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Preface to the Third Edition

The purpose of the third edition is to correct some typographical errors
in the second edition, add 3D elasticity equations, describe methods for
structural idealization, and add a number of worked out and exercise
problems. The Chapter 1 in the second edition is broken to two
chapters. The Chapter 1 in the new edition includes discussions on the
role of structural analysis in aircraft component design process, an
overview on (i) fixed wing (ii) rotor craft (iii) lighter than air vehicles,
and (iv) drones, a show the road map for developing simplified
geometry for structural analysis, basic structural elements and control
surfaces and materials. Example problems are added. Chapter 2
provides a brief overview of various types of mechanical loads such as
axial, shear, torsion, and bending. Solved example problems include
simple design problems including designing a pressurized thin walled
cylinder (as simplified fuselage), thin cantilever beam (as simplified
wing), designing against joint failure, etc. In Chapter 3, the concept of
elasticity is elaborately discussed. A new road map is added to show
how the concepts of statics, solid mechanics and elasticity are
connected. The role of elasticity in aircraft structure design and its
limitation are added. In Chapter 4, a discussion is added on the
limitation of solid mechanics in describing torsion problems for
noncircular section. Additional problems are added. In Chapter 5, a new
discussion is added to describe structural idealizations. New example
problems are added. The expansions in the remaining chapters are
concentrated on new examples and exercise problems.

The authors are indebted to many students and colleagues for some
corrections and valuable suggestions. In particular, Ashfaq Adnan is
indebted to his former colleague late Dr. Wen Chan. Ashfaq Adnan is
thankful to Aayan Adnan for his assistance in making many new
drawings. Ms. Rajni Chahal and Dr. Wei-Tsen (Eric) Lu are
acknowledged for their contributions in the worked-out problems and
instruction materials.






Preface to the Second Edition

The purpose of the second edition is to correct a number of
typographical errors in the first edition, add more examples and
problems for the student, and introduce a few new topics, including
primary warping, effects of boundary constraints, Saint-Venant's
principle, the concept of shear lag, the Timoshenko beam theory, and a
brief introduction to the effect of plasticity on fracture. All these
additions are direct extensions of the existing contents in the first
edition. Consequently, the background-building chapters, Chapters 1
and 2, need no modification. The expansions are concentrated in
Chapters 3, 4, and 6 and amount to about a 25% increase in the number
of pages.

The author is indebted to many students and colleagues for numerous
corrections and valuable suggestions. He is indebted also to Dr. G.
Huang for his assistance in making many new drawings.






Preface to the First Edition

This book is intended for junior or senior level aeronautical
engineering students with a background in the first course of
mechanics of solids. The contents can be covered in a semester at a
normal pace.

The selection and presentation of materials in the course of writing this
book were greatly influenced by the following developments. First,
commercial finite element codes have been used extensively for
structural analyses in recent years. As a result, many simplified ad hoc
techniques that were important in the past have lost their useful roles
in structural analyses. This development leads to the shift of emphasis
from the problem-solving drill to better understanding of mechanics,
developing the student’s ability in formulating the problem, and
judging the correctness of numerical results. Second, fracture
mechanics has become the most important tool in the study of aircraft
structure damage tolerance and durability in the past thirty years. It
seems highly desirable for undergraduate students to get some
exposure to this important subject, which has traditionally been
regarded as a subject for graduate students. Third, advanced composite
materials have gained wide acceptance for use in aircraft structures.
This new class of materials is substantially different from traditional
metallic materials. An introduction to the characteristic properties of
these new materials seems imperative even for undergraduate
students.

In response to the advent of the finite element method, consistent
elasticity approach is employed. Multidimensional stresses, strains, and
stress-strain relations are emphasized. Displacement, rather than
strain or stress, is used in deriving the governing equations for torsion
and bending problems. This approach will help the student understand
the relation between simplified structural theories and 3-D elasticity
equations.

The concept of fracture mechanics is brought in via the original
Griffith’s concept of strain energy release rate. Taking advantage of its
global nature and its relation to the change of the total strain energies



stored in the structure before and after crack extension, the strain
energy release rate can be calculated for simple structures without
difficulty for junior and senior level students.

The coverage of composite materials consists of a brief discussion of
their mechanical properties in Chapter 1, the stress—strain relations for
anisotropic solids in Chapter 2, and a chapter (Chapter 8) on analysis of
symmetric laminates of composite materials. This should be enough to
give the student a background to deal correctly with composites and to
avoid regarding a composite as an aluminum alloy with the Young’s
modulus taken equal to the longitudinal modulus of the composite.
Such a brief introduction to composite materials and laminates is by no
means sufficient to be used as a substitute for a course (or courses)
dedicated to composites.

A classical treatment of elastic buckling is presented in Chapter 7.
Besides buckling of slender bars, the postbuckling concept and
buckling of structures composed of thin sheets are also briefly covered
without invoking an advanced background in solid mechanics.
Postbuckling strengths of bars or panels are often utilized in aircraft
structures. Exposure, even very brief, to this concept seems justified,
especially in view of the mathematics employed, which should be quite
manageable for student readers of this book.

The author expresses his appreciation to Mrs. Marilyn Engel for typing
the manuscript and to James Chou and R. Sergio Hasebe for making the
drawings.

C.T. Sun
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1
Characteristics of Aircraft Structures and
Materials



1.1 INTRODUCTION

An aircraft is a vehicle that is used for flight in the air. A vehicle like this
is typically built by assembling many component structures such as
wing, fuselage, landing gears, stabilizers, etc. Each component structure
is typically built by assembling many substructures. Each substructure
can be made out of different materials. The main difference between
aircraft structures and materials and civil engineering structures and
materials lies in their weight. The main driving force in aircraft
structural design and aerospace material development is to reduce
weight. In general, materials with high stiffness, high strength, and light
weight are most suitable for aircraft applications.

Aircraft structures must be designed to ensure that every part of the
material is used to its full capability. A typical aircraft design cycle
involves three major steps - (i) conceptual design, (ii) preliminary
design, and (iii) detail design. In any of these design stages, different
factors such as aerodynamics, avionics, propulsion, and structural
integrity are simultaneously taken into account. As such, aircraft
structures are not designed for structural safety and integrity only;
many nonstructural requirements impose additional restrictions in
designing aircraft structural components. For instance, an airfoil is
chosen according to aerodynamic lift and drag characteristics. As such,
the size and shape of an aircraft structural component are usually
predetermined. Such restrictions significantly limit the number of
solutions for structural problems in terms of global configurations.
Often, the solutions resort to the use of special materials developed for
applications in aerospace vehicles.

The nonstructural and weight-saving design requirements generally
lead to the use of shell-like structures (monocoque constructions) and
stiffened shell structures (semimonocoque constructions). The
geometrical details of aircraft structures are much more complicated
than those of civil engineering structures. They usually require the
assemblage of thousands of parts. Technologies for joining the parts are
especially important for aircraft construction.

Because of their high stiffness/weight and strength /weight ratios,
aluminum and titanium alloys have been the dominant aircraft



structural materials for many decades. However, the recent advent of
advanced fiber-reinforced composites has changed the outlook.
Composites may now achieve weight savings of 30-40% over aluminum
or titanium counterparts. As a result, composites have been used
increasingly in aircraft structures.



1.2 TYPES OF AIRCRAFT STRUCTURES

Most aircraft are built as fixed-wing vehicles and are commonly known
as airplanes. Other categories include rotorcrafts, glider, lighter-than-air
vehicles, etc. Presence of air is essential for generating lift on these
vehicles. As such, structural design of such vehicles depends on how
airload is transmitted to the structural elements.

1.2.1 Fixed-Wing Aircraft

A fixed-wing aircraft is a kind of air vehicle that is heavier-than-air but
can fly in the air by generating lift using the wings. An aircraft with a
powered engine is generally called an airplane (Figure 1.1a). The
unpowered version of fixed-wing aircraft is called gliders (Figure 1.1b).

1.2.2 Rotorcraft

A rotorcraft (Figure 1.1c) or rotary-wing aircraft is a heavier-than-air
vehicle that generates lift using rotary wings or rotor blades, which
revolve around a rotor. Depending on how rotor blades function,
rotorcrafts are categorized as helicopters, autogyros, or gyrodynes.
Recently, small-scale multirotor rotorcrafts are widely used for
surveillance or video-capturing purposes. Designing blades for the
rotorcraft is far more complex than designing a fixed-wing aircraft
because of the complex aerodynamic forces.

1.2.3 Lighter-than-Air Vehicles

Aircraft such as balloons, nonrigid blimps, and airships (also known as
dirigibles) are designed to contain sufficient amount of lighter-than-air
gases (typically helium) so that lift can be generated from the lifting gas
(Figure 1.2).

1.2.4 Drones

Drones (Figure 1.3) are small-scale air vehicles that can be fixed-wing
type or rotary-wing type. The size of a drone is significantly smaller than
a typical airplane or rotorcraft. As such, most drones are powered by



electrical sources. Other than their size, the lifting mechanism of a drone
is similar to the conventional fixed-wing or rotary-wing vehicles.

Fig. 1.1 (a) Powered fixed-wing aircraft, (b) glider, and (c) rotorcraft.
(a) (b) (c)

)

Fig. 1.2 Various lighter-than-air vehicles: (a) hot-air balloon, (b) blimp,
and (c) dirigible.

(a) (b)

Fig. 1.3 (a) Fixed-wing drone; (b) multirotor rotary wing drone.



1.3 BASIC STRUCTURAL ELEMENTS IN
AIRCRAFT STRUCTURE

An aircraft has many integrated parts, as shown in Figure 1.4. In general,
these parts can be categorized into basic structural elements such as
wing, fuselage, landing gears, tail units (horizontal and vertical
stabilizers), and control surfaces such as aileron, rudder, and elevator.

1.3.1 Fuselage

The fuselage is the main structural element of a fixed-wing aircraft. It
provides space for cargo, control system and pilots, passengers and
cabin crews, and other accessories and equipment. In single-engine
aircraft, the fuselage also carries the power plant. As shown in Figure
1.5, a fuselage can be constructed in various configurations such as
truss, semimonocoque, and monocoque.

1.3.2 Wing

The main function of the wing is to pick up the air and power plant loads
and transmit them to the fuselage. The wing cross-section takes the
shape of an airfoil, which is designed based on aerodynamic
considerations. In general, wings are constructed based on monospar,
multispar, or box beam configurations, as shown in Figure 1.6. These
three design configurations are considered as the basic designs, and
aircraft manufacturers may adopt a modified configuration. In the
monospar wing configuration, only one main spanwise member is
present. Ribs or bulkheads are used to provide the necessary
aerodynamic contour or shape to the airfoil. The multispar wing
configuration has more than one main longitudinal member in its
construction. To attain the desired aerodynamic shape, ribs or
bulkheads are often included. The box beam wing configuration has two
main longitudinal members and connecting bulkheads to attain the
required airfoil contour.
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Fig. 1.4 Fixed-wing aircraft parts.
(a) (b) (c)
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" Bulkhead

Fig. 1.5 Various fuselage configurations: (a) truss type, (b)
semimonocoque type, and (c) monocoque type.

(a) (b) (©)

Fig. 1.6 Various wing configurations: (a) monospar (b) multispar type
and (c) box beam type.



1.3.3 Landing Gear

The landing gear is used to support an aircraft during landing and while
it is on the ground. Small aircraft flying at low speeds generally have
fixed gear. On the other hand, faster and more complex aircraft have
retractable landing gear. To avoid parasite drag forces, the landing gear
is retracted into the fuselage or wings after take-off.

1.3.4 Control Surfaces

Since an aircraft is free to rotate around three mutually perpendicular
axes (longitudinal, transverse, and vertical) intersecting at its center of
gravity (CG), a pilot must be able to control rotation about each of these
axes to control overall position and direction of the aircraft. Aircraft
flight control surfaces are aerodynamic devices that allow a pilot to
maneuver and control the aircraft's flight in midair. As shown in Figure
1.4, there are three basic control surfaces, namely aileron, rudder, and
elevator. Rotation about the transverse axis, defined by the line that
passes through an aircraft from wingtip to wingtip, is called pitch. The
elevators are the major control surfaces for pitch. Ailerons control the
rotation about the longitudinal axis, called roll. This axis passes through
the aircraft from nose to tail. The rotation about the vertical axis is
called yaw, and the primary control of yaw is done with the rudder.



1.4 AIRCRAFT MATERIALS

Traditional metallic materials used in aircraft structures are aluminum,
titanium, and steel alloys. In the past three decades, applications of
advanced fiber composites have rapidly gained momentum. To date,
some new commercial jets, such as the Boeing 787, already contain
composite materials up to 50% of their structural weight.

