given by

in which [ }
M 1 + —S
_ AR Z(R + c)

Mc
I

K

where

is the bending moment

is the cross sectional area

is the radius of curvature to the centroidal axis

is the distance from the centroidal axis to the extreme
outer fiber

is the moment of inertia

(e I-- I i 4

[

Values of K for different sections are given in Table B 4.3.1.1.
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Table B 4.3.1-1

Values of K for Different Sections and Different Radii of Curvature,.

R Factor K
Section c Inside Fiber Outside Fiber
1.
1.2 3.41 0.54
1.4 2.40 0.60
R = 1.6 1.96 0.65
[ 1.8 1.75 0.68
2.0 1.62 0.71
malll 3.0 1.33 0.79
4.0 1.23 0.84
| 6.0 1.14 0.89
8.0 1.10 0.91
F—h 10.0 1.08 0.93
K the same for circle
and ellipse and inde-
pendent of dimensions,
2. 1.2 2.89 0.57
1.4 2.13 0.63
"°"| 1.6 1.79 0.67
1.8 1.63 0.70
2.0 1.52 0.73
' | 3.0 1.30 0.81
4.0 1.20 0.85
. R o 6.0 1.12 0.90
8.0 1.09 0.92
10.0 1.07 0.94
K independent of
section dimensions
3, 1.2 3.01 0.54
e b 1.4 2.18 0.60
—oC.L— 1.6 1.87 0.65
H 1.8 1.69 0.68
T T 2.0 1.58 0.71
T 3.0 1.33 0.80
b N 4.0 1.23 0.84
_L\ ' 6.0 1.13 0.88
8.0 1.10 0.91
™~ 10.0 1.08 0.93
j—— R —»
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Table B 4.3.1-1 (Cont'd)

Values of K for Different Sections and Different Radii of Curvature

R Factor K
Section c Inside Fiber OQutside Fiber
4. 1.2 3.09 0.56
1.4 2.25 0.62
[~ 3b—" 1.6 1.91 0.66
e ¢ 1.8 1.73 0.70
L — 2.0 1.61 0.73
T/ 3.0 1.37 0.81
j_ | 26 | 4.0 1.26 0.86
6.0 1.17 0.91
\\_l_ 8.0 1.13 0.94
. 10.0 1.11 0.95
5. 1.2 3,14 0.52
1.4 2.29 0.54
N 1.6 1.93 0.62
1.8 1.74 0.65 —
™ 2.0 1.61 0.68
| AT 3.0 1.34 0.76
N I 3
T \LL 8.0 1.12 0.91
l 10.0 1.10 0.93
- o |
6. 1.2 3.26 0.44
3 1.4 2.39 0.50
b—-| 1.6 1.99 0.54 -~
¢ 1.8 1.78 0.57 |
/T 2.0 1.66 0.60
3.0 1.37 0.70
| {°® I 4.0 1.27 0.75
6.0 1.16 0.82 ~
\l 8.0 1.12 0.86 '
10.0 1.09 0.88
- R —a{
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Table B 4.3.1-1 (Cont'd)

Values of K for Different Sections and Different Radii of Curvature

R Factor K
Section c Inside Fiber Qutside Fiber
7. 1.2 3.65 0.53 ‘
1.4 2.50 0.59
1.6 2.08 0.63
1.8 1.85 0.66
2.0 1.69 0.69
2.5 1.49 0.74
3.0 1.38 0.78
4,0 1.27 0.83
6.0 1.19 0.90
8.0 1.14 '0.93
2 10.0 1.12 0.96
A = 1,05b
1 = 0.18b4
C =0.70b
8. 1.2 3,63 0.58
1.4 2.54 0.63
. 3 1.6 2.14 0.67
azt =3t - 1.8 1.89 0.70
2.0 1.73 0.72
{ -f 3.0 1.41 0.79
[ Lt 4.0 1.29 0.83
r | 6.0 1.18 0.88
. | _}_ 8.0 1.13 0.91
___c‘* 10.0 1.10 0.92
R
9. 1.2 3.55 0.67
| £ po=3t —=fe2t o] 1.4 2.48 0.72
, 1.6 2.07 0.76
1.8 1.83 0.78
t | 2.0 1.69 0.80
4t " 6t 3.0 1.38 0.86
4.0 1.26 0.89
J_ I | | 'l 6.0 1.15 0.92
' f 8.0 1.10 0.94
10.0 1.08 0.95
- ¢ =]
-—— R
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Values ogiK for Different Sections and Different Radii of Curvature

