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PREFACE
The subject of aircraft structures includes a wide range of topics.

Most of the classicsl methods of analysis for heavy structures must
be considered as well as methods which have particular application to
lightweight structures. It is obviously impossible to treat all phases
of the analysis and design of aircraft structures in a single book. In
this book,which is written as an undergraduate college text, an attempt
is made to emphasii basic structural theory which will not change as
new m a t e d and new construction methods are developed. Most of
the theory is applicable for any design requirements and for any materials. The design engineer may then supplement this theory with
the detail design specifications and the material properties which are
applicable to his particular airplane.
It is believed that most of the serious mistakes made by college
students and by practicing engineers result from errors in applying the
simple equations of statics. Heavy emphasis is therefore placed on the
application of the elementmy principles of mechanics to the analysis of
aircraft structures. The problems of deflections and statically indeterminate structures are treated in later chapters. The topics of airload distribution and fight loading conditions require a knowledge of
aerodynamics. These topics are therefore placed in the latter part of
the book bemuse students usually study the prerequisite aerodynamics
topics in concurrent courses.
The author appreciates the suggestions of Dr. Joseph Marin,
Dr. Alexander Klemin, Prof. Raymond Schneyer, and George Cohen,
who read and criticid the first part of the manuscript; Dr. P. E. Hemke,
Dr. A. A. Brielmaier, and C. E. Duke also made valuable suggestions
and criticisms.
DAVID
J. PEIORY
%’Am

COLWn,

Auqwt, 1949
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CHAPTER 1
EQUILIBRIUM OF FORCES
1.1. Equations of Equilibrium. One of the first steps in the design
of a machine or structure is the determination of the loads acting on
each member. The loads acting on an airplane may occur in various
landing or flight conditions. The loads may be produced by ground
reactions on the wheels, by d y n a m i c forces on the w i q p and other
surfaces, or by forces exerted 09 the propeller. The loads are resisted
by the weight or inertia of the various parts of the airplane. Several
loading conditions must be considered, and each member must be designed for the combination of conditions which produces the higheat
stress in the member. For practically all members of the airplane structure the maximum loads occur when the airplane is in an accelerated
flight or landing condition and the external loads are not in equilibrium.
If, however, the inertia loads are also considered, they will form a system
of forces which are in equilibrium with the external loads. In the design
of any member it is nemssary to h d all the forces acting on the member,
including inertia forces. Where them forces are in the same plane$as is
often the case,the following equations of atatic equilibrium apply to any
isolated portion of the structure:

ZF, = 0

ZF,,= 0
ZM-0

I

The terms 2Fs and ZF,,repreaent the summations of the components
of forces along 2 and y axes, which may be taken in any two arbitrary
directions. The term ZM repments the sum of the moments of all
forces about any arbitrarily chosen point in the plane. Each of these
equations may be set up in an in6nite number of ways for any problem,
since the directions of the axes and the center of moments may be chosen
arbitrarily. Only three independent equations exist for any free body,
however, and only three unknown forces may be found from the equations. If, for example, an attempt is made to fmd four unknown forces
by using the two force equations and moment equations about two
poinb, the four equations cannot be solved because they are not independent, i.e., one of the equations can be derived from the other three.
1
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The following equations cannot be eolved for the numerid values of the
tduw unknowns because they are not independent.
z+y+z=3
Z+Y+2==4
2x 2~ 32 = 7

+ +

The third equation may be obtained by adding the fht two equations,
and consequently does not repment an independent condition.
In the adysis of a structure containing several members it is neceesary to draw a free-body diagram for each member, showing all the
forces acting on that member. It is not possible to show thee forces
on a composite sketch of the entire structure, since equal and opposite
forces act at all joints and an attempt to designate the correct direction
of the force on each member will be confusing. In applying the eqw
tions of statics it is desirable to choose the axes and centers of momenta
80 that only one unknown appears in each equation.
Many structural joints are made with a single bolt or pin. Such
joints are assumed to have no resistance to rotation. The force at
such a joint must pasa through the center of the pin, as shown in Fig. 1.1,
since the moment about the center of the pin must be 5ero. The force
at the pin joint has two unknown quantities, the magnitude F and the
diredion 8. It is usually more convenient to find the two unknown
components, F, and F,,,from which F and 8 can be found by the
6#.pt3tiOIUl:

The statics problem is considered as solved when the components
and Fyat each joint are obtained.