Selection of aircraft materials depends on many considerations that can,
in general, be categorized as cost and structural performance. Cost
includes initial material cost, manufacturing cost, and maintenance cost.
The key material properties that are pertinent to maintenance cost and
structural performance are as follows:

e Density (weight)

Stiffness (Young's modulus)

Strength (ultimate and yield strengths)

Durability (fatigue)

Damage tolerance (fracture toughness and crack growth)

e (Corrosion.

Seldom is a single material able to deliver all desired properties in all
components of the aircraft structure. A combination of various materials
is often necessary. Table 1.1 lists the basic mechanical properties of
some metallic aircraft structural materials.

1.4.1 Steel Alloys

Among the three metallic materials, steel alloys have highest densities,
and are used only where high strength and high yield stress are critical.
Examples include landing gear units and highly loaded fittings. The high
strength steel alloy 300 M is commonly used for landing gear
components. This steel alloy has a strength of 1.9 GPa (270 ksi) and a
yield stress of 1.5 GPa (220 ksi).

Besides being heavy, steel alloys are generally poor in corrosion
resistance. Components made of these alloys must be plated for



corrosion protection.

Table 1.1 Mechanical properties of metals at room temperature in
aircraft structures.

Material Property?
E vV o0, Oy P

GPa (msi) MPa (ksi) MPa (ksi) g/cm?3 (Ib/in3)

Aluminum

2024-T3 72 (10.5) 0.33 449 (65) 324 (47) 2.78(0.10)
7075T6 71(10.3) 0.33 538(78) 490 (71)  2.78 (0.10)
Titanium

Ti-6Al-4V 110 (16.0) 0.31 925 (134) 869 (126) 4.46 (0.16)
Steel

AISI4340 200 (29.0) 0.32 1790 (260) 1483 (212) 7.8 (0.28)
300M 200 (29.0) 0.32 1860 (270) 1520 (220) 7.8 (0.28)

ds u » tensile ultimate stress; oy, tensile yield stress.

1.4.2 Aluminum Alloys

Aluminum alloys have played a dominant role in aircraft structures for
many decades. They offer good mechanical properties with low weight.
Among the aluminum alloys, the 2024 and 7075 alloys are perhaps the
most used. The 2024 alloys (2024-T3, T42) have excellent fracture
toughness and slow crack growth rate as well as good fatigue life. The
code number following T for each aluminum alloy indicates the heat
treatment process. The 7075 alloys (7075-T6, T651) have higher
strength than the 2024 but lower fracture toughness. The 2024-T3 is
used in the fuselage and lower wing skins, which are prone to fatigue
due to applications of cyclic tensile stresses. For the upper wing skins,
which are subjected to compressive stresses, fatigue is less of a problem,
and 7075-T6 is used.

The recently developed aluminum lithium alloys offer improved
properties over conventional aluminum alloys. They are about 10%



stiffer and 10% lighter and have superior fatigue performance.

1.4.3 Titanium Alloys

Titanium such as Ti-6A1-4V (the number indicates the weight
percentage of the alloying element) with a density of 4.5 g/cm? is lighter
than steel (7.8 g/cm3) but heavier than aluminum (2.7 g/cm?3). See Table
1.1. Its ultimate and yield stresses are almost double those of aluminum
7075-T6. Its corrosion resistance in general is superior to both steel and
aluminum alloys. While aluminum is usually not for applications above
350 °F titanium, on the other hand, can be used continuously up to

1000 °F.

Titanium is difficult to machine, and thus the cost of machining titanium
parts is high. Near net shape forming is an economic way to manufacture
titanium parts. Despite its high cost, titanium has found increasing use
in military aircraft. For instance, the F-15 contained 26% (structural
weight) titanium.

1.4.4 Fiber-Reinforced Composites

Materials made into fiber forms can achieve significantly better
mechanical properties than their bulk counterparts. A notable example
is glass fiber versus bulk glass. The tensile strength of glass fiber can be
two orders of magnitude higher than that of bulk glass. In this century,
fiber science has made gigantic strides, and many high-performance
fibers have been introduced. Listed in Table 1.2 are the mechanical
properties of some high-performance manufactured fibers.

Fibers alone are not suitable for structural applications. To utilize the
superior properties of fibers, they are embedded in a matrix material
that holds the fibers together to form a solid body capable of carrying
complex loads.



Table 1.2 Mechanical properties of fibers.

Material Property

E Oy p

GPa (msi) GPa (ksi) g/cm3
E-glass 77.0 (11) 2.50(350) 2.54
S-glass 85.0 (12) 3.50(500) 2.48

Silicon carbide (Nicalon) 190.0 (27) 2.80 (400) 2.55
Carbon (Hercules AS4) 240.0 (35) 3.60 (510) 1.80
Carbon (Hercules HMS) 360.0 (51) 2.20 (310) 1.80
Carbon (Toray T300) 240.0 (35) 3.50 (500) 1.80

Boron 385.0 (55) 3.50 (500) 2.65
Kevlar-49 (Aramid) 130.0 (18) 2.80 (400) 1.45
Kevlar-29 65.0 (9.5) 2.80(400) 1.45

Table 1.3 Longitudinal mechanical properties of fiber composites.

Material Type Property
E [ p

GPa (msi) GPa (ksi) g/cm3
Carbon/epoxy  T300/5208 140.0 (20) 1.50(210) 1.55
IM6/3501-6  177.0 (25.7) 2.86 (414) 1.55
AS4/3501-6  140.0 (20) 2.10(300) 1.55
Boron/aluminum B/Al 2024 210.0 (30) 1.50(210) 2.65
Glass/epoxy S2 Glass/epoxy 43.0 (6.2) 1.70 (245) 1.80
Aramid/epoxy  Kev 49/epoxy 70.0 (10) 1.40 (200) 1.40
Matrix materials that are currently used for forming composites include
three major categories: polymers, metals, and ceramics. The resulting
composites are usually referred to as polymer matrix composites

(PMCs), metal matrix composites (MMCs), and ceramic matrix
composites (CMCs). Table 1.3 presents properties of a list of composites.



The range of service temperature of a composite is often determined by
its matrix material. PMCs are usually for lower temperature (less than
300 °F) applications, and CMCs are intended for applications in hot
(higher than 1500 °F) environments, such as jet engines.

Fiber composites are stiff, strong, and light and are thus most suitable
for aircraft structures. They are often used in the form of laminates that
consist of a number of unidirectional laminae with different fiber
orientations to provide multidirectional load capability. Composite
laminates have excellent fatigue life, damage tolerance, and corrosion
resistance. Laminate constructions offer the possibility of tailoring fiber
orientations to achieve optimal structural performance of the composite
structure.



PROBLEMS

1.1 Specific modulus of a material is defined by Young’s modulus
divided by density. Specific strength is also defined the same
manner. Compare the specific moduli and specific strengths of
carbon composites, aluminum, titanium, and steel. Which one
performs better?

1.2 Consider a commercial jetliner that weighs about 200 000 kgs.
It is found that 80% of the structure is made of 2024-T3 aluminum
and 15% is made of carbon/epoxy composites. The remaining 5%
part of the airplane is equally distributed by Ti-6Al-4V and
AlISI4340. If the jetliner is now redesigned with the following
material distributions, what will be the new weight of the airplane?
How much weight is saved, percentage-wise?

Carbon composite = 65%
Aluminum = 30%
Titanium = 2.5%

Steel = 2.5%,.






2
Loads on Aircraft Structures



2.1 INTRODUCTION

Aircraft structures are required to support mainly two classes of structural
loads - in-ground loads and in-flight loads. The in-ground loads are imposed
on the aircraft during various ground activities such as taxiing,
cargo/passenger loading/unloading, towing, and hoisting. The in-flight loads
are imposed on the aircraft structures due to aerodynamic loads. To maintain
desired cabin pressure at a higher altitude, certain aircraft structure is also
pressurized. In general, loads on aircraft structures can be felt in the form of
axial tension and compression, shear, bending, and torsional loads. Each
aircraft structural element is designed to take specific types of these loads.
Collectively, these elements can efficiently provide the capability for
sustaining loads on an airplane.

Designing the structural members against specific type of loading and
deformation requires stress analysis. In general, a structural analysis
roadmap incorporates the concept of statics, mechanics of solids, and
advanced concepts such as elasticity. Employment of suitable failure,
fracture, and fatigue theories will allow a stress analyst design a structural
member. As such, it is essential to understand how stress-strain relation can
be established for the basic structural elements. The governing equations for
these basic structural elements are introduced in the elementary courses
such as statics and mechanics of solids (also known as solid mechanics or
mechanics of materials). In the following subsections, the governing
equations are reviewed briefly and their behavior discussed.



2.2 BASIC STRUCTURAL ELEMENTS
2.2.1 Axial Member

Axial members are used to carry extensional or compressive loads applied in
the direction of the axial direction of the member. The resulting stress is
uniaxial:

o =Ee (2.1)

where E and ¢ are the Young's modulus and normal strain, respectively, in the
loading direction. The total axial force F provided by the member is

-~

F=Ac=EAe = EAS (2.2)
L
where 4 is the cross-sectional area of the member, ¢ is the axial
displacement, and L is the length of the axial member. The quantity EA is
termed the axial stiffness of the member, which depends on the modulus of
the material and the cross-sectional area of the member. It is obvious that the
axial stiffness of axial members cannot be increased (or decreased) by
changing the shape of the cross-section. In other words, a circular rod and a
channel (see Figure 2.1a,b) will carry the same axial load as long as they have
the same cross-sectional area.

Axial members are usually slender and are susceptible to buckling failure
when subjected to compression. It is known that the buckling load is directly
proportional to the bending stiffness and inversely proportional to the
square of the effective length. Buckling strength can be increased by
increasing the bending stiffness and by shortening the length of the buckle
mode. For buckling, the channel section is better since it has higher bending
stiffness than the circular section. However, because of the slenderness of
most axial members used in aircraft (such as stringers), the bending stiffness
of these members is usually very small and is not sufficient to achieve the
necessary buckling strength. In practice, the buckling strength of axial
members is enhanced by providing lateral supports along the length of the
member with more rigid ribs (in wings) and frames (in fuselage).



Fig. 2.1 (a) Circular rod; (b) channel.

(b)




EXAMPLE 2.1

The AISI4340 steel rod is subjected to the loading shown in Figure 2.2. If
the cross-sectional area of the rod is 50 mm? determine the displacement
of its end D.

The normal forces developed in sections AB, BC, and CD are in the free
body diagrams. The modulus of elasticity E for AISI4340 steel is 200 MPa.

1.om 1.5m 1.5m

- L

9 kN +— > 4 kN |— 2 kN
A B C D

Fig. 2.2 Axially loaded steel rod.

The cross-sectional area of all the sections are as follows:

A=50mm’=50x10"%m?

P;L; L
op = — = — P Ppe + Pe
D EA, AE{ AR + Fpe + {u]
1.5

(50 x 107%)(200 x 10°)
Free body diagram:

(-3+6+2)=0.75mm




Pcp=2kN 4% —> 2kN

Pgo=6KkN 49 > 4KN > 2kN

P,g=—3kN ﬁ ——9kN [—> 4kN [—> 2kN

2.2.2 Shear Panel

A shear panel is a thin sheet of material used to carry in-plane shear load.
Consider a shear panel of uniform thickness t under uniform shear stress t as
shown in Figure 2.3. The total shear force in the x-direction provided by the
panel is given by

V, =1ta = Gyla (2.3)

where G is the shear modulus and y is the shear strain. Thus, for a flat panel,
the shear force V, is proportional to its thickness and the lateral dimension a.

For a curved panel under a state of constant shear stress 7 (see Figure 2.4),
the resulting shear force of the shear stress on the thin-walled section may
be decomposed into a horizontal component V, and a vertical component V),

as



Fig. 2.3 Shear panel under uniform shear stress.
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Fig. 2.4 Curved panel under a state of constant shear stress.
V,=rtta (2.4)
V,=1b (2.5)

Thus, the components of the resultant force of the shear stress T have the
relation

V., a

Ve b

Since this relation does not depend on the contour shape of the section of the
panel, a flat panel would be the most efficient (in material usage) in
providing a shear force for given values of a and b.



2.2.3 Bending Member (Beam)

A structural member that can carry bending moments is called a beam. A
beam can also act as an axial member carrying longitudinal tension and
compression. According to simple beam theory, bending moment M is related
to beam deflection w as

Ve e ®w (2.6)
dx”

where El is the bending stiffness of the beam. The area moment of inertia /
depends on the geometry of the cross-section.

Except for pure moment loading, a beam is designed to carry both bending
moments and transverse shear forces as the latter usually produce the
former. For a beam of a large span/depth ratio, the bending stress is usually
more critical than the transverse shear stress. This is illustrated by the
example of a cantilever beam shown in Figure 2.5.

It can be found that the maximum bending moment and bending stress occur
at the fixed root of the cantilever beam. We have

My (h/2)  VL(h/2) 6VL 2.7)
I ©Ob/12 T bR

The transverse shear stress distribution is parabolic over the beam depth
with maximum value occurring at the neutral plane, i.e.