R Factor K
Section c Inside Fiber Outside Fiber
10. 1.2 2.52 0.67
1.4 1.90 0.71
- f"' 1.6 1.63 0.75
L= 4t —qt 1.8 1.50 0.77
T 7 2.0 1.41 0.79
3.0 1.23 0.86
3t 3t 4.0 1.16 0.89
1 4, | 6.0 1.10 0.92
8.0 1.07 0.94
¢ =~ 10.0 1.05 0.95
et — — R ——]
11. 1.2 3.28 0.58
1.4 2.31 0.64
” 4 1.6 1.89 0.68
~ 1.8 1.70 0.71
2.0 1.57 0.73
3.0 1.31 0.81
4.0 1.21 0.85
6.0 1.13 0.90
bl 8.0 1.10 0.92
’j 10.0 1.07 0.93
R
12. 1.2 2.63 0.68
: 1.4 1.97 0.73
ey e 1.6 1.66 0.76
{ 1.8 1.51 0.78
t4 2.0 1.43 0.80
4t N il 3.0 1.23 0.86
‘ 4.0 1.15 0.89
| 6.0 1.09 0.92
8.0 1.07 0.94
=] 10.0 1.06 0.95
|—— R —
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B 4.4.0 Bending-Crippling Failure of Formed Beams

This section contains methods of analysis applicable to formed
or built-up sections which are critical in the bending-crippling mode of
failure. This method is to be used when plastic bending curves are not

available, otherwise use Section B4.5.

It is noted that a positive margin of safety derived from this
analysis does not preclude failure in another mode,

The analysis procedure is divided into two sections according to
the type of applied loading as follows:
Section

B 4.4,1 Bending moment only.
B 4,4.2 Combined bending moment and axial load.

e —

Examples are given to illustrate the procedure for each type of
loading.

B 44,1 Analysis Procedure for Bending Moment Only

a—-Fcc
. .I Compression Area
le‘l |

o 1—2}1 Y1

Y2 137
3
M - i i - - Neutral Axis (n.a.)

-

o -

Figure 1. Bending-Crippling of Formed Shapes
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B4.4,1 Analysis Procedure for Bending Moment Only (Cont'd)

(a)
(b)

(c)
(d)

(e)

Locate the neutral axis (line of zero fiber stress) of the cross-
section assuming a linear stress distribution.

Divide the compression area into elements according to Section C 1,
pages 11-16.

Calculate Fcep my according to Figure C 1.3.1-13 for each element.
Calculate the allowable bending-crippling moment by summing
moments about the neutral axis for the compression area and
doubling the result.

M =2[Z Fee b, t, 7, + E Fec bmtm')Tm/j,] P ¢ 3

m
\ VA
h Y
For flange For web
members members
where:
?n m - distance from neutral axis to the resultant force of each
’ element,

This equation is applicable for all shapes although only a formed
channel is shown in Figure 1.

The margin of safety is given by:

(ult)M.S.=&,—S—)%W-1 ...... e (2)
where:

M = applied bending moment at the cross-section in question,

M = allowable bending-crippling moment from Eq. (1).

(F‘S)ult = ultimate factor of safety.

Note: if the section is unsymmetrical, the tension flange should be
analyzed in the conventional manner.
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B4, b, Analysis Procedure for Bending Moment Only (Cont!'d)

Example 1

Determine the margin of safety in bending-crippling for the cross-
section shown below if the bending moment is 4000 in. -1b and a factor of
safety of 1.4 is desired.

t=.,04
+ Given:
F A
Mat'l = 6061-T6 Bare Sht.
.12 r
Typ Mech. Prop.
3.00" _ _ n. a.
F, =42 ksi
tu
Fcy: 35 ksi
: )\ G ,
E =9,9x 107 ksi
l" 1,75 . . .
Channels are intermittently riveted
Typ together.

Figure 2. Back-to-Back Formed Channels

Analysis

(a) The neutral (centroidal) axis for this case is determined by inspec-

tion.

I‘l,sq_.' r =.12+.02 =.14 in,
?T T b, 1.59 + .535(. 14)
1. 48

1. 46 Mot 3 b, =1.34+.535(.14)

I 4o

1.665 in.