1.2. Two-force Members. When a structural member has forceg
acting at only two points, thee forces must be equal and opposite, aa
shown in Fig. 1.2. Since moments about point A must be zero, the
force FB must pass through point A. Similarly the force FA must pass
through point B for moments about point B to be zero. From a summation of forces, the forces FB and FA must have equal magnitudes but
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opposite directions. Two-force members are frequently used in aircraft
and other structures, since simple tension or compression members are
usually the lightest members for transmitting forces. Where possible,
two-force members are straight, rather than curved as shown in Fig. 1.2.
Structures made up entirely of two-force members are d e d trussee
and are frequently used in fuselages, engine mounts, and other aircraft
structures, as well as in bridge and building structures. Trussee represent an important special type of structure and will be treated in detail
in the following articles.
Many structures contain some twc+force members, as well as some
members which resist more than two forces. These structures must
first be examined carefully in order to determine which members are
two-force members. Students frequently make the serious mistake of
sssuming that forces act in the direction of a member, when the member
resists forces at three or more points. In the case of curved two-force
members such as shown in Fig. 1.2,it is important to assume that the
forces act along the line between pins, rather than dong the axis of the
members.
While Eqs. 1.1 are simple and well known, it is very important for a
student to acquire proficiency in the application of these equations to
various types of structures. A typical structure will be asslyzed as an
example problem.
Example. Find the forces acting at all johta of the structure shown m
Fig. 1.3.

E
FIQ. 1.3.

S d k First draw free-body diagram of all members, 88 shown in Fig. 1.4.
Since AB and QD are tweforce membm, the form in these membem are along
the line joining the pin jointa of these members,and freebody diagmma of these
members am not shown. The directiom of forces am aseumed, but care mnet
be taken to show the forces at any joint in opposite directiom on the two mem-

4
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that is, C, is assumed to act to the right on the horiaontal member, and
thereforemuat act to the left on the vertical member. If forcea are assumed
in the wrong direction, the calculated magnitudes will be negative.

ha. 1.4.

For the pulley,

-

ZMH = 2 x 1O
, OO 2T = 0
T = 1,ooO lb
ZF, H, - 1,ooO = 0
H, = 1,ooO Ib
ZF, = H. 1O
, OO = 0
H, = 1O
, OO Ib

-

b e e the numerical d u e s of these forma are obtained, they are shown on the

free-bcuiy diagram. Subsequent equationa contain the known numerical d u e s
rather than the algebraic symbols for the forces.
For member CGH,

Z M c = 1O
, OO X 7 - 2.4GD = 0
GD = 2,915 lb

ZF.

+
+

C: 2,915 COB 36.9'
C, = -1,335 Ib
ZF, C, 2,915 ein 36.9"
C, = 750 lb

-

- 1O, OO = 0
- 1O, OO 0

Since C, and C, are negative, the directions of the vectors on the free-body diagmma are ohanged. Such changea are made by crossing out the original arrow8
rather than by erasing, in order that the d y s i a may be checked conveniently
by the original designer or by othem. Extreme care must be observed in using

the proper direction of known forces.

5
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For member BCDE,
ZMB = 1,335 X 5

- 2,915 X 2 ~ 0 ~ 3 6 . 9-0 4.W = 0
+ - 5fMc0eW= 0
- 2,915Sin36.V + 750 - 5OoSin60" = 0

AB=Mw)Ib
ZFs = Es 2,915~0~36.90 1,335
E. = 1,250lb

ZF' =

Ev = 1,433 lb
All forcea have now been obtained without the use of the entire structure as a
free body. The solution will be checked by using all thrse equations of equilibrium for the entire structure.
check using entire structure as free body,

-

-

ZF. = 1,250 1,Ooo 6OoCOS600 = 0
ZFy = 1,433 1,ooO 5OoSin60" = 0
ZMg = 1,000 X 9 1,000 x 7 Mw) X 4 4
This check should be made wherever possible in order to d e b t errors in computing moment arm^ or forces.