Tmax —

_3V (2.8)
Tmax = EE
From the ratio
Omax _ 4L (2.9)

T] | FL R h
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Fig. 2.5 Cantilever beam.
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Fig. 2.6 (a) Wide-flange beam; (b) bending force distribution; (c) shear
stress distribution.

it is evident that bending stress plays a more dominant role than transverse
shear stress if the span-to-depth ratio is large (as in wing structure). For such
beams, attention is focused on optimizing the cross-section to increase
bending stiffness.

In the elastic range, bending stress distribution over depth is linear with
maximum values at the farthest positions from the neutral axis. The material
near the neutral axis is underutilized. Thus, the beam with a rectangular
cross-section is not an efficient bending member.

In order to utilize the material to its full capacity, material in a beam must be
located as far as possible from the neutral axis. An example is the wide-flange



beam shown in Figure 2.6a. Although the bending stress distribution is still
linear over the depth, the bending line force (bending stress times the width)
distribution is concentrated at the two flanges as shown in Figure 2.6b
because b > t,,. For simplicity, the small contribution of the vertical web to

bending can be neglected.

The transverse shear stress distribution in the wide-flange beam is shown in
Figure 2.6c. The vertical web is seen to carry essentially all the transverse
shear load; its variation over the web is small and can be practically assumed
to be constant. For all practical purposes, the wide-flange beam can be
regarded as two axial members (flanges) connected by a flat shear panel.

2.2.4 Torsion Member

Torque is an important form of load to aircraft structures. In a structural
member, torque is formed by shear stresses acting in the plane of the cross-
section. Consider a hollow cylinder subjected to a torque T as shown in
Figure 2.7. The torque-induced shear stress 7 is linearly distributed along the
radial direction. The torque is related to the twist angle 0 per unit length as

y

b
Z

Fig. 2.7 Hollow cylinder subjected to a torque.

T=0GJO (2.10)



where ] is the torsional constant. For hollow cylinders, J is equal to the polar
moment of inertia of the cross-section, i.e.

I I H 8 ]
J=1I,= ;H(f}-l' —:::J') = ;H{b—u){h + u:](b‘ +a’)

F —

(2.11)

The term GJ is usually referred to as torsional stiffness.

If the wall thickness t = b — a is small compared with the inner radius, then an
approximate expression of ] is given by

J = 2taP (2.12)
where 7 = (a + b) /2 is the average value of the outer and inner radii. Thus,

for a thin-walled cylinder, the torsional stiffness is proportional to the 3/2
power of the area {;rrl ) enclosed by the wall.



EXAMPLE 2.2

Compare the torsional stiffness of the solid circular section and the thin
hollow sections shown in Figure 2.8. Both sections are made of 2024-T3
aluminum.

The shear modulus of 2024-T3 aluminum is 27 GPa.
The polar moment of inertia ] for the circulation section is

x(1)*

juﬂit,l = T = {}STL' '::,'['["lhli

The polar moment of inertia ] for the thin hollow section is

jhnll:m' = E{U 1 :I{JT'] [:5%} =25n thk

Obviously, the thin hollow section will have 50 times higher torsional
stiffness (GJ) than the solid section.

The area ratio between these two sections are

Apollow 277t 27t 1cm?
holl _ r r _ CIH_,:U,ES

Ahu]inl J'l‘.'f'z J": 4 cm-

(@) (b)

0.1cm

‘2cm\

ig. 2.8 Torsion member with (a) a solid section and (b) hollow section.
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[t means the hollow section is not only four times lighter than the solid
section, it has 50 times higher resistance to torsional deformation. As
such, this example illustrates that a thin-walled structure can be made
into a very efficient torsion member.




2.3 Wing and Fuselage

The wing and fuselage are the two major airframe components of an
airplane. The horizontal and vertical tails bear close resemblance to the
wing. Hence, these two components are taken for discussion to exemplify the
principles of structural mechanics employed in aircraft structures.

2.3.1 Load Transfer

Wing and fuselage structures consist of a collection of basic structural
elements. Each component, as a whole, acts like a beam and a torsion
member. For illustrative purposes, let us consider the box beam shown in
Figure 2.9. The box beam consists of stringers (axial members) that are
located at the maximum allowable distance from the neutral axis to achieve
the most bending capability, and the thin skin (shear panel), which encloses a
large area to provide a large torque capability. The design of Figure 2.10
would be fine if the load is directly applied in the form of global torque T and
bending moment M,. In reality, aircraft loads are in the form of air pressure

(or suction) on the skin, concentrated loads from the landing gear, power
plants, passenger seats, etc. These loads are to be “collected” locally and
transferred to the major load-carrying members. Without proper care, these
loads may produce excessive local deflections that are not permissible from
aerodynamic considerations.

Using the box beam of Figure 2.9 as an example, we assume that a distributed
air pressure is applied on the top and bottom surfaces of the beam. The skin
(shear panel) is thin and has little bending stiffness to resist the air pressure.
To avoid incurring large deflections in the skin, longitudinal stringers
(stiffeners) can be added, as shown in Figure 2.10, to pick up the air loads.
These stiffeners are usually slender axial members with a moderate amount
of bending stiffness. Therefore, the transverse loads picked up by the
stiffeners must be transferred “quickly” to more rigid ribs or frames at
sections A and B (see Figure 2.9) to avoid excessive deflections. The ribs
collect all transverse loads from the stiffeners and transfer them to the two
wide-flange beams (spars) that are designed to take transverse shear loads.
The local-to-global load transfer is thus complete. Note that besides serving
as a local load distributor, the stiffeners also contribute to the total bending
capability of the box beam.
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Fig. 2.10 Longitudinal stringers in a box beam.

2.3.2 Wing Structure

The wing as a whole performs the combined function of a beam and a torsion
member. It consists of axial members in stringers, bending members in spars,
and shear panels in the cover skin and webs of spars. The spar is a heavy
beam running spanwise to take transverse shear loads and spanwise
bending. It is usually composed of a thin shear panel (the web) with a heavy
cap or flange at the top and bottom to take bending. A typical spar



construction is depicted in Figure 2.11. A multiple-spar wing construction is
shown in Figure 2.12.

Wing ribs are planar structures capable of carrying in-plane loads. They are
placed chordwise along the wing span. Besides serving as load redistributers,
ribs also hold the skin stringer to the designed contour shape. Ribs reduce
the effective buckling length of the stringers (or the stringer-skin system)
and thus increase their compressive load capability. Figure 2.12 shows a

typical rib construction. Note that the rib is supported by spanwise spars.

Cap Vertical stiffener

Web =

Cap

Fig. 2.11 Typical spar construction.

Rib xVertical stiffener

Q11O

ront spar /Flange Rear spar

Fig. 2.12 Typical rib construction.
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Fig. 2.13 Typical two-spar wing cross-sections for subsonic aircraft: (a)
spars only; (b) spars and stringers.

The cover skin of the wing together with the spar webs form an efficient
torsion member. For subsonic airplanes, the skin is relatively thin and may be
designed to undergo postbuckling. Thus, the thin skin can be assumed to
make no contribution to bending of the wing box, and the bending moment is
taken by spars and stringers. Figure 2.13 presents two typical wing cross-
sections for two-spar subsonic aircraft. One type (Figure 2.13) consists only
of spars (the concentrated flange type) to take bending. The other type (the
distributed flange type, Figure 2.13) uses both spars and stringers to take
bending.

Supersonic airfoils are relatively thin compared with subsonic airfoils. To
withstand high surface air loads and to provide additional bending capability
of the wing box structure, thicker skins are often necessary. In addition, to
increase structural efficiency, stiffeners can be manufactured (either by
forging or machining) as integral parts of the skin.

2.3.3 Fuselage

Unlike the wing, which is subjected to large distributed air loads, the fuselage
is subjected to relatively small air loads. The primary loads on the fuselage
include large concentrated forces from wing reactions, landing gear
reactions, and pay loads. For airplanes carrying passengers, the fuselage
must also withstand internal pressures. Under normal operating conditions,
most commercial airliners fly between 31 000 and 38 000 feet. Air density
gradually reduces as altitude increases. As such, the partial pressure of
oxygen also reduces with altitude. Prolonged exposure to such reduced
oxygen environment is dangerous to human health and can be lethal. As such,
pressurization inside the cabin (i.e. fuselage) is necessary at altitude above
10 000 feet. To specifically determine how much air needs to be pumped into
the cabin, the functional relation between the barometric pressure with
altitude is required:



(2.13)
RT
here, P(H) is the barometric pressure, P, = P(H = 0) is the average sea level

atmospheric pressure = 101.325 kPa, M is the molar mass of air = ~0.029
kg/mol, R is the universal gas constant = 8.314 ] /K mol, and T is temperature
in Kelvin, which also depends on altitude and generally reduces by about 6.5
°C for every 1000 feet altitude hike. Using Eq. (2.13), it is possible to find the
required pressure, Py, = P(H) - Py to bring the cabin pressure at a desired

pressure level. For example:

Mo
P(H) = Pyexp (- —““H)

Prq(H = 5000 1t) = 47.25 kPa
Preq(H = 15000 ft) = 89.2 kPa

Preq(H = 38000 ft) = 101 kPa

These estimations are made assuming desired cabin pressure is same as in-
ground atmospheric pressure (101.3 kPa). In reality, most commercial
airliners maintain lower than atmospheric pressure, something in the range
of 60 kPa when they fly at maximum altitude allowed.



Frame

Fig. 2.14 Fuselage structure.

Because of internal pressure, the fuselage undergoes hydrostatic expansion.
For a very long fuselage flying at a high altitude, the expansion could be
unachievable unless low cabin pressure is maintained or aircraft fuselage is
built with composite materials that offer low thermal expansion. In general,
the fuselage has an efficient circular cross-section with a semimonocoque
construction consisting of a thin shell stiffened by longitudinal axial elements
(stringers and longerons) supported by many transverse frames or rings
along its length; see Figure 2.14. The fuselage skin carries the shear stresses
produced by torques and transverse forces. It also bears the hoop stresses
produced by internal pressures. The stringers carry bending moments and
axial forces. They also stabilize the thin fuselage skin.



EXAMPLE 2.3

Consider a sealed thin-walled cylindrical shell of radius = 2 m, thickness
= 10 mm, and length = 50 m. If the cylinder is 11 500 m above the ground,
determine how much stress will be developed on the cylinder if it needs
to maintain atmospheric pressure inside. If the cylinder is made of
aluminum, what will be size of the cylinder at 11 500 m. Consider air
pressure drops by 101 kPa below the atmospheric ground pressure when
measured 11 500 m above the ground.

Since the radius (2 m) to thickness (10 mm) ratio of this cylinder is very
large, the cylinder can be treated as a thin-walled cylinder (if the ratio is
more than 10, the cylinder can be considered thin-walled).

As such, the developed longitudinal and circumferential stresses would
be

pr 101 x10° x 2

% T 2xox100 Y

Tlongidinal = O] =

pr 101 x 10° x 2
Ceircumferential = & = — = _3
10x 10~

The direction of the these stresses are shown in Figure 2.15. Since both
stresses are tensile, pressurizing the cylinder with 101 kPa pressure will
cause hydrostatic expansion of the cylinder. Total lengthwise expansion
will be

= 20.2 MPa

i g
5 = o1, _ 10.1 % 10 :; 30 7 mm
E 70 x 10
Fuselage frames often take the form of a ring. They are used to maintain
the shape of the fuselage and to shorten the span of the stringers
between supports in order to increase the buckling strength of the
stringer. The loads on the frames are usually small and self-equilibrated.
Consequently, their constructions are light. To distribute large
concentrated forces such as those from the wing structure, heavy
bulkheads are needed. Figure 2.16 shows the fuselage of a Boeing 777
under construction.




Fig. 2.15 Thin-walled pressurized cylinder.




Fig. 2.16 Fuselage of a Boeing 777 under construction.

Source: Courtesy of the Boeing Company.




PROBLEMS

2.1 The beam of a rectangular thin-walled section (i.e. t is very small) is
designed to carry both bending moment M and torque T. If the total wall
contour length L = 2(a + b) (see Figure 2.17) is fixed, find the optimum

b/a ratio to achieve the most efficient section if M = Tand o

2Tallowable'
Figure 2.17, the shear stress due to torsion is

allowable =
Note that for closed thin-walled sections such as the one in

T
2abt

T =—

d

Fig. 2.17 Closed thin-walled section.



2.2 Do Problem 2.1 with M = aT, where a = 0 to .

2.3 The dimensions of a steel (300 M) I-beam are b =50 mm, t = 5 mm,
and h = 200 mm (Figure 2.18). Assume that t and h are to be fixed for an
aluminum (7075-T6) I-beam. Find the width b for the aluminum beam
so that its bending stiffness EI is equal to that of the steel beam.
Compare the weights-per-unit length of these two beams. Which is more
efficient weightwise?

b

3 It

v

Fig. 2.18 Dimensions of the cross-section of an I-beam.