1.415 in,
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B4 4,1 Analysis Procedure for Bending Moment Only (Cont'd)

Example 1 (Cont'd)

(c)

(d)

(e)

’F b
_ecy 21 _ 35 1. 665 _ _
ot 9.9 x 103 .0d40 - 2:475 Fecy =.275(35)

= 9,62 ksi
F.. b
cy P2 35 1.415
?Y T V5 9x103 —oz0 = 2 103, Fecp =.76(35)
= 26.6 ksi

M =2[ Mfange * M.l Ref. Eq. (1)

= 2[(9.62)(1.665)(.04)(1.48) + (26.6)(1.415)(.04)(1.46)/3]

= 3, 36 in-kips (for each channel) See page 278for Fccn, by, ths

and ¥,
Margin of safety
(ult) M. S. = M 123380 L0.20
"7 T AFS) M/2 1.4(2000) =~ T =
where:
M/2 = 2000 in-1b (pcr channel)

Ref. page 278
1.4 '

(Fs)ult

B4, 4,2  Analysis Procedure for Combined Bending Moment and Axial

1.

" Load

Calculate steps (a) through (d) according to the procedure of Section
B 4.6.1, If the neutral axis falls outside the cross-section, con-
sider the section to be stressed as a column and compare with the
maximum applied fiber stress,
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Analysis Procedure for Combined Bending Moment and Axial

B4, L, 2
Load (Cont'd)

Calculate the section modulus of the compression area about the

2.
neutral axis assuming a mirror image.

In.a
Z =—— (see Example 2) v vvveereennennoroeneennos
Cn.a. Ce

3. Compute the equivalent allowable stress

M

Z
“n.a.

F =

4. The margin of safety is given by

2 P

(ult) MS = ——— -~
(FS)ult fe

where:
Mc . ) .
(maximum applied compressive stress)

Ic.g.

Note: If the normal load (P) is tensile, the tension flange should be

P
= — %
fc A

analyzed in the conventional manner,

Example 2
Determine the margin of safety for bending-crippling failure for

the beam column shown in Figure 3,



——— .

BL,4,2

Section B4

February 15, 1976
Page 48

Analysis Procedure for Combined Bending Moment and Axial

Load (Cont'd)

Example 2 (Cont'd)

Given:

Mat'l = 6061-T6 Bare Sht

Mech, Prop.
Fi, = 42 ksi
F_ = 35ksi
<y

E =9.9x 103 ksi

P = 5000 1b
M = 6400 in-1b
(FS),p = 1.4

Angles are intermittently riveted together,

r—l.SOO—q 1.26 . 080
Typ {Tvp
) - 2\ ~
M 160 - ¥
T
C.g. axis ’P _ )
P 1 Yn.a
¥ na
Ye
. g.
2.760
3.000
.
Figure 3. Back-to-Back Formed Angle
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B4,4.2  Analysis Procedure for Combined Bending Moment and Axial
Load (Cont'd)

Example 2 (Cont'd)

_L"-l 26_’1;2) ELE| A | vy Ay | ay® |1
@ |.1008 |2.96 | .298| .883 -
16
- | —Y @ |.0250[2.89 | .072| .209 -
- yn.a
b (B3 |.2208|1.38 | .305] .420 | .140
: 2.76 TOT.|. 3466 .675]1.512 | . 140
Yo
c.g.
l‘ | _Y
_ ZAy _ .675 .
Ye.g. = TA T T3dee - 1947 in.
I —TAy? + 21 -y2  Z A=1.512 +.140 - (1.947)° (. 3466)
c.g. Y o c.g. o ’ ' )
= . 338 (for each angle)
M
Ozgj: Yn.a.
A c.g.
(a)
I
_ P “c.g. 5000 (2)(.338) _ .
Ynoa. TR M T T 2(.3466) 6400 - 762 in.
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B4,4,2 Analysis Procedure for Combined Bending Moment and Axial
Load (Cont'd)

Example 2 (Cont'd)

(b)

r—l.zs—-l r =.16+.04 = .20 in.
m

‘ r 1.26 + .535(.20) = 1. 367 in.
1.775 m I

1.735 1.575

1

o
—
"

1.575 + .535(.20) = 1. 682 in.