-

-

-

PROBLEMS

+

1.1. A 5,ooO-lbairplane is in a steady glide with the flight path at an angle 8
below the horizontal. The drag force in the direction of the 9ight path ia 750 lb.
Find the lift force L normal to the flight path and the angle 8.

-46 ---/so'---

r

7
e

m:- -

path
h0B.

1.1.

4Q000 h-/b

4mlb

h0B.

c-

1.2.

l.2. A jet-propelled airplane in steady flight bas forcea acting Mshown. Find
the jet thrust T,lift L,and tail load P.
1.8. A wind-tunnel model of an airplane wing is suspended as shown. Find
the loads in members B, C, and E if the forces at A are L 43.8 lb, D = 3.42 lb,
49
C
and M -20.6 in-lb.

-

PBOB. 1.3 and 1.4.

l.4 For the model of Rob. 1.3 find the forcee L, Dj and M at a point A, if
the measured forces am B = 40.2 lb, C = 4.16 lb, and 1 = 3.74 lb.

6
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L6. Find the horisontal and vei.tical components of the forces at all joints.
The reaction at point B ia vertical. Check results by using the three remaining
equations of statics.
E

m B . 1.6.

hOB.

1.6.

1.6. Find the horizontal and vertical components of the forces at all joints.
The reaction at point B is horizontal. Check results by three equations.
L7. Find the horizontal and vertical components of the forces at all joints.
The reaction at point B is vertical. Check mdts by three equatione.

results

1.8. Find the
equati0M.

L---&y---j

I
+------f/O* ------4
hOB.

1.9.

l.9. Find the forces on dl members of the biplane etruature shown. Check
readta by considering equilibrium of entire structure as a free body.

EQUILIBRIUM OF FORCES
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l.10. Find the forces at points A and B of the landing gear shown.

1.U Find the forces at points A, B, and C of the structure of the braced-wing
monoplane shown.
1.12 Find the forces V and Mat the cut c m section of the beam.

paoa. 1.11.

1.8. Truss Structures. A truss has been defined as a structure which
is composed entirely of two-force members. In aome cases the members
have a singlebolt or pin connection at each end,and the external loads are
applied only at the pin johta. In other cases the members are welded or
riveted at the ends,but are assumed to be pin-connected in the d y s i s
because it has been found that such an analysis yields approximately
the correct values for the forces in the membem. The tnrases considered in this chapter are assumed to be coplanar; the loads resisted by
the truss and the axs of all of the truss members lie in the m e plane.
Trusses may be clsssified as statically determinate and statically indeterminate. The forces in all of the members of a statically determinate
truss may be obtained from the equations of statics. In a statically
indeterminate truss, there are more unknown forces than the number of
independent equations of statics, and the forces cannot be determined
from the equations of statia. If a rigid structure is supported in such
a manner that three nonparallel, nonconcurrent reaction componenfe
are developed, the three reaction forces may be obtained from the three
equations of statics for the entire structure as a free body. If more than
three support reactions are developed, the structure is statically indeterminate externally.

8
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Trusses which have only three reaction force components, but which
contain more members than required, are statically indeterminate int e d y . TIQSS~E
are normally formed of a serim of trisngulsr frames.
The finst triangle contains three members and three joints. Additiod
triangles are each formed by adding two members and one joint. The
number of members m has the following relationship to the number of
joints j .
m

or

- 3 = 2 ( j - 3)
m-2j-3

(1.4)
If a truss has one less member than the number speci6e.d by Q. 1.4,it
becomes a linkage or mechanism, with one degree of freedom. A
linkage is not capable of misting loads, and is c b i h d as an unstable
structure. If a truss has one more member than the number specified
by Eq.1.4,it is statically indeterminate internally.
If each pin joint of a truss is considered as a free body, the two statics
equationsZF, = 0 and ZF, = 0 may be applied. The equation ZM = 0
does not apply, since all forces act through the pin, and the moments
about the pin will be zero regardless of the magnitudes of the forces.
Thus, for a truss with j joints, there are 2j independent equations of
statics. The equations for the equilibrium of the entire structure are
not independent of the equationsfor the joints, since they can be derived
from the equations of equilibrium for the joints. For example, the
equation ZF, = 0 for the entire structure may be obtained by adding
all the equations ZF, = 0 for the individual joints. The equations
ZF, = 0 and ZM = 0 for the entire truss may similarly be obtained
from the equations for the joints. Equation 1.4 may therefore be derived in another manner by equating the number of unknown forces
for m members and three reactions to the number of independent eqm
tions 2j,or m 3 = 2j.
It is necessary to apply Eq. 1.4with care. The equation is applicable
for the normal truss which contains a series of triangular frames and has
three external reactions, such as the truss shown in Fig. l.S(u). For
other trusses it is nemssary to determine by inspection that all parts of
the structure are stable. The truss shown in Fig. 1.5(b) satisfies Eq. 1.4;
yet the left panel is unstable, while the right panel has one morediagonal
thanis necessary. The truss shown in Fig. 1.5(c)is stable and statically
determinate, even though it is not constructed entirely of triangular
frames.
Some trusses may have more than three external reactions, and fewer
members than are spec%ed by Eq. 1.4, and be stable and statically