2.4 Use AS4/3501-6 carbon/epoxy composite to make the I-beam as
stated in Problem 2.3. Compare its weight with that of the aluminum
beam.

2.5 Derive the relations given by (2.4) and (2.5).

2.6 The sign convention (positive directions of resultants) used in the
beam theory depends on the coordinate system chosen. Consider the
moment-curvature relation



M= _Elr{fli.:‘
dx”

in reference to the coordinate system shown in Figure 2.19. I[f wis
regarded as a positive displacement (or deflection) in the positive y-
direction, find the positive direction of the bending moment. State the
reason.

¥y

Fig. 2.19 Coordinate system for a beam.

2.7 Compare the load-carrying capabilities of two beams having the
respective cross-sections shown in Figure 2.20. Use bending rigidity as
the criterion for comparison. It is given that a = 4 cm, t = 0.2 cm, and the
two cross-sections have the same area.
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Fig. 2.20 Cross-sections of two beams.

2.8 The assembly shown in Figure 2.21 is fastened together by two bolts
made of 7075-T6 aluminum. Determine the required diameter of the
bolts if the assembly is subjected to the loading as shown. Use a factor of
safety = 1.4. The shear strength of 7075-T6 aluminum is 330 MPa.




100kN

/

Fig. 2.21 A joint fastened together using two bolts.

50kN

2.9 A thin-walled cylinder (radius = 1 m) is constructed of 10-mm thick
aluminum plates (2024-T3) that are fastened together at their ends with
two 5-mm steel cover plates (AISI4340), as shown in Figure 2.22. The
assembly is joined using rivets having a diameter of 10 mm and spaced
50 mm apart. If internal pressure of the cylinder is 10 MPa, determine
(a) the circumferential stress in the cylinder and (b) the shear stress in
the rivets.



Fig. 2.22 A thin-walled cylinder fastened together with cover plates.

2.10 Consider the rivets in the Problem 2.9. Determine the maximum
spacing between the rivets so that internal pressure is still safe.

2.11 Consider the rivets in the Problem 2.9. If the rivet spacing is fixed,
determine the minimum rivet diameter so that the internal pressure is
safe.

2.12 Two beams, AC and CD, are hinged at C through a frictionless pin.
Beam CD is cantilevered at D and Beam AC is simply supported at A.
Draw shear force and bending moment diagram for the connected beam
and identify the location of maximum shear force and bending moment.






3
Introduction to Elasticity



3.1 INTRODUCTION

The primary design requirement of aircraft structural components is to ensure
that the designed structures do not fail or excessively deform due to various
ground and air loads. From mechanics point of view, a basic structural design
process starts by establishing the relation between external forces with the
internal resultants. The external loads are typically defined in the form of
prescribed displacements, traction/stress vector, point forces, moments, or
distributed, normal, or shear forces. For structural analysis, the resultant forces
and moments are expressed in terms of stress components. In a deformable body,
the internal resultant forces and moments deform the body. The states of
deformation are expressed in terms of strain components. Depending on the
external loading type and geometry of the structure, the applied loading can lead
to uniform or nonuniform internal stress distributions. Various branches of
mechanics are simultaneously utilized to analytically perform a basic structural
design process.

Theory of elasticity is a branch of mechanics that describes the elastic relation
between stress and strain of a deformable body in equilibrium. The mathematical
formulations allow solving problems including uniform and nonuniform
distributions of stresses. Nonuniform distribution of stresses in a deformable
body generally comes from material nonhomogeneity (e.g. presence of holes,
flaws, sharp changes in geometry, etc.) or loading types. In principle, theory of
elasticity requires basic understanding of displacement, forces, stress, and strains
in terms of mathematical equations. As such, fundamental understanding in
statics and solid mechanics is essential to analyze the stress—strain relation in
deformable bodies using the theory of elasticity.

Statics is the branch of mechanics concerned with the analysis of loads (force,
moments) on physical systems in static equilibrium. The foundation of statics is
essentially an extension of Newton'’s first law. Using statics, it is possible to obtain
internal forces and moments on a deformable body subjected to external forces
and moments. However, it is not possible to relate forces with deformation using
statics. To obtain such relation, the concepts from mechanics of solid is utilized.

Solid mechanics is the branch of mechanics that describes the relation between
stress (obtained from the internal forces/moments of a body) and strain
(obtained from the associated deformation in the body) of a body in static
equilibrium. The relation between stress and strain is established using Hooke’s
law where properties of materials such as Young’s modulus (E) and Poisson’s
ratio (v) appear as the “bridge” between stress and strain. Therefore, properties
of materials must be known if one wants to employ the concepts of solid
mechanics.



The governing equations in the theory of elasticity are built upon displacement-
based formulations or stress-based formulations. In the displacement
formulation, the displacement vectors are obtained first. Then, strain-
displacement relations are established in terms of differential equations. Using
the generalized Hooke’s law, the stress components are obtained. In the stress
formulation, stresses are obtained first, and then strains are computed using the
stress—strain relations. Finally, displacements are obtained using the strain-
displacement relations.

The major steps in the displacement and stress formulations are shown in Figure
3.1

The theory of elasticity plays an important role for stress analysis in aircraft
structural components. However, such theory is only applicable to simple
structural components, and hence, not suitable for analyzing real aerospace
structures. Advanced, experimentally validated computational methods such as
finite element analysis are generally used for this purpose. The theory of elasticity
is often employed as a guideline for advanced computational methods. In this
chapter, the governing equations of elasticity are developed using the
displacement-based formulations.

(a)

Strain—displacement Stress-strain
relation J

relation
[ Displacement ] —}L Strain W _—D L Stress

(b)

Stress—strain Strain-displacement

relation relation
[ Stress ] —}L Strain ] —_—D L Displacement J

Fig. 3.1 (a) Displacement formulation and (b) stress formulation approaches in
theory of elasticity.



3.2 CONCEPT OF DISPLACEMENT

Consider a material point P at the position X(x, y, z) before deformation (see
Figure 3.2). After deformation, P moves to a new position P'(x’, ', z'). The change
of position during deformation, which is measured in terms of the displacement
vector u, has three components: u, v, and w in the x, y, and z directions,
respectively. The new location of the point (x, y, z) after deformation is given by

XY=x+uor u=x-x (3.1)

) )
V=y+u v=y =y

r !
=I+Ww W=

- ' -
L L] Ly
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Fig. 3.2 Displacement of material point P after deformation.

Thus, the deformed configuration is uniquely defined if the displacement
components u, v, and w are given everywhere in the body of interest.
Consider an axial member (i.e. a one-dimensional, 1-D, body) of original length L,,.

Assume the axial strain to be uniform in the member. Then the axial strain
everywhere in the member is calculated by



_ AL (3.2)
Ly

where AL is the total elongation of the member. The elongation AL can be
regarded as the difference in displacement u; = u(x;) at the right end and u =

u(xp) at the left end (see Figure 3.3), i.e.

tl

AL =u-uy

The function u(x) = uy + £y(x - xo) gives the axial displacement at any point x in the
axial member.

If the strain is not uniform, then (Eq. (3.2)) gives an average strain. To determine
the strain at a point, a small segment L; = Ax must be considered. Consider two

points x( and x, + Ax that are separated by a small distance Ax. Let the
displacements at these two points be

upy = u(xp)

and

iy = ulxp + Ax)

respectively. The difference in displacement between these two points is

Au=uy —uy = u(xg + Ax) —u(xg) (3.3)

which can also be regarded as the elongation of the material between these two
points. The axial strain in this segment (or at point x;) is defined as

Au  du
e=lim — = — (3-4)
Ax—0Ax  dx
Thus, axial strain can be obtained from the derivative of the displacement
function.

If a rod is subjected to a uniform tension and € = ¢, = constant, then
du

— = £y, Xp Sx<xp+ Ly
dx
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Fig. 3.3 Elongation.

Integrate the equation above to obtain
u=epx+C

Let u(xg) = ug; then, from the equation above, C = uy - £yx(, and the displacement
function is given by

= E’{}{_T—_T{}) + Uy (3.5)



3.3 STRAIN

Consider two points P and Q in a solid body. The coordinates of P and Q are (x, y,
z) and (x + Ax, y, z), respectively. The distance between the two points before
deformation is Ax (see Figure 3.4).

After deformation, let the displacement of P in the x-direction be u = u(x, y, z) and
of Q be u’' = u(x + Ax, y, z). The new distance between these two points (P’ and Q')
in the x-direction after deformation is

(x+ Ax+u')—(x+u) = Ax + Au (3.6)

where Au = u' - u is the change of length in the x-direction for material connecting
P and Q after deformation. The strain is defined just as in an axial member:

. Au du 3.7
Exy = M — = — 24)
Ax—0Ax  dx

This is the x-component of the normal strain, which measures the deformation in
the x-direction at a point (x, y, z).

Similarly, the y and z components of the normal strain at the point are given by

. - dv (3.8)
“¥y = {;}-

and
- dw (3.9)
= oz

respectively. Comparing the strain component &,, with the strain in the 1-D case
(or in an axial member), we may interpret €,, as the elongation per unit length of

an “infinitesimal” axial element of the material at a point (x, y, z) in the x-

direction. Similar interpretations can be given to ¢, and €,,.
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Fig. 3.4 Neighboring points P and Q in a solid body.
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Fig. 3.5 Rotations of material line elements in the x-y plane.

The three normal strain components are not sufficient to describe a general state
of deformation in a 3-D body. Additional shear strain components are needed to
describe the distortional deformation.

For simplicity, let us consider a 2-D case. Let P, Q, R be three neighboring points
all lying on the x - y plane as shown in Figure 3.5. Let P/, Q, and R’ be the
corresponding positions after deformation. For no loss of generality, we assume




that P does not move. In addition, we assume that the infinitesimal elements PQ
and PR do not experience any elongation. Thus, the positions of P’ and Q' (see
Figure 3.5) are given by

Q : (x+ Ax,y+ Av)

R : (x+ Au, y+ Ay)

For Q’, the displacement increment Av is

Av=vix+ Ax,v) =  v(ix,vy) (3.10)
\'_u,—’ "_ﬂ.-l
displacement at @ displacement at P

Similarly for R’, the displacement increment Au can be written as

Au=u(x,y+ Ay)—u(x,y) (3.11)

The rotations 8, and 6, of elements P and PR are assumed to be small and are
given by

o Av dv
= Ilm—=—
Ar—0Ax  dx
and
Au  du
= lim — = —
Ax—0 Ay ay

respectively. The total change of angle between PQ and PR after deformation is
defined as the shear strain component in the x-y plane:

av  du (3.12)
Y.=%.=0,+0= — + — =
.I’Fl_'l. f_-.: | = (9_1' d}.

Similar shear strain components in the y-z plane and x-z plane are defined as

o dw N dv (3.13)
f'l if'l r_;j_' r‘;:’
dw  du (3.14)

Y =y = — 4 —
J’; X i" & ¥ l’:?,'i.- f?:

Thus, a general state of deformation at a point in a solid is described by three

normal strain components ,,, €, €,, and three shear strain components y,, v, ,,



)/XZ b

3.3.1 Rigid Body Motion

If a body undergoes a displacement without inducing strains in the body, then the
motion is a rigid body motion. For instance, the displacements

i = uy = constant
V = vV = constant
W = Wy = constant
represent a rigid body translational motion and do not yield any strains.

Another rigid body motion is the rigid body rotation. The following displacements
represent a rigid body rotation in the x-y plane.

= =ay (3.15)
V= ax
w=10

It is easy to verify that no strains are associated with the displacement field
above.
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EXAMPLE 3.1

Consider a 2-D body (a unit square ABCD) in the x-y plane as shown in Figure
3.6. After deformation, the four corner points move to A’, B', C’, and D’,
respectively, due to the displacement field given by

u=0.0I1y (3.16),
v=0.015x

Describe the nature of the deformation.

y
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Fig. 3.6 Shear deformation in the x-y plane.

Using (Eq. (3.1)), the new position of point A after deformation is given by

_1"=U+u| =0.01

x=0y=1

Vel4v g =1+0=1

New coordinates of A" : (0.01, 1)




Similarly, we obtain the new positions of B, C, and D.

B :(1.01,1.015)
C':(0,0)
D' :(1,0.015)

Since the deformed configuration is linear in x and y, it can be determined
from the new positions A’, B', C’, and D' as shown by the dashed lines in
Figure 3.6.

The strains corresponding to the displacements given by Eq. (3.16) are

d v
E."];_. - -._“ — {]- tlll'll' = _1 = [.}
X o dy
du  du
Yoo = = + =— =0.015+0.01 =0.025
' gx oy

This is a simple shear deformation.