o
(W)
n

F b
f cy bp 35 1,367 _ _ . .
= © “J 95 9x103 o8 = 1,016, Fccy = .56(35)=19.60 ksi

F b ‘
_cy 22 _ 35 1.682 _ _ _ |
E t 9.9 x 103 .08 1.250, Fccp =1.1(35)=38.5 ksi

= 2[ Mflange + Mweb] Ref. Eq. (1)

(c)

(d)

4
i

2[ 19, 60(1. 367)(. 08)(i.775) + 38.5(1.682)(.08)(1.735)/3]

13,60 in-kip (each angle)
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Bh4, 4,2 Analysis Procedure for Combined Bending Moment and Axial
N ""Load (Cont'd)

Example 2 (Cont'd)

2. Section modulus about n. a,

Compression

Area
ELE| A y Ay Ay2 |1, @
(1) |.1008 |1.775 [.179 |.318 | - — T ]
1.775(:}—, 1.702
(@) |.0250 {1.702 |.042 |.072 | -
1.815
l . 788 '
(3 |.1260 | .788 |.099 |.078 [.026f Ln-a--B
(1]
TOT. . 468 |.026 ¥
Ei“"Mirror
LR Image
_ 2
In.a. =2[Z Ay +210]

[¥-N

2[ . 468 + .026] =.988 in* (for each angle)

2(.988) . 3
= ——-rt = 1,089 in
€n.a. 1.815

3. Equivalent allowable stress

_2.(M) _ 2(13.60)

= 1,089 = 25.0 ksi

F
c
n.a.
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B4, 4,2 Analysis Procedure for Combined Bending Moment and Axial

Load (Cont"d)

Example 2 (Cont'd)

Applied compressive stress

¢ _P Mc
c A + I
c.g.
_ 5 6.4(1.053) _ .
=20, 3466) T 2(.338)  17-2ksi
4., The margin of safety is
F 25.0

(ult) MS = (F5)_, . -1= 1a(i7.2) ~ 1= +0.04

where:

(Fs)ult = 1.4 Ref, page 281

—
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B4.5.5.6 Magnesium-Minimum Properties

Symmetrical Sections ZK60A Magnesium Alloy |

Minimum Bending Modulus of Rupture for
Forgings (Longitudinal)

1.

Fig. B4.5.5.6-5
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Table A4-21. Decimal and Metric Equivalents of Fractions of an Inch (Cont'd)

Inch Inch Millimeter Centimeter Meter
Decimal Fraction {mm) (cm) {m)
0.796 875 51/64 20. 240 37 2.024 037 0.020 240 37
0.812 5 13/16 20. 637 31 2.063 731 0.020 637 31
0.828 125 53/64 21.034 11 2.103 411 0.021 034 11
0,843 75 27/32 21.431 05 2.143 105 0.021 431 05
0. 859 375 55/64 21,827 85 2.182 785 0,021 827 85
0.875 7/8 22.224 79 2.222 479 0.022 224 79
0.890 625 57/64 22.621 59 2.262 159 0.022 621 59
0.906 25 29/32 23.018 53 2.301 853 0.023 018 53
0.921 875 59/64 23.415 33 2.341 533 0.023 415 33
0.937 5 15/16 23.812 28 2.381 228 0.023 812 28
0.953 125 61/64 24.209 07 2,420 907 0.024 209 07
0.968 75 31/32 24. 606 02 2.460 602 0.024 606 02
0.984 375 63/64 25.002 81 2.500 281 0.025 002 81

1.0 1 25.4 2.54 0.025 4
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B4.5.0 Plastic Analysis of Beams

Introduction

The conventional flexure formula f=Mc/l is correct only if the
maximum fiber stress is within the proportional 1imit, In the plastic
range, the assumption that plane sections remain plane is valid while
the stress corresponds with the stress-strain relationship of the
material.

This section provides a method of approximating the true stress
which depends upon the shape and the material properties, It is noted
that deflection requirements are investigated when using this method
since large deflections are possible while showing adequate structural
strength,

The method outlined in this section is not applicable if the member
is subjected to high fluctuating loads.

The following glossary is given for convenience:

Simple bending: This condition occurs when the resultant applied
moment vector is parallel to a principal axis.