+

9
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determinate. The number of reactions r may be substituted for the
three in Eq. 1.4.
m=2j-r
(1.44
The number of independent equations, 2j, is therefore sdiicient to obtain
the m + r unknown forces for the members and the reactions. An
example of a stable and statically determinate truss which has four
reactions may be obtained from the truss of Fig. l.S(u) by adding a
horizontal reaction at the upper lefbhand corner and removing the righb
hand diagonal member.

J&l&Lk

(0) 3&e

md

(bl Left&

/c) Stab/e and

Imshbh?.Right
sfdica/..
pme/ sfOfibrr//y
detemf..
ina'eterm/nn'e.
All frusses buw 9 mmbcrs aria' 6join& or m 2j-3.
StUtIW/&

&ermikfe.

-

FIQ. 1.6.

1.4. Truss Analysis by Method of Joints. In the analysis of atruas
by the method of joints, the two equations of static equilibrium, ZF, = 0
and ZFv = 0, are applied for each joint as a free body. T w o unknown
forces may be obtained for each joint. Since each member is a twoforcemember, it exerts equal and opposite forces on the joints at its ends.
The joints of a truss must be analyzed in sequence by starting at a joint
which has only two members with unknown forces. After finding the
forces in these two members, an adjacent joint at the end of one of these
members will have only two unknown forces. The joints are then
analyzed in the proper sequence until all joints have been considered.
In most structures it is neceswy to determine the three external
reactions fr0"m the equations of equilibrium for the entire structure, in
order to have only two unknown forces at each joint. These three
equations are used in addition to the 2j equations at the joints. Since
there are only 2j unknown forces, three of the equations are not neceessry for finding the unknowns, but should always be used for checking
the numerical work. The analysis of a truss by the method of joinb
will be illustrated by a numerical example.
Example. Find the loads in all the membem of the trusa shown in Fig. 1.6.
Sol&
Draw a f w b o d y diagram for the atire structure and for each
joint, as shown in Fig. 1.7. Since all loada in the two-force members act dong
the membem, it ie possible to show all forcea on a sketch of the trusa,as shown in
Fig.1.7,iftheforcessrespecifiedssactingonthejoints. Csremuatbeusedin

10
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the directions of the vectors, since st every point them is d w 8 p 8 tom acting
on the member which is equal and opposite to the force acting on the joint. If
8 structure containsany members which are not two-forcemembers, it is d w a p
necesssrp to make separate free-body sketches of these members, BS &own in
Fig. 1.4.

FIQ.1.6.

FIG.1.7.

Considering the entire structure as a free body,
E M D = 2,000 x l0+4,000 x 10+ 1,000 x30 - 2022: = 0
Rs = 4,500 Ib
28‘” = Rt - 4,000 - 1,000 4,500 = 0

RI = 500 lb

+

ZF, = 2,000 - Ri = 0

Rf

= 2,000 Ib

The directions of unknown forces are assumed, as in the previous example,
and vectors changed on the sketch when they are found to be negative. Some
engineers prefer to assume all members in tension, in which case negative signa
designate compression. Joints must be selected in the proper order, 80 that
there are only two unknowns 8t each joint.
Joint D:

= FI- 2,000 0
FI = 2,000 Ib
ZF, 500- Fi= 0
FI= 500 lb

23’s

EQUILIBRIUM OF FORCES

Joint A :