For comparison, consider the following displacement field,
u=0.2y

v=-02x

Using (Eq.(3.1)), the new positions A’, B/, C’, and D' can be obtained as shown
by the dashed lines in Figure 3.7.

It can be easily shown that the displacement field does not yield any strain
component. As such, this is a rigid body rotation.
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Fig. 3.7 Rigid body rotation.
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Fig. 3.8 Rigid body translation.
The following displacement field
u=1.2
v=0

which does not yield any strain as well, is a rigid body translation (Figure
3.8).




3.4 STRESS

For an axial member, the force is always parallel to the member, and the stress is
defined as

P (3.17)

g7 =

A
where A is the cross-sectional area. If A = 1 unit area, then o = P.

The concept of stress can easily be extended to 3-D bodies subjected to loads
applied in arbitrary directions. Consider an infinitesimal plane surface of area AA
with a unit normal vector n. The total resultant force acting on this area is AF
(force is a vector; see Figure 3.9). The stress vector t is defined as

AF
£ = lim = (3.18)
AA—0 AA

Thus, t can be considered as the force per unit area acting on the given plane
surface.

Al n

+

AA

Fig. 3.9 Total resultant force on an area.
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Fig. 3.10 Stress vector with three components on the x-face.

Consider the special plane surface with the unit normal vector parallel to the x-
axis. On this face, the stress vector t has three components, which are denoted by
Oy Ty Ty, @S shown in Figure 3.10. Similarly, on the y and z faces the force

intensities are given by the components of the respective stress vectors as

Oyps Tyrs Tyr ANA oy Toyy Toy

The two subscripts in each stress component have special meaning. The first
subscript refers to the plane where the stresses originate, and the second
subscript denotes the direction along which the stresses act. For example, the
symbol t,, refers to a stress component that originates from the plane normal to
the x-axis and acts along the y-axis direction. In a cubic stress element, there are

six planes, and three stress components can be originated from each plane. Of the
six planes, any plane for which the normal is directed toward the positive x-, y-, or



z-axis is considered as the positive plane. Otherwise, the plane is a negative plane.
If the direction of a stress component is along the positive x-, y-, or z-axis, then the
direction is a positive direction, otherwise it is a negative direction. Collectively,
any stress component will be considered positive if it originates from a positive
plane and acts along a positive direction or originates from a negative plane and
acts toward a negative direction. Otherwise, it will be a negative stress
component.

[t is evident that for arbitrary applied loadings, a cubic stress element can have at
most eighteen stress components. Depending on the geometry or applied loading
types, the stresses inside a body could be uniform or nonuniform.

Consider a thin rectangular plate of width b and thickness t is subjected to a
tensile force P (uniformly distributed) as shown in Figure 3.11a. The internal
stress o = % is uniform everywhere. Now consider the same plate with a circular
hole of radius a at the center, as shown in Figure 3.11b. When this plate is
subjected to the tensile force P, the stresses near the hole is not uniform. In both

scenarios, these stresses must be in static equilibrium.



3.5 EQUATIONS OF EQUILIBRIUM IN A UNIFORM
STRESS FIELD

Consider an infinitesimal solid element under a state of uniform stress. The stress
element shown in Figure 3.11a is an example of such element. The stress
components on the six faces of this element are shown in Figure 3.12. Since the
body is in equilibrium, the six equations of equilibrium must be satisfied, i.e.

Z F,=0, Z F,=0, Z F.=0 (3.19)
d M.=0, Y My=0, > M.=0 (3.20)
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Fig. 3.11 Example of how (a) uniform and (b) nonuniform stress fields are
developed within a structure subjected to same loading.
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Fig. 3.12 Infinitesimal solid element under uniform stress.

The force Eq. (3.19) can be expanded as:
Z F.r = {‘-'T.Lr —e".l'_._-_._-}lﬂj‘ﬂ: + (T‘n'.r - T_r.r) AzAx + |:T:_1- - T:l.]lﬂk,\,’ﬂ_‘h‘ =0

Z F.=(0—0)AxAy + (T}': =Ty )ﬂ:ﬂl + (Tee— Tuz)AyAz =0
It is obvious that the force Eq. (3.19) are satisfied automatically.

The moment equation M, can be expressed by taking the moment (with respect to
the center of the solid element)



Az Az Ay
ZM = 15 AxAy. — + 1 AxAy. Eun-ﬁuﬂ* — =T, AxAz

Ay
? = ( Ty —Tyz ]ﬂu.’.\\&"

Similarly, the moment equations M, and M, are
Z My = (T — 7o ) AXAYAZ

Z M, = (r_\-_‘- - r_l-_\-}ﬂ-.,r&_vﬂ;

To satisfy the moment Eq. (3.20), the following relations among the shear stress
components are necessary:

Toy =Ty Tyr S Toyy T = Ty (3.21)

Thus, only six stress components are independent, including three normal stress

components o 0,, and three shear stress components, say, T

xxr Oyyr yzr Txzr Txyr



3.6 EQUATIONS OF EQUILIBRIUMIN A
NONUNIFORM STRESS FIELD

Consider an infinitesimal element Ax x Ay x Az in which the stress field is not
uniform. Figure 3.11b shows how nonuniform stress field can be developed inside
a material. The stress components acting on the faces of the element are shown in

Figure 3.13.

If the element is in equilibrium, then the six equations of equilibrium, (Egs. (3.19)
and (3.20)), must be satisfied. Consider one of the equations of equilibrium, say,
Y F,=0. We have

(6 + Aoy )Ay Az— (0, )Ay Az
- {_r”. - &rﬁ._..)flr Az - {rﬁ._l.}ﬂt.r Az
+ (7 + At )JAx Ay — (7., ) Ax Ay
=0
Dividing the equation above by Ax, Ay, Az, we obtain

Ao, At Art.,
+ —=+
Ax Ay Az

=0
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Fig. 3.13 Stress components acting on the faces of the element under a
nonuniform state of stress.

Taking the limit Ax, Ay, Az — 0, the equilibrium equation above becomes

001 + ar}'.l{ + I,y 0 (3.22)
ax dy dz

Similarly, equations 3 F, = 0 and }F, = 0 lead to
3r.1‘r + &5_1'_1' + l"Sll'r:_'r -0 (323)

dx dy dz

and



Jdr,.. Ot. do..
@, Phe | 90z _ (3.24)
dx dy dz

respectively.

It can easily be verified that the moment equations ¥ M, = ¥M, = ¥ M, = 0 lead to

Ty = Tyws Tyz = Tzys Tz = Ty (3.25)
which are identical to the relation given by (Eg.(3.21)).

body is in equilibrium, the stress field must satisfy these equations everywhere in
the body.
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EXAMPLE 3.2

a. Determine whether the following stress field is in static equilibrium.
4dx 4x+ 5y 0
lo] = | 4x + 5y dy 0
0 0 0

00y 0Ty 0T
— + — + —=4+5=9+#0
ax dy dz 7

{‘3’ a a vy é] =¥
T, N Gy + f;_ =4+4=g%(]

ax dy dz
T, . dty, . de.. B
dx dy dz

Since the given stress field does not satisfy the equilibrium equation, the
stresses are not in static equilibrium.

b. What is the condition for equilibrium for the following stress field?

3x Ax+Cy 0
o] = | Ax+ Cy 4y 0
0 0 0

30.1'.1’ + {3]1-‘{.1' + 91—.’.1’

=34+ C
E?.T {?}' {?:
{;1-_1..1. N (5'1'1_1-_1,- + i'f:lr.-_r —A+4
dx dy 2
dr,. dr,. do..
Ty + Tyz + Oz =0

dx dy dz




For static equilibrium, the three equilibrium equations must be zero.

As such, for equilibrium,
34C=0 — C=-3

A+4=0 — A= -4




3.7 STRESS VECTOR AND STRESS COMPONENTS
RELATIONS

Consider a two-dimensional state of stress so that a,, # 0, oy # 0, Ty # 0 and other

stress components vanish. Consider the wedge shown in Figure 3.14. The unit
normal vector to the inclined surface is n, and the stress vector (force per unit
area) acting on this surface is t. From the equilibrium equations }F, = 0 and }F, =

0 for the wedge, we obtain

Iy As = 0, Ay + 7y Ax (3.26)
Iy As = 7 Ay + oy, Ax

Oyy

Fig. 3.14 Two-dimensional state of stress in a wedge element.

By noting



— = cosf =n,
As
Ax
Al - sin) = n,

(Eg.(3.26)) can be expressed in the form

Iy = Oyl + Tyl
Iy = Tyylly + Oy

Equation (3.28) can be expressed in matrix form as

ﬁl"l.' r.l"l' ”'. _ ‘r.!
Toy O ny Iy
where the relation 7, = 7, has been invoked.

Y.

Using the same method, one can easily derive the equations for the three-
dimensional case with the result

O Tyy Taz n, [
Ty L r-.-:_ n, = f-.
Ty Ty O-- n I

Symbolically, (Eq.(3.30)) can be written as

lo]{n} = {1}

Equation (3.31) indicates that the stress matrix [o] can be viewed as a

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

transformation matrix that transforms the unit normal vector {n} into the stress

vector {t}, which acts on the surface with the unit normal {n}.



EXAMPLE 3.3

Assume that the uniform state of stress in the wedge-shaped body shown in
Figure 3.15 is

2 2 0
l6]=12 2 0| MPa
0 0 I

What is the stress vector on the inclined face?

The unit vector n normal to the inclined face is given by

|

n, = ”_'r =n.=—=

V3

By using (Eg. (3.30)), the components of the stress vector t (force per unit
area) are obtained as

4
Iy = Oy + Tyylly + Tyl = —=
. V3
4
ty = Tolly + Oy + Ty.n. = — MPa

L

I
...... ﬁ

16 16 1
t=,/2+2+i2= ERREEY +E=\fll=3.31MPa

The total force F acting on the inclined face is At, where A is the area of the
inclined face.




3.8 PRINCIPAL STRESS

If we are interested in finding surfaces for which t is parallel to n, i.e.

¥

‘ ’
X
£
Fig. 3.15 Wedge-shaped body.
{1} =o{n} (3.32)
where o is a scalar, then (Eg. (3.31)) yields a typical eigenvalue problem:
[o]{n} = {1} = o{n) (3:33)
or
([e]=all]){n} =0 (3.34)

where [I] is the identity matrix. In order for (Eg. (3.35)) to have a nontrivial
solution for {n}, we require that

|[6]-all]| =0

or, explicitly,



Oy =0 Ty Ty (3.35)

Expanding the determinantal Eq. (3.35) yields a cubic equation in o. Since [o] is
real and symmetric, there are three real roots, say 04, 0,, 03 (see any book on

linear algebra or matrix theory for the proof). The corresponding eigenvectors,

{nW}, {n(2)}, {n(3)}, can be shown to be mutually orthogonal. These three
directions are called principal directions of stress, and o4, 0,, and o5 are the

corresponding principal stresses.

On the surfaces perpendicular to these directions, we have according to (Eg.

(3:32)),
{r”’} = m—{u*”}. i=1,2,3 (3.36)

This says that on the surface with the unit normal {n(J}, the stress vector is also
normal to that surface, and its magnitude is 0. In other words, there are no

shearing stresses on the surface that is normal to a principal direction.

Without loss of generality, we assume o 2 0, 2 03. Then it can be shown that g4
and o3 are the maximum and minimum normal stresses, respectively, on all
surfaces at a point. The proof is given as follows.

On an arbitrary surface with unit normal vector {n}, let the stress vector be {t}.
The normal component (projection) of {t} on {n} is given by

6, =tn= {1} {n} (3.37)
= ([o]{n})"{n}
= {n}'[o]' {n} = {n}"[o]{n)
where superscript T indicates the transposed matrix.

Choose a coordinate system so that x, y, and z axes are parallel to the principal
directions of stress, respectively. With respect to this coordinate system, all
shearing stress components vanish. Then [o] has a simple form as

i 0 0 (3.38)

lol=10 e 0
0 0 o



Substituting (Eg. (3.38)) into (Eq.(3.37)), we obtain

G, = mn_f + (I:-'i‘s 4 r;_;nf (3.39)

If 04 2 0, 2 03, then we have

¥ ¥ ¥ % 3 ¥
on; +o\n; +on. 2 o6, 2030+ o3n,; + o3n; (3.40)

. ) ) o) . . o . .
Since ny; + n; + n- = | (nis a unit vector), it is obvious that

0] 2 02 2 03 (3.41)
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EXAMPLE 3.4

Obtain the principal stresses and directions for the following stress field.

2 2 0
l6]=12 2 0 MPa

0 0 1

For the given the stress matrix the eigenvalue problem is

which can be expanded into

o =56" + 46 =0
The three roots for the equation above are obtained as

o) =4, oy = 1, oy=10

These are the principal stresses.