Complex bending: This condition occurs when the resultant applied
moment vector is not parallel to a principal axis,

Development of the Theory

A rectangular cross section will be used in this development; any
other symmetrical cross section would yield the same results.
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B 4.5.0 Plastic Analysis of Beams (Cont ' d)
f
da max
f
“I—r—7 ' ‘ €max f 2
1 l s] max
| (naf| ¥ £l 1
T - 1 - - Stresq
=1 true
€ fz distribution
Emax fmax
(a) Section (b) Strain (c) Stress 0 c e c
1 Strain 2 max

(d) Stress-Strain Curve

(Tension and Compression)
Figure B4.5,0-1

Since the bending moment of the true stress distribution about
the neutral axis is greater than that of a linear Mc/I distribution as
used in the elastic range, a trapezoidal stress distribution is used to
approximate the true stress distribution. f,,5, may be defined as a
yield stress, a buckling stress, an ultimate stress or any other
stress level above the proportional limit.

Let f be a fictitious stress at zero strain in the trapezoidal
stress distribution as shown in Figure B4.5.0-2. The value of f,
may be determined by integrating graphically the moment of (not the
area of) the true stress distribution and equating this to the bending
moment of the trapezoidal stress distribution.
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B 4.5.0 Plastic Analysis of Beams (Cont'd)

max

max max
/

_ _ fo fo £ /

Stress

f
f max
max Strain €max
(a) True Stress (b) Trapezoidal Stress (c) Stress Strain Curve

Figure B4.5.0-2

Mba = Allowable bending moment of the true stress distribution for a
particular cross-section at a prescribed maximum stress level.
Mb c
Fp, = Ia = Fictitious allowable stress or the bending modulus
of rupture for a particular cross-section at a prescribed
maximum stress level,
I ¢ > I . .
Mbt — fmax + (2Q- —é_) fo = The bending moment of a trapezoidal
stress distribution that is equivalent to
M
ba
Where for symmetrical sections,
C
1 = f y2 dA (moment of inertia)
=c
c
Q = ,{; y dA (static moment of cross-section)

c = Distance from centroidal axis to the extreme fiber
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B 4.5.0 Plastic Analysis of Beams (Contd)
Mb C
Therefore, from Fy = ; we obtain;
Fy=fmax + (k-1), (4.5.0-1)
Where,
k = Z?C (4.5.0-2)

Two types of figures are presented for plastic bending analysis,
One type presents Bending Modulus of Rupture Curves for Symmetri-
cal Sections at yield and ultimate (Reference Section B4.5.4). The
other type presents Plastic Bending Curves (Reference Section B4. 5. 5)
which are necessary for the following:

1) Limiting stress other than yield or ultimate,

2) Tension and compression stress strain curves which are
significantly different,

3) Unsymmetrical cross-section.

Figure B4,5,0-3 shows values of k for various symmetrical cross-
sections. Generally, validity of the approach has been shown only
for typical aircraft sections which are geometric thin sections.

Flanges | Thin Tube| Hourglass Rectangle | Hexagon [Solid Round Diamond
Only
— / \ _m -
—

k1.0 k'z1.27 |k x1.33 k =1.5 k-1.6 k=-1.7 k2.0

SHAPE FACTOR

Figure B4.5.0-3
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B4.5.1 Analysis Procedure When Tension and Compression Stress-
Strain Curves Coincide. -

B4.5.1.1 Simple Bending about a Principal Axis---Symmetrical
Sections.

The procedure is as follows:

1. Determine k by Equation (4. 5. 0-2) or by the use of Figure B4.5.0
-3.

2. For yield or ultimate limiting stress, use the Bending Modulus of
Rupture Curves {Fp vs. k - sce section B4.5.5 for index) to
determine F},.

3. For a limiting stress other than yield or ultimate, use the Plastic
Bending Curves (See section B4.5. 6 for index). Locate the limiting
stress on the stress-strain (or k=1) curve and move directly up to
the appropriate k curve to read F, for the same strain.