EF,

11

500 - FiSin45" 0

F4 = 707 lb

Eli'* = 2,000+ 7 0 7 ~ 0 ~ 4 5-Fa
"
Fa = 2,500 lb

Joint B:

0

EF. Fr - 2,000 - 707 00~45" 0
Fc = 2,500 lb
EFv 707Sin45"- F'
0
Fb = 500 lb

Joint B:
EF,

500 - 4,000

+

45"

0

= 4,950 lb

EFS

2,500

- 4,950 COB 45" + PT= 0

F, = 1,000 lb

Joint C:

EF, = F U C O S-~1,000
~" =0
Fm 1,414 lb
EFv = Fs - 1,414 Sin 45" 0
Fs 1,000 lb

Joint GI:

check:
Joint H:
check:
check:

-

EF' = 1,414 Sin 45" 1,000 0
EFs = 1,000 1,414 cos 45" = 0

-

Arrows acting toward a joint show that a member is in compression, and arrow8
acting away from a joint indicate tension.
1.6. Truss Analysis by Method of Sections. It is often desirable to
find the forces in some of the members of a truss without d y & g the
entire truss. The method of joints is usually cumbersome in this case,
since the forces in all members to the left of any member must be obtained before finding the force in that particular member. An analysis
by the method of sections will yield the force in any member by a single
operation, without the necessity of finding the forces in the other members. Instead of considering the joints 88 free bodies, a cross section is
taken through the truss, and the part of the truss on one side of the
cross section is considered as a free body. The cross section is chosen
so that it cuts the members for which the forces are desired and so that
it preferably cuts only three members.

.

12
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If the forces in membem BC, BG, and EG of the trum of Fig. 1.7 am
d-,
the free body will be tw shown in Fig. 1.8. The t h unknowm
~ ~
may be found from the three equations for static equilibrium.
EMa = 1oF7 10 X 4,000 2,000 X 10 500 X 20 0
F7 = 1,000 lb
ZF, = Fa Sin 45" 4,000 500 0
Fa 4,950 lb
EF, Fa 1 , W 4,950 COB 45" 2,000 - 2,ooO = O
Fa 2,500 Ib
These values check those obtained in the analysis by the method of
joints.

-

-

+

+
+

+

+

I
,
m
A
5

I

FIG.1.9.

FIG. 1.8.

The portion of the truse to the right of the sektion through the members
might have been taken as the free body, as shown in Fig. 1.9. The
equations of equilibrium would be as follows:
ZMa = 1,000 X 10 - 10F.r 0
F7 = 1,000 Ib
EF, 4,500 - 1,OOO - Fa sin 45" 0
Fa 4,950 Ib
EF= 4,950 cos 45' - 1,000 Fs = 0
Fe 2,500 Ib

-

It would also be possible to find the force FSby taking moments about
point B, thus eliminating the necessity of h t finding the forces F7
and Fa.
1.6. Truss Analysis-Graphic Method. In the analysis of trusses
by the method of joints, two unknown forces were obtained from the
equations of equilibrium. It is also possible to find two u n k n o h forces
at each joint graphically by the use of the force polygon for the joint.
The joints must be d y d in the same sequence as used in the method
of joints. In the graphic truss analysis, it is convenient to use Bow's
notation, in which each space is designated by a letter and forces are

13
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designated by the two letters comwponding to the spaas on each side
of the force. The truss of Fig. 1.6 will be analyzed graphically, and the
notation used will be as shown in Fig. 1.10. The capital letters designating the joints are usually omitted but are included here only for
reference during the discussion.

I
SOOb

I

e
45(Kl/b
Fro. 1.10.