The unit normal n(!) corresponding to o, = 4 MPa can be obtained by
substituting this value back into the system of Eq. (3.34) to obtain

(1)

=2n\Y + 20l =0
2ntV =20V =0
-3n'" =0

Note that these three equations are not independent. Thus, only two
equations are available to determine the solution. Since there are three
unknowns, two equations can determine only up to the ratios among the
three quantities ”.:‘1 ,n'"), and n'"). However, we note that n(Y) is a unit vector,
ie.

2 ¥

()" () + ()




With this additional equation, the solution is obtained uniquely as

(1) ! (1) l (1~

n,o=— n = —= n

VY

Following similar manipulations, the unit vectors n®® and n®® corresponding
to 0, and o3, respectively, can be determined. We have

-

and

\ |

H_I,L.}'I = = ¥
Vo

It can be observed thatn'" .n'*) = |1 .0 + .0 + 0.1 = 0. Similarly, n?.

o= i
n® =0,and n®.nM =0

[ £

-

As such, these three eigenvectors are mutually orthogonal.

G




3.9 SHEAR STRESS

The stress vector t can be decomposed into a normal vector o,,n and a tangential
vector t that is lying on the surface with the unit normal n, i.e.

t=o,n+71 (3.42)
Thus,
t=t-on (3.43)
Denoting the magnitude of the shear stress vector by 7, we have
= ||t -0, = (ff +1+ r) -0’ (3.44)

Let us choose the coordinate system (x, y, z) to be parallel to the principal
directions with corresponding principal stresses g4, 0,, and o3, respectively. With
respect to this coordinate system, the stress matrix [o] assumes the diagonal form
asin Eq. (3.38). From Eq. (3.30), we obtain

Iy = 0ophy (3.45)
ty = oany
1. =o3n.

Using Eqg. (3.45), the magnitude of the stress vector can be written as

[t =+ 72+ (3.46)
= (o1ny)° + {rrgn_\.}: + (63n.)
Substituting Egs. (3.46) and (3.39) into Eq. (3.44), we obtain

2 2 (3.47)

¥ g 3 2
t* = (oyn,)” + (6an,)” + (o3n;)" = (JI”_: + oy + J—‘”E)

¥ 7 i 7 3 L 3 .l “¥
= n_;(] --n_x.}n’] + n;(l -n.;)r.rg + rr:‘(] ~rr:}r:r_;

202 2 2
- 2010001,

- Zr:r:awf.nf — 2010300
Equation (3.47) can be further simplified by using the relation | -u_f = H'E + nf.
We obtain

2 ‘s

' =nni(o)-06y) —nfnf{n; -03) + Hfﬂ_‘:’_(ﬁ:&, -01)° (3.48)



Consider all surfaces that contain the y-axis, namely surfaces with unit normal
vector perpendicular to the y-axis. For any of these surfaces, we have

n,#0, n,=0, n. # 0 (3.49)
From Eg. (3.48), the magnitude of the shear stress is
T = nfnf{r:r_; -0 }l2 (3.50)
= (1 —H'E)”'E{ﬂ'_q -0 }3
In deriving (Eq. (3.50)), the equation n> + n? = | has been used.
The extremum of /t| occurs at

¥

d 3 3.51
;;3 =0=(2n, “4!1_’1}(53 —01)° ( )
This yields the solutions
l (3.52)

n,=0 and n,= £ —

V2
It can easily be shown that n, = 0 leads to the minimum value of t2 and
ne=+1/ \/2 yields the maximum shear stress.

Since n, =0, and nf - ng = |, the solution n, = + ]j\/i givesn. = + ],f\/i
These represent two surfaces making, respectively, +45° and -45° with respect to

the x-axis.

Substituting n, = + | j v’i into Eq. (3.50), the maximum shear stress is obtained
as

R | ) | (3.53)

Ty = = [03 — 7 )h or |Tnu1.'r.| = E |'f"‘_3 — 0| |

max 4

Similar considerations of surfaces containing the x and z axes, respectively, yield

I (3.54)

|r[IL'ﬂK| = i |ﬁ-1 _(53|

l 3.55
|Tnmx| = §|¢T] —(53| (3.55)



Eqg. (3.53) is the true maximum shear stress if we assume, with no loss of
generality,

G| 2 062 2 03



3.10 STRESS TRANSFORMATION

Consider a state of plane stress, i.e.0,, = 7,,=17,,=0and 0,,#0, 0, #0,and o, #

0. Let x'-y’ be coordinate axes obtained by rotating x-y axes a 8 angle in the
counterclockwise direction (see Figure 3.16).

Fig. 3.16 Stress components in the x-y and x'-y’ coordinates.

Consider the surface perpendicular to the x'-axis. Using Eq. (3.29), the stress
vector t acting on this surface is given by

{ tx } B [n Tyy ] { n, } (3.56)
Iy Ty Oy ny
where n = (n,, n) is the unit vector parallel to the x'-axis.

Leto'y, 0',,, and 7'y, be the stress components in reference to the x'-y"

coordinates. Noting that ¢’,, = g,, we have
ai“ = o, =tn=1tn, +1,n, (3.57)

Substituting the following relations



Iy = Oyl + r.r}'”}'
.’-,.- = Ty lly + L S ¢

into Eqg. (3.57) yields

3 3
n_’.._,. = Oy + Ty + Ty iy + Gyl (3.58)

-

¥
=0, + 2n,0,T, + O,

Noting n, = cos 6, and n,, = sin 6, we rewrite Eq. (3.58) in the form

6. = 0,080 + Oy, SiN 0 + T,y Sin 20 (3.59)
Further use of
cos 6 = %(I + cos 26), sin*@ = %{I—CDHZH}I
in Eq. (3.59) leads to i
(Ii. = % (raf_l._l. + ff;-;-) + % (rr_._.r - {'F..,.-..,.-) cos 260 + 7., sin 260 (2.60)

The shear stress component 7, can be regarded as the tangential component of
the stress vector; i.e.

r_’i - =ts= 15y + j'}..l..‘_,_.
where s is the unit vector parallel to the y’-axis (or parallel to the surface of
interest; see Figure 3.14), and its two components are
s, = —sin#, s, = cosd

Thus,

Ty = (Gudty + Tony )se + (Tohe + o340y )5, (3.61)

= — 0, cos@sinf + 7,,( cos “0 - sin“6) + o,, cos@sin @
| .
=3 (6yy — 61 ) $in 260 + 7, COS 26

The transformation for ¢, is obtained by noting that ¢/, is equal to o, if Ois
replaced by 8 + /2. From Eq. (3.59), we have



6 =0, sin?0 + 0y COS 0 - T,y 5in 26 (3.62)

which can be expressed in matrix form as

o cos @ sin?@  sin20 . (3.63)
o \ = sin 26 cos’@  —sin26 |} 5
r_’u_ -3 sin 260 3 sin26  cos 20 Tev

where ¢',,, a’yy, and ¢',, are stress components referring to the x'-y’ coordinate

Xy
system.



EXAMPLE 3.5

As shown in Figure 3.17, the cylindrical pressure vessel has an inner radius of
1.25 m and a wall thickness of 10 mm. It is made from steel plates that are
welded along the 45° seam. Determine the normal and shear stress
components across this seam if the vessel is subjected to an internal pressure
of 8 MPa.

Considering the x- and y-axis is along the longitudinal and circumferential
direction of the pressure vessel, the stresses due to internal pressure can be
obtained as:

O] = Oy = pr =0.5MPaando, =05,, = % = | MPa

21

Fig. 3.17 Stresses in a thin-walled pressure vessel due to internal pressure
(x'-axis and y'-axis are not shown in the figure).

The x'-axis is along the seam, as shown in Figure 3.17. To obtain the normal
(o’yy) and shear stress (T’Xy) developed across the seam, the coordinate

transformation formulas described in matrix form (Eg. (3.63)) can be
utilized:

7. cos>(45°)  sin?(45°)  sin2(45°) (05 0.75
J - sin‘0(45°)  cos’(45°)  =sin2(45°) 1) Unpa= L 05 Y mpa
7 —%sin2{45°} %sin2(45°) cos 2(45°) 0 0.25

As such, the normal and shear stress components across the seam are 0.75
MPa (0,,) and 0.25 MPa (7',,), respectively.




3.11 LINEAR STRESS-STRAIN RELATIONS

We have introduced six independent stress components (0y,, 0, 0,,,, T, Ty, Ty)
to describe the load carried by a three-dimensional solid at a point, and six

independent strain components (&, €,,, €,, Vyz Vo Vi) to describe the

deformation at a point. Since, in general, deformations are produced by loads,
strain components are related to stress components. These stress—strain relations
are used to characterize the stiffness of a material. One of the common ways to
express the stress-strain relations for a material is to write the stress components
as functions of the strain components, or vice versa. If the expressions of these
functions of a material do not depend on the Cartesian coordinate systems
chosen, this material is isotropic. This is equivalent to saying that the stiffness
property of the material does not depend on direction. Otherwise, the material is
called anisotropic.

The subject of developing stress-strain relations (more generally referred to as
constitutive models) is an important area in mechanics of solids. For the interest
of aircraft structures, we focus our attention on constitutive models commonly
used to describe lightweight metals and fiber-reinforced composites for which
linearly elastic behavior dominates in the range of small strains and loading rate
effects are negligible in most applications.

For isotropic materials, the simple tension (uniaxial stress) test is often
performed to generate a stress-strain curve as shown in Figure 3.18. For most
structural materials, such uniaxial stress-strain curves almost always consist of
an initial linear portion and a nonlinear portion beyond a stress level. Of interest
is the yield stress oy beyond which a permanent strain is produced upon

unloading, as illustrated in Figure 3.18. Note that the unloading path is linear and
parallel to the initial linear portion. The determination of the yield stress is not as
easy as the ultimate stress because it does not coincide with the end of the linear
portion of the stress—strain curve. A customary practice is to take the stress as
yield stress that produces a 0.002 permanent strain upon complete unloading.



Rupture

Fig. 3.18 Stress-strain curve.

3.11.1 Strains Induced by Normal Stress

Imagine that a thin cylindrical element (a rod) is taken out of a generally
anisotropic solid in the x-direction. Assume that in this rod, only o,, # 0, and all

the other five stress components are absent (uniaxial stress). If stress o,, is
applied gradually, strains are produced.

Let us consider for now only the normal strain component ¢,,. A stress-strain
curve as shown in Figure 3.18 can be obtained. For the linear portion, we write

Oxx = Ex€yy (3.64)
in which the constant E,, is called the Young’s modulus in the x-direction of the
solid.

In the case of uniaxial stress loading described above, lateral strains ¢, and ¢,

are also present and are related to ¢,, as

Eyy (3.65)

Eywy = — V€ O Vi = —

Ean
Eae = = Vb OF Ve = — — (3.66)



where v, and v,, are Poisson’s ratios. The first subscript indicates the loading

direction, and the second subscript indicates the direction of lateral contraction.
Using Egs. can be rewritten as

Vi

Epy = — éﬁ.u'.u' (3.67)
V-

Ep = — E-_:ﬁ.r.r (3'68)

Similar Young’s moduli £, and E, in the y and z directions, respectively, are
introduced in the uniaxial stress-strain relations as

Oy = E_\"'-"_'.'_r (3.69)
and

0. =E&; (3.70)

respectively. The corresponding Poisson’s ratios are introduced in the following
relations:

Vi

Ep = VixEyy = = — Oy (3'71)
Vyz

Erpr = Vi€ = — —— Oy

and

Vey

Exy = = Vybz: = — — 0 (3.72)
'E':.
Vay

Eyw = = V€ = — 0
'E'.'.

It should be noted that in a uniaxially stressed anisotropic body, say o,, # 0 and
other o;; = 0, shear strains y,,, v, and y,,, may be induced in addition to the
normal strains. In the most general case, uniaxial stress o,, may produce six strain
components,



1 (3.73)

Exe = 7= T xy
E_'I.'
- Vo
i — X
E h .
Viz
£:: = — /Oy
E,
v = ”'T"ﬁﬂ
v = 5 Ax
! ﬁl.
y. = "-’.1,1:_ "
| v " LRy
E,
y. = J';f’.r..r_'t o
v T Xy
' -":1

where the coefficients n’s serve a similar purpose as Poisson’s ratios; they are the
ratios of the induced shear strains and the normal strain ¢,, produced by uniaxial

stress o,,, i.e.

Nxy: = -,
"Iill.,l.,' = - E]

Hypy = =

Again, the first subscript in 1 indicates the loading direction, and the second set of
subscripts indicates the plane of induced shear strain.