4. Fyp from Step 3 and f},, the calculated Mc/I stress, may be used
in determining the bending stress ratio for combined stresses
and the margin of safety for pure bending as follows:

£y
= — 4.5.1.1-1
Rp = (4.5.1.1-1)
1
Sy = 4.5.1.1-2
M.S. = gy - b (4.5.1.1-2)

Where: S.F. is the appropriate (yield or ult) safety factor

B4.5.1.2 Simple Bending about a Principal Axis---Unsymmetrical
Sections with an Axis of Symmetry Perpendicular to the
Axis of Bending

This procedure also applies to any section with bending about one
of its principal axes.
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B4.5.1.2 Simple Bending about a Principal Axis---Unsymmetrical
Sections with an Axis of Symmetry Perpendicular to the
Axis of Bending. (Cont'd)

The procedure is as follows:

1. Divide the section into two parts, (1) and (2), on either side of the
principal axis (not the axis of symmetry) similar to that shown in
Figure B4.5.1.2-1,

2. Calculate:

kl:

(4.5.1.2-1)

where I} is the moment of inertia of part (1) only about the principal
axis of the entire cross-section. This would be identical to k of a
section made up of part (1) and its mirror image., Figure B4.5.0-3
may be used where part (1) and its mirror image form one of the
sections shown,

3. Calculate similarly:

Q,c
2
kp = —22 (4.5.1,2-2)
I
2
4. Assuming part (1) is critical in yield (or crippling, ultimate, etc.)
use the Plastic Bending Curves and locate this stress on the stress-
strain ( or k=1) curve. Move directly up to the appropriate k curve

and read F‘b1 for the same strain.
5. Read the strain €],

6. Calculate:
(o1
2 )

7. Locate €, on the strain scale and move directly up to the appro-
priate k curve to read sz

(4.5.1.2-3)

8. Calculate Mba by

FpI1l | FpoI2
Mba " T T (4.5.1.2-4)
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B 4.5.1.2 Simple bending about a principal axis--
unsymmetrical sections with an axis of
symmetry perpendicular to the axis of
bending. (Cont'qd)

My _ mustbe used in determining the moment ratio for bending and
and the margin of safety for pure bending as follows:

M
- (4.5.1.2-5)
My,
a

Ry
M.S. = —— bt ] (4.5.1.2-6)
TR, (S.F.)

Where: S.F. is the appropriate (yield or ult) safety factor
}

(1)

/—Principal Axis
NN

Figure B4.5.1.2-1
Complex Bending--Symmetrical Sections; Also Unsymmetri-

B4.5.1.3
cal Sections with One Axis of Symmetry,

This condition occurs when the resultant applied moment vector
is not parallel to a principal axis as shown in Figures B4.5.1. 3-1 or

B4.5.1. 3-2. Y
M M

y
!

| x _d_l__ x

X_ - X

¥C.G. C.G.
I
I
y

y

Unsymmetrical Section
with one axis of symmetry
Figure B4.5.1, 3-2

Symmetrical Section

Figure B4.5.1. 3-1
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B 4.5.1.3 Complex Bending-- Symmetrical Sections; also
Unsymmetrical Sections with One Axis of Symmetry.

The procedure is as follows (this procedure is always conservative and
may be very conservative for some cross-sectional shapes):

l. Obtain M, and My, the components of M with respect to the
principal axes.

2. Follow the procedure outlined in Section B4.5,1.1 or B4,5.1.2
to determine R and Ry
bx y

3. Rp= Ry, + Ry, (4.5.1.3-1)

4. For pure bending,

1

M.,S. = m -1 (4.5.1.3-2)

Where:
S. F. is the appropriate (yield or ult) safety factor.

B4.5.1.4 Complex Bending--Unsymmetrical Sections with No Axis
of Symmetry

This condition occurs when the resultant applied moment vector is
not parallel to a principal axis as shown in Figure B4.5.1.4-1.

y' y M
\ |
o™
x' (Principal axis)
\/ﬂ
0
X - i-— x(Ref, axis)

! \ y'(Principal axis)
y(Ref. axis)

Figure B4.5.1.4-1
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B 4.5.1.4 Complex Bending-- Unsymmetrical Sections with no
Axis of Symmetry.