d

The external reactions can be determined graphically, but since it is
usually more convenient to use algebraic methods the graphic solution
will not be considered here. Using the external reactions found in
Art. 1.4, a force polygon for the entire structure as a free body is shown
in Fig. l.ll(a). While ab and fa are on the same horizontal line, and
bc and de are on the same vertical line and will be shown that way in
future work, they are shown displaced slightly for purporses of explanation. The notation shown is such that when the letters are read clockwise around the structure of Fig. 1.10, a, b, c, d, e, andf, the directions
of the forces in the force polygon will be a to by b to c, c to d, d toe, and
e to f, with the polygon closing by the force fa.
Joint D is i h t considered as a free body and the known forces #and fa
drawn to scale. The unknown forces ug and ge are then drawn in the
proper directions from a and e, and the magnitudes are determined from
the intersection g, as shown in Fig. l.ll(b). Joint A is next d y d
by drawing known forces ga and ab and finding bh and hg by the intersection at h in Fig. 1.11(c). S i r l y , joints E, ByC, and G are analyzed
as shown in Figs. l.ll(d) to (g). All forcea have now been determined
without considering joint H. The force polygon for joint H,shown in
Fig. l.ll(h), is used for checking m l t a , as in the algebraic solution.
A study of the force polygons shows that each force appears intwo
polygons. Force ge is a force to the right on joint D, and eg is a force
to the left on joint E, but pointa e and g have the same relative padtion
in both disgrsms. All the polygons can be combmed into one stms
diagram MI shown in Fig. l.ll(i). Arrows are omitted from the stress
diagram, since there would always be forces in both directions and the
arrows would have no significance. To determine the direction of the

14
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forcea at any joint, the letters are read cloclrwise around the joint.
Thw, at joint D in Fig. 1.10, the letters ge are read, which are seen in
Fig. l.ll(i) to represent a force to the right on joint D. Proceeding

h

a

'7
C

clockwise around joint E, the letters eg are read, which represent a force
to the left in the stress diagram. The member is therefore a tension
member exerting a force to the left on joint E.
Example. Construct a etreas diagram for the ateel-tube tueelege tnrsa
shown in Fig. 1.12. The structure is stable and statically determinate although
space c is not trirmgulsr. A lighter structure would be obtained if a single
diagonal were used in place of members ce. Oa, and &, but this would not permi'

EQUILIBRIUM OF FORCES
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enough t3pace for a side door in the fuselage. The type of framing &own is often
used to permit openings in the truss for a c m p v .
Sdufion. The reactions RI and Rt are first obtained algebraically. The
strecrs diagram is then constructed as shown in Fig. 1.12(b). The forces in dl
members are then obtained by scaling the lengths from the stress diagnrm. The

0
Fro. 1.12.

directions of the forces are obtained from the stress diagram in the same manner
as in the previous example. For member 84,the line in the streee diagram is
from left to right, indicating a tension force acting to the right on the joint to
the left of the member. Regding clockwise around the joint to the right of the
member,the force is i-8, which in the stress diagram is a force to the left. Thia
checka the conclusionthat the member is in tension.
An algebraic solution of problems such as the fuselage truss may become
rather tedious, since each of the inclined members is at a dilTerent angle. The
graphic solution has m y advantages for a problem of this type,because it is
much &er to draw the truss to scale and to project linesparallel to the members
than to calculate the angles and forces for the members.
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1.7. Trusses containing Members in Bending. Many structures
are made up largely of two-force members but contain some members
which are loaded laterally, as shown in Fig. 1.13. Them structures a ~ %

usually classed as trusses, since the analysis is similar to that used for
trueses. The horizontal members of the truss shown in Fig. 1.13 are

FIQ. 1.18.

not two-force members, and separate free-body diagrsms for these
members, aa shown in Figs. 1.14(u) and (b), are required. Since each
of these membem has four unknown reactions, the equations of statics
are not sufficient for finding all four forces. It is possible to find the
vertical forces A, = Bur = Bur = C, = 100 lb and to obtain the relations A, = B,1 and B,s = 0,from the equilibrium equations for the
horizontal members.
When the forces obtained from the horizontal members are applied to
the remaining structure as a free body, aa shown in Fig. l.l4(c), it is
apparent that the remaining structure may be d y z e d by the same
methods that were used in the previous truss problems. The loads
obtained by such an analysis m shown in Fig. 1.14@). All members except the horizontal members may now be designed as simple
tension or compression members. The horizontal members must be
deaignd for bending moments combined with the compression load of
173.2 lb.
In the trusses previously analyzed, the members themselves have been
sssumed to be weightless. The effecb of the weight of the members may
be considered by the method used in the preceding example. It will be
noticed that the correct axial loads in the truss members may be obtained
if half the weight of the member is applied at each of the panel points at
the ends of the member. The bending stresses in the member resulting
from the weight of the member must be computed separately and combmed with the axial stresses in the member.