In a similar manner, the strains produced by uniaxial stresses 0,,, and o, are



e, = — g (3.74)

E} vy
1
Epp = — E_{TH
W
'i'_-,:
£ = = F—{T}:.l.
. —- ”\'.\'.’I
Yv: = F_ Gyy
. jh'_'l.'.'
f1: - _E:. ﬂ'u"u'
) FIF _‘-'.- o
(’1;.1.' = E,‘ i
."'I
and
Vzy
Exg = — F;ff:: (ﬂ)
Vay
Epp = — E_'ﬂ'——
|
Eow = — (Fm
E. -
,lr._.'l'.'
;’r_-.-:_ = E. Oz
M
f',r: - .F_ ﬁ::
. ‘TF:.U'
f1‘_v = f;'.

3.11.2 Strains Induced by Shear Stress

Consider a state of simple shear with 7, # 0 and all other stress components are
vanishing. In the most general solid, all strain components may be induced by 1.
Consider the shear strain y,, induced by 7,,. In the linear range of stress-strain
relations, we have



I (3.76)
Yiw = —— Tyy
f.l". [1.1_-.1'- A

where G, is the shear modulus in the x - y plane. Other strains induced by t,,
can be written as

Hxy.x 3.77
Exx = Nayxlxy = '{'._Z’:'"T' Ty (3.77)
’rr.ln} v
Eyy = Nayy¥ay = G Py
Ty
e =n g = e,
~~ xvzd xy G Xy
. . H LYY
Vv: = ﬁ_r_-r._-r_-fl._r = G xy
Xy
. — . _ K LY.
Yaz = H_r_r,_r,‘fl._r - G xy
Xy

in which y,,,, and p,,,, are introduced to represent the interactions among the
shear strains; and 1,,,, 11,,,, and 1,,,, are the interactions between the shear
strain y,,, and the normal strains &, €,,, and &, respectively.

For simple shear in the y-z and x-z planes, we have

I (3.78)
v, m
Yy: G,
and
l (3.79)
v, = —— e
G o

respectively. Other strains produced by 7, and 7,,, can be expressed in a form
similar to Eq. (3.77).

If the material is isotropic, i.e. its mechanical properties are not direction
dependent, all the n coefficients vanish and

E.=E,=E,=E (3.80)
Viy = Vi =V =V =V =V =V

G.r_':. = Wy = Gﬁ'.‘, =G



Thus, in an isotropic solid, a normal stress does not produce shear strains, and a
shear stress does not produce normal strains.

3.11.3 Three-Dimensional Stress—Strain Relations

The discussion in Sections 3.11.1 and 3.11.2 indicates that, in the most general
case, the application of a single stress component can possibly produce all six
strain components. In the linear range of stress-strain relations, we can write the
strains produced by all six stress components by using the principle of
superposition:

Exy = d)10y + ”]3”}'}' + 4136 + dyy T_-.': + a 5T + dg r.r_r (ﬂ)
Eyy = 71Oy + d2 Oyy + dyy0-- + dyy Ty: + da5T - + dog Tyy
£; =030 + 32 yy +ad330;; + A34Ty; + A35Ty; + A3pTyy
Vye = G410y + Q120 + A430-; + Aa4Ty: + Q45T + Aa6Tyy
Yy: = Q510 + aAs520yy + d530:: + sy Ty + ds55Ty + dsg Ty
F_-.;_l.- =dp| Oy + 620y + 30 + deg Tyz + desTy: + daeg Tiy
where q;; (i, j = 1 - 6) are elastic compliances. Comparing Eq. (3.81) with Egs.
(3.73)-(3.77) together with two similar equations for 7, and t,,, we can easily

relate the elastic compliances to the engineering moduli E,, Ey,..., Vigseew ny oo Ny
... We have

¥
- l Vi Vo Mhex Mex Mo ] (3.82)
E X 'E'q\' E:': (; ¥z (; XZ (';'I. ¥
_ vi L _ ri "r_l'.'.._l' ,ir.l':._'l-' FF ANV
E, £, E. Gy G- Gy
_ Viz _ r).-: I ’-r_-.':.:_ Mxz,z "-r_r}'.:
[a,-j] _ E, E, E. Gf_.: G- Gy
Hyyz Hyyz Nzyz I Hyzyz  Hxyyz
E, f O E. G, Gy (.
Ny xz My xz Moz Hyzaz | My az
K, E, o G}.: G- L"}_r.,.
Nexy  Myay Moy Hyzxy  Myzxy I
E, E, E. G, Gy Gy



In matrix notation, Eq. (3.81) can be expressed as

[ Exx ) (O ) (3.83)
Ey (}'.1.,'.
€z O
4 y = [(I U] 4 ]
;’;'I'._ T"-_
¥ xz Txz
% ;f_l'.'l. & % r'l.'_'f r
or symbolically as
{e} = lal{c} (3.84)

The inverse relations of Eq. (3.84) are given as

(6} = [cl{e} (3.85)

where

[c] = [a] ™
The relations given by Egs. (3.84) and (3.85) are generally called Hooke’s law.
The elements Cij in [c] are called elastic constants, and E,, Ey, s Vs 1oy ny, ... are

called engineering moduli.

In general, it is easier to measure elastic compliances g;; (and thus the
engineering moduli) than elastic constants c;; because a;; can be measured using
simple tension and simple shear tests. For instance, under simple tension in the y-
direction, the resulting strain components are equal to a;,0,,. From the measured

strains, the second column a;, of the elastic compliance matrix can thus be
obtained. Theoretically, elastic constants ¢;; may be determined with a similar

approach by conducting experiments in which only one strain component is
present in each experiment. However, these experiments are much more difficult
than uniaxial stress tests to realize in the laboratory.

Considering elastic strain energy, it can be shown that [a], and thus [c] also, is a
symmetric matrix, i.e.
ajj = aj, Lj=1,2,---6

Thus, there are only 21 independent elastic compliances or, equivalently, 21
elastic constants. This is the maximum number of independent elastic constants



that linear elastic materials can have. Most materials possess certain elastic
symmetries that would reduce the number of independent elastic constants. The
following are two material groups that are of practical interest.

3.11.3.1 Orthotropic Materials

Unidirectional fiber composites can be regarded as orthotropic materials, which
possess three mutually orthogonal planes of symmetry. The directions
perpendicular to these planes are called the material principal directions. If the
coordinates x, y, z are set up such that they are parallel to the material principal
directions, respectively, then the elastic compliance matrix reduces to

[ay, dapr a0 0 0 7 (3.86)
(r @ dxy 0 0 0
_|as an axn 0 0 0
=10 0 0 @ o o
0 0 0 0 ass 0
L 0 0 0 0 0 age
The elastic compliances g;; are related to the engineering moduli as
apy =i. ap = m]i a:q‘|_:,=~m1li (3:87)
E, E, E.
Viy 1. Vay
@) =—E. ax = E dyy = — —
Vs Vys I
as) :_E\ az = —E H.H—E
] | I
ay) = G.. (55 = E dep = G.
Since a;j = aj;, we have
Vg = 51'_.,-, Voy = E: Vy Voy = E, Vyz (3:88)
E, E, E,

Thus, there are nine independent elastic constants for orthotropic elastic
materials.

Fiber-reinforced composites are regarded as orthotropic solids. It is customary
to denote the fiber direction as x;-axis, and the transverse directions as x, and x;.



The elastic moduli are referenced to this particular coordinate system and
denoted by El’ Ez, E3, Vi2, V13, V23, 623, 013, and GlZ'

The following are the in-plane engineering moduli for some polymeric
composites.

AS4/3501-6 carbon/epoxy (AS4 carbon fiber in 3501-6 epoxy):

E, = 140 GPa, E, = 10GPa
G2 = 7.0 GPa, vi2 = 0.3
Boron/epoxy:

E, =205GPa, E;=21GPa
(12 = 5.5 GPa, via =0.17
S2-glass/epoxy:

E, =43 GPa, E> =9 GPa
G» = 4.5 GPa, vy = 0.27
Note that the Young’s modulus in the fiber direction (E;) for AS4/3501-6 is 14
times the transverse Young’s modulus (E5).

3.11.3.2 Isotropic Materials

The elastic properties of isotropic materials are invariant with respect to
directions. Thus, isotropy is a special case of orthotropy. By requiring the
conditions given by Eg. (3.80), we obtain

1 (3.89)
3

’
dpp=dj3=dn=——

12 13 23 E

daq = dss = dep = —
G

) =t =dyy =

The corresponding elastic constants ¢;; can also be expressed in terms of
engineering moduli as

cu=cn=c3=4+2G (3.90)
cp=cp3=cn=A41

Ciq4 = C55 = Cpp = G



where A = vE/(1 +v)(1 - 2v).

[t is evident that the stress—strain relations for isotropic materials can be
expressed in terms of the Young’s modulus E, Poisson’s ratio v, and shear modulus
G. Moreover, it can be shown that these three quantities are related by

E=2(1+vG (3.91)

Thus, there are only two independent elastic constants for isotropic materials.
The stress-strain relations can be expressed in matrix form, as shown below.

rh E(1-v)  Ev  Ev 0 0 07 [e.] 392)
Gy Ev  E(1-v) Ev 0 0 0 Eyy
Oz | Ev Ev E(1-v) 0 0 0 £e:
Ty 0 0 0 G 0 0] [Tw
Ty: 0 0 0 0 G 0 Yyz
-TT-"- i 0 0 0 0 0 G_ __]'r::u._
where, E = m The reverse form is
= ] - AJ — i -
22 9 0 0 (3.93)
E E E
_E-n.q -1 | d T ]
x — - — 0 0 0 o
E E E
E'}-_., *T_-.'_-.'
-V -V I
— — — 0 0 0 .
“! |"E E E c
Yo 0 0 0 ~ 0 o0 oy
Yy G Ty:
' I
e | 0O 0 0 0 - 0f | 7
|
0o 0 0 0 0 =
: G -

Most natural metals and alloys that are used as aerospace structural materials are
considered as isotropic materials. For example, aluminum alloys are usually
considered as isotropic materials. Typical values of their elastic moduli are



E =70 GPa, v=0.33



3.12 PLANE ELASTICITY

Many structures under certain types of loading may yield strain and stress fields
that are independent of, say, the z-direction and have

€z = ?}: = ?.1': =0 (ﬂ)

or

ﬂ':: = ‘I’_.l._.: = T.I.: = {] (ﬁ)

over the entire structure. The state of deformation with (Eq. (3.94)) is called a
state of plane strain parallel to the x-y plane, while that with (Eq. (3.95)) is
called a state of plane stress parallel to the x-y plane.

From the strain-displacement relations, the conditions of (3.97) can be described
in terms of the displacement field as

u=ulx,v) (3.96)
v =v(x,y)

w=10

where u, v, and w are displacement components in the x, y, and z directions,
respectively.

To produce a state of plane strain parallel to the x-y plane, the structure must be
uniform in shape in the z-direction, and loading must be independent of the z-
axis. An example is a hollow cylinder subjected to uniform internal pressure with
both ends constrained to suppress its movement in the z-direction.

The plane stress condition given by Eq. (3.95), in general, cannot be exactly
realized. It is often used to approximate the state of stress in a thin panel
subjected to only in-plane (x-y plane) loading. The corresponding displacement
field is given by

u=u(x,v) (3.97)

v=v(x,y)

W= End

where normal strain ¢,, is independent of the z-axis.

3.12.1 Stress—Strain Relations for Plane Isotropic Solids



Plane strain and plane stress conditions lead to simplification in stress-strain
relations. Recall that the 3-D stress-strain relations for isotropic solids can be
expressed in the following forms:

or

where

{o} = [cl{e} (3.98)

{e} = lal{s} (399

E(1-v)
(1+v)(1-2v)

Clp =0 =033 = A+ 206 =

Ev
(1T +v)(1=2v)

Cp=e€n=c3=c3 =cp=cp=4=

C44 =C55 =Cop = U

other ¢;; =0

1
dyy = =dyy = —
E

diz=hh) =d3 =3 =dyy=dyp = -
|

flaq = 55 = dpp = —

G

'I:'

E

othera; =0

3.12.1.1 Plane Strain

Using the plane strain conditions, Eq. (3.99) reduces to



7= M v)(1-20) [(1=V)ex + vey] (2.100)
E

Ty = {l N 11}{1 _21) [”‘u + {] 1]*n]
E

0oy = l[] + ].']I: -2 } [-‘: e T .f:'_,'.}.]