The procedure is as follows:

1. Determine the principal axes by the equation
tanZG:I_x."f_ (4.5.1.4-1)

where x and y are centroidal axes and

2
I :fy dA {Moment of inertia)
2
IY = x dA {Moment of inertia)
Ixy:fxy dA (Product of inertia)

2. Obtain M and My, the components of M with respect to the
principal axes.

3. Follow the procedure outlined in Section B+, 5.1, 2 to determine
be' and Rby‘
4. The stress ratio for complex bending is
Ry = be' + Rbyv (4.5.1.4-2)
5. For pure complex bending, the margin of safety is
1
M.S. = ————— -1 (4.5.1.4-3)
Ry(S. F.)
where:

S. F. is the appropriate (yield or ult) safety factor.
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B4.5.1.5 Shear Flow for Simple Bending About a Principal Axis--
Symmetrical Sections

When plastic bending occurs, the classical formula SQ/I is correct
only for cross-sections with k=1. 0. For k greater than 1.0, SQ/I is
unconservative. The derivation of a correction factor j3 SQ/I is as
follows faor an ultimate strength assessment:

dy
I _-_i:
P. A, L YA
- I..___
i -~ fo-)i
Cross-Section Stress Distribut;on

Figure B4.5.1.5-1

Let P = load on cross-section between y and c

C
P= f tidy
Yy

From the geometry of Figure B4.5.1.5-1

= A
f-fo+(f -fo)C

max

C C
. t
..P=‘ffotdy+/ (fmax - fo) —— dy
y y

Let A= area of cross-section between y and ¢

A= f t dy then,
Y



B 4.5.1.5 Shear Flow for Simple Bending about a Principal

Axis-- Symmetrical Section. (Cont'd)

=
P= £ A + (fmax - fo) =

and since Q=AY,

et (2)1 1, (o 2

From Equation (4.5.0-1)

Mc
Fp = fmax + £, (k= 1) = — then,
< dM _ dfmax dfo (k 1)
I dx - ax T I -

Since, by definition, S = dM/dx and q = dP/dx,

Section B4,5
February 15, 1976
Page 11

(a)

(c)

c dfmax dfo
I—(S) = = 1+ T (k - 1)] and from (a), (b)
max
df df df
N max 3 o max
1 = ¢t ar dx ( - )
max
_ 1 +2 (c/y - 1)
Let X\ = dfo/dfrnaX and 3 = T n (k- 1) then,
df
max Q Q
@ = T[T “(A- —)]
Sc

A EETN RS

But since from (b): df /dx =
max I

and substituting (d) into (c) we have

fsc (e ) [1 +x (Ac/@ -1)]
1 =\7 ¢ ] TT+x (k-1
Since Q = Ay,
s
a= 8-

(d)
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B 4.5.1.5 Shear Flow for Simple Bending about a Principal

Axis-- Symmetrical Section. (Cont'd)

The method outlined below shows how to correct SQ/I and calculate
the margin of safety for simple plastic bending about a principal axis
of a symmetrical section.

The procedure is as follows:

ll

2.

Determine Mc/I

Determine k by Equation (4. 5. 0-2) or by the use of Figure
B4.5.0-3.

Refer to the applicable Plastic Bending Curves and locate
Mc/I on the F}, scale. - Move across to the appropriate k curve
to read the true strain, €.

By use of the stress,-strain (or k = 1) curve and the fo curve,
determine the rate of change of f, with respect to f at the true
strain ¢, which would be expressed as
df df /de

o o
df T df/de

X = (4.5.1.5-1)

To determine the shear flow at any point on a cross-section,
determine the distance from the principal axis to the centroid
of the area outside of the point in question as shown in Figure
B4.5.1.5-1. This is defined as ¥.

Determine the shear flow at distance 'a'' from the principal
axis by

qa = B T (4.5.1.5-2)

where, 142 (c/T - 1)

B = ToweoD (4.5.1.5-3)

a

C .
Q = j; y dA (4.5.1.5-4)
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B 4.5.1.5. Shear Flow for Simple Bending about a
Principal Axis-- Symmetrical Section. (Cont!'d)
7 CalculateffS ax = (fg) 1-0° (q/t)a -0 and the stress ratio is
S
max -
Re= TF, (4.5.1.5-5)

8. For the margin of salcty with pure bending and shear use

1
M.S. = -1 (4.5.1.5-6)
2
(S.F.)VR{ + R
9. For the margin of safety with axial load, bending and shear
use
1 . -
M.S. = : -1 (+.5.1.5-7)
(S. F. W)y, + R,)® + R%
where,
fa
Ra=+¥a

S. F. is the appropriate (yield or ult) safety factor,

B4.5.1.6 Shear Flow for Simple Bending About a Principal Axis- -
Unsymmetrical Section with an Axis of Symmetry Perpen-
dicular to the Axis of Bending

A procedure similar to that shown in Section B4, 5.1.5 for Figure
B4.5.1.6-11is as follows:

1. Divide the section into two parts, (1) and (2), on either side of
the principal axis (not the axis of symmetry) similar to that
shown in Figure B4.5.1.2-1.

2. Calculate:
Q¢

ky = L (4.5.1.2-1)

where I is the moment of inertia of part (1) only about the
principal axis of the entire cross-section. This would be
identical to k of a section made up of part (1) and its mirror
image. Figure B4.5.0-3 may be used where part (1) and its
mirror image formsone of the sections shown.
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B 4.5.1.6 Shear Flow for Simple Bending about a Principal
Axis-- Unsymmetrical Section with an Axis of
Symmetry Perpendicular to the Axis of Bending.
3. Calculate similarly:
Q,c ‘
272
k, =——I—2—- '. (4.5.1.2-2)
Mc Mc‘2
4. Calculate and
I I
5. Refer to the applicable Plastic Bending Curves and locate
°1 on the Fy scale. Move across to the appropriate k
I (use ki) curve to read the true strain ¢ 1
) . € 1C2
6. Find ¢, similarly, or by e 2:-——51—— (4.5.1,2-3)
7. By use of the stress-strain (or k = 1) curve apd the {_ curve,
~determine the rate of change of f with respect to f for the
true straine) which would be expressed as
dfo dfo/de
A= T \g7a—/ 1 . (4.5.1, 6-1)
8. Calculate similarly:
(—-df°)2 (—-—df‘!de) 4.5.1,6-2
Y2=\ar o *\aa /2 (4.5.1.6-2)
9. To determine the shear flow at any point on a cross-section,
determine the distance from the principal axis to the centroid
of the area above or below the point in question as shown in
Figure B4.5.1,6-1. This is defined as ¥, or ¥,
10. Determine the shear flow in part (1) at distance ''a'" from the

neutral axis by

sQ_
a9 = B, | (4.5.1.6-3)
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where,
€1
1 +X1 e |
Va
= 4,5,1.6-4
Pa L+rg (kg - 1) ( 6-4)
1
Q = f ydA (4.5.1. 6-5)
a

11. Determine the shear flow in part (2) at distance ''b" from the
neutral axis by

5Q,
a, = By <_I___ (4.5.1. 6-6)
where,
C
142 (_2 ] 1)
2 yb
3, = (4.5.1. 6-7)
b F+x, (k, - 1)
2
Qp = f vdA (4.5.1, 6-8)
b ,

12, For the shear flow at the principal axis, calculate q using both
parts of the cross-section and use the larger. A rigorous
analysis could be made so that shear flow calculations at the
neutral axis would result in the same value regardless of
which side was used in the calculations. This would involve
determining the amount of transverse shear distributed to
each side of the neutral axis. If the bending moment is
developed entirely from external shear, then the shear distri-
buted on each side is proportional to the corresponding mo-
ments and Equations (4.5.1. 6-3) and (4.5.1. 6-6) become as

follows:
= B "% here S| = " s, M i
9, = Pa ) where S| = M; ¥ M, ; 1~ C1

(See B4.5.1,2)
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B 4.5.1.6 Shear Flow for Simple Bending about a Principal
Axis-- Unsymmetrical Section with an Axis of
Symmetry Perpendicular to the Axis of Bending.

S M F I
2 2 b, "2
qb = Bb IZ where SZ = W ’S, M2= 2 C—Z-

(See B4.5.1.2)

b—tl-—i

|

‘1 ! —
a ya
J 1 * - _ ‘ ‘ Principal axis
. b v
) LEONNN ]XK\X\\ 1
L -

Figure B4.5.1. 6-1

9 9y,
13, Calculate f = — andf_ = —— to obtain the shear
s -t s t

a 1 b
ratios: £
®a
R = (4.5.1.6-9)
sa  Fg
fsb
R, = 7 (4.5.1,6-10)
b s
14, For the margin of safety with pure bending and shear use
M.S. = 1 -1 (4.5.1.6-11)
(S. F. )\/gz + RZ

where:

S. F. is the appropriate (yield or ult) safety factor,



Section B4,5
February 15, 1976
Page 17

B 4.5.1.6 Shear Flow for Simple Ben