T}: =

Ty =

o = Gr,

From the first three equations of (3.100), it is easy to see that

Oz = 1’[”.11- + f’r-.-]

Thus, 0,, is a dependent quantity. The first, second, and last equations in Eq,

(3.100) are usually considered the stress-strain relations for a state of plane
strain. Inverting these equations, we obtain

| +v 3.101
Exy = E [': | =v)oy — vﬁ_‘r_'r] ( )
| +v
E_r_r = E [_ VO + [ ] - 11}'”_'.'_5']
1
Yo = Gy

3.12.1.2 Plane Stress

The reduced stress-strain relations for a state of plane stress are readily derived
from the 3-D relations given by Eq. (3.99). We have



3.102

Exx = E (ﬁ.u:r - 1’(‘1'_.,-_1-) ( )

|
Eyy = E (“" VO + Gu'}.-)

v

£z = = E [Gu' + n_r_r)
Y vz =0
7.-=0

|
:"_l_'_r = E rl‘_r

Again, from Eg. (3.100) we note that

€z = — —'l' ('E".u + f‘_-.'_-.') (m)

is a dependent quantity. Inverting the first two and last equations in (3.104), we
obtain

E 3.104
Oy = .2 (t'_,.._l. + 'I.’.‘_-'.,I._,I.) ( )
E
Oyy = m ("E.tr + "—'"l"r)
Ty = Gy,

These relations are different from the corresponding plane strain relations given
by Eqg. (3.100). However, the two sets of stress-strain relations can be putin a
single expression by introducing the following parameter defined by

For plane strain : x=3-4v»

3-v
For plane stress : k= ——
| +v
In terms of parameter k, the stress—strain relations for both plane strain and
plane stress can be expressed in the form
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3.12.2 Stress—Strain Relations for Orthotropic Solids in Plane
Stress

Fiber-reinforced composite materials are modeled as orthotropic solids.
Furthermore, they are often used in the form of thin panels for which the plane
stress condition prevails.

Let the fiber direction coincide with the x-axis and the panel be parallel to the x-y
plane. The stress-strain relations for a composite panel are given by

1 _wm o (3.107)

£ Ty h‘ l ‘E‘:: ﬁ.l‘.l‘
-f e Loy

"y - - — (T

¥ E, E, ¥
Y xy l Tyy

(0 ()
i (7>

where E; is the Young’s modulus in the fiber direction (the longitudinal modulus),
E, is the transverse Young's modulus, G, is the shear modulus in the x-y plane,
and v{, and v,, are Poisson’s ratios. Since the compliance matrix is symmetric, we
have

Yai _ Vi (3.108)
E: E

Thus, there are only four independent elastic moduli.



Inverting relations (3.107), we have

[ E, viaE; 0 ] (3.109)
Ty E & Exy
5_1.:'.' = Via Ej é 0 'E'_'.'_'.'
T._.,- ﬂ ﬂ Fu'
I 0 0 (o ] '
where
A=1-vivy

3.12.3 Governing Equations

To solve plane elasticity problems, three sets of conditions must be satisfied, i.e.
the equilibrium equations, boundary conditions, and compatibility equations.

3.12.3.1 Equilibrium Equations

reduce to

d6 + ar.r} -0 (3.110)
dx dy

Ity 00,

— + —— =0

dx dy

3.12.3.2 Boundary Conditions

For plane problems, the loading stress vector t on the boundary is in the x-y
plane, i.e. t, = 0. On the boundary contour, the applied traction (stress vector) is

given and the stresses must satisfy the following boundary conditions:

Iy _ O Tay n, ‘(3.1 1 1)‘
Iy Ty Oy n,
where n = (n,, n,) is the unit normal vector to the boundary contour of the plane

body. It should be noted that a boundary can be subjected to a displacement field
or point force and moments. The point forces and moments are expressed in
integral forms.



EXAMPLE 3.6

Specify the boundary conditions based on the loading on beam shown in
Figure 3.19.

A plane stress condition is assumed. There are four boundaries. Each
boundary can be identified with the unit normal vector.

Boundary 1: The top horizontal surface with n(1) = {0, - 1}
Boundary 2: The bottom horizontal surface with n(?) = {0, 1}
Boundary 3: The left vertical surface with n®®) = {-1, 0}

Boundary 4: The right vertical surface with n¥) = {1, 0}

q

Lt

<
v

<

/
¥

Fig. 3.19 A cantilever beam subjected to uniformly distributed vertical
loading.

The boundary (1) is subjected to a stress vector t, and the boundary (2) and
(3) are unloaded. In other words, the boundary (2) and (3) are free surfaces.

Equation (3.31) will be used to specify the boundary conditions for boundary
(1), (2), and (3).

The boundary (1) is located at y = —C. The condition is:

9 S 140 B 9 o VA [ Y
Iy Ty Oy ny ] Txy Oy -1
This condition leads to 0, (x, - €) = - g and 7, (x,- () = 0.

The boundary (2) is located at y = C. The condition is




{ Iy } {rn.r Tay ‘ { My } { 0 } [ﬁ.u Tyy ] { 0 }
Iy - Txy Oy ny 0 - Tyy Oy I
This condition leads to g,,(x, ) = 0 and 7,,(x, ) = 0.

Similarly, the boundary (3) is located at x = 0. The condition is

{ Iy } |:5'-.u' Ty ] { ny } { 0 } [ﬁ_u- Ty ] { -1 }
1 N Ty Oy n, o Ty Oy 0
This condition leads to 6,,(0, y) = 0 and t,,(0, y) = 0.

The boundary (4) is fixed. As such, the boundary conditions should be
specified in terms of displacements and can be written as

Atx=Lu=0,v=0, and:ﬁ—: = ().
Appropriate Airy stress function must be chosen to solve this elasticity

problem.

AN J/

3.12.3.3 Compatibility Equation

The three strain components ¢,,, €,,, and y,, are derived from the two

displacement components u and v as

du N du  dv (3.112)
= = Eyvy = T Yow= = T+ 5

ax o dy Yody  dx

Using the strain-displacement relations in Eq. (3.113), we can derive the following
compatibility equation:

Eypy

e N P ey Iy (3.113)
dy? x> dxdy

Thus, the three strain functions &,,, Eyyy and Yxy Cannot be arbitrarily specified;
they must satisfy the compatibility Eq. (3.113). Otherwise, we may not be able to
find a unique displacement field.

For isotropic solids, the compatibility Eq. (3.113) can be written in terms of
stresses by using the stress—strain relations and equilibrium equations. We have

V2 (0 +0yy) = 0 (3.114)

where



] f}l l"}:
"F == = + = 9
dx?  dy?

In general three-dimensional problems, there are six strain components.
Following the procedure used in deriving (Eq. (3.113)), we are able to derive five
additional compatibility equations that involve the strain components. In the case
of plane strain problems, among the six strain components, only the in-plane

strains g,,, €,,, and y,, are not vanishing and, thus, only the compatibility Eq.

(3.113) is not trivial.

For plane stress, normal strain ¢, is present in addition to the three in-plane

strain components. If we assume that all stress components (and thus all strain
components) are independent of the z-axis, then, besides (Eg. (3.113)), there are
additional compatibility equations that need to be satisfied. They are

Pe.. Pe.. 3.115
Tz _y, L= ~ %= (3-115)
ax- ay? dx dy

3

2

The equations above indicate that €,, must be a linear function of x and y. In

general, this contradicts the result of relation (3.103), in which the two in-plane
normal strains may not be linear in x and y. In other words, solutions obtained
with the plane stress governing Egs. (3.110), (3.111), and (3.113) do not satisfy
all compatibility equations and are, in general, only approximate solutions.
However, these solutions are very good for thin plates under in-plane loads. More
details on this topic can be found in many books on the theory of elasticity
(Timoshenko and Goodier 1970).

The plane stress formulation can be an exact formulation for some special states
of stress. For example, a uniform state of stress in plates produced by loads that
are applied uniformly over the thickness along the edge of the plate satisfies all
the compatibility equations. Hence, such a state of stress is plane stress rather
than plane strain even if plate thickness is large.

3.12.4 Solution by Airy Stress Function for Plane Isotropic Solids

Many solutions to elasticity problems involving plane isotropic solids can be
obtained using a specific type of stress functions. The method applies the Airy
stress function and reduces the requirement of satisfying the three governing
equations, i.e. the equilibrium equations, boundary conditions, and compatibility
equations to a single governing equation in terms of a single unknown. The
resulting governing equation can be mathematically solved by various methods of
applied mathematics.



Consider the possibility of the existence of a stress function ¢(x, y) such thatitis
related with the stress components through the following differential equations.

. (3.116)
n.Ll. - [9_1,3

_7¢
™ o

B r?zrﬁ
=T ok dy

With the relations given by Eq. (3.116), it can be verified that the equilibrium Eq.
(3.110) are satisfied automatically. Substitution of Eq. (3.116) into Eq. (3.114)
yields

VIVig=0

or, explicitly,

) A A (3.117)
2 =
dx* ¥ ~dx? dy? ¥ A 0

The above is the compatibility equation in terms of ¢ which is called the Airy
stress function. In this form, the solution to a plane elasticity problem is reduced
to solving (Eqg. (3.117)) for ¢ from which stresses are derived from Eq. (3.116).
These stresses are required to satisfy the boundary conditions. Note that, in using
the Airy stress function, one need not worry about equilibrium equations and
compatibility equations since they are automatically satisfied. The solution
procedure involves solving the partial differential Eq. (3.117) and satisfying the
boundary conditions (3.111).




AN

EXAMPLE 3.7

Verify whether the following function is a valid Airy stress function.

v xy? N
(’b-:i-“.-;; .".j—;)'l.'j;l'{ +Z'E_"L

It can be shown that

I

2

J ¢
ox2oy? 0

P

(;? =)

As such, the given stress function will satisfy (Eq. (3.117)). Hence, it is a valid
stress function.




EXAMPLE 3.8
Consider a beam of rectangular cross-section subjected to pure bending as

shown in Figure 3.20. This can be considered as a 2-D plane stress problem.
Show that the following stress function solves the problem

¢ =cy

To show that this Airy stress function is the solution, we must check whether
it satisfies the compatibility Eq. (3.117) and boundary conditions, which state

6 =ogy/bandr,, =0 on the vertical facesatx = *a

o,y =0andr,, =0 on the top and bottom facesaty= b

y

SIS o
Co e

Fig. 3.20 Beam under pure bending.

It is obvious that this Airy stress function satisfies the compatibility Eq.
(3.117). Using Eq. (3.116), we obtain the stress components corresponding to
the Airy stress function as

o = 6Cy
Oy =0
T,y =0

Thus, if we choose C = 0,/6b, then the boundary conditions are totally
satisfied.

-

3.12.5 Plane Elasticity Solutions in Polar Coordinate System



Many load bearing members have geometrical features that can be more
conveniently analyzed in polar coordinates. In a 2-D polar coordinate system, the
x-y coordinates are replaced by the r-6 coordinates. The plane elasticity solutions
for structural members such as a fuselage, a rotor, a circular disk, or a curved
beam are efficiently obtained if analyzed in the polar coordinate system. The
strain—-displacement relations, plane stress-strain relations, governing equations,
and Airy stress formulations are expressed in the polar coordinate formulations.
All these expressions can be obtained from the Cartesian coordinate formulations
through Cartesian to polar coordinate transformation. As shown in Figure 3.21,
the x-y coordinates and the r-6 coordinates are related with the following
equations:

x=rcosf,y=rsind (3.118)

More details on the coordinate transformation and derivations of governing
equations in polar coordinates can be found in many books on the theory of
elasticity (Timoshenko and Goodier 1970; Sadd 2009).

3.12.5.1 Strain-Displacement Relations

The strain-displacement relations for plane problems can be derived by applying

L (3.119)
T o
o 1@ L (3.120)
W90 r
1 du, wyg 1y (3.121)

Yrg =

— +
rdd  dr r
where, €, and £y4 are normal strains and y, is the shear strain. The

displacements along the r and 8 where, and are normal strains and is the shear
strain. The displacements along the r and directions are prescribed by u, and u.
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Fig. 3.21 The Cartesian (x-y) and the polar (r-6) coordinates.
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3.12.5.2 Stresses in Polar Coordinates and Equilibrium Equations

The stress components in plane elasticity are o0,,, 04, and 7,4 The directions of

these stress components are illustrated in the stress element shown in Figure
3.22. The stresses in the opposing faces will be same when the element
represents uniform stress field conditions. When the stress field is not uniform,
the stresses in the opposing faces of a stress element will be different as shown in
Figure 3.23.

The equilibrium equations can be obtained by balancing the forces along the r
and 0 directions.

+ —— + = (6, — =0
dr  radf r (0= G00)
dr,g ldogg 21, -0 (3.123)

or rae "y



Fig. 3.22 A stress element in polar coordinates.



& >

Fig. 3.23 Stress components acting on the faces of the element under a
nonuniform state of stress.

3.12.5.3 Stress—Strain Relations

The stress-strain relations in polar coordinates are similar to those prescribed in
Cartesian coordinates. The Hooke’s Law in plane stress and plane strain
conditions are given in Egs. (3.124) and (3.125), respectively.

1 (3.124)
Epr = — |Opr —LUO ‘ ‘
E [ F.F{J]

|
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3.12.5.4 Stress Function Formulations

To solve problems in polar coordinates using the Airy stress function method, Egs.
(3.116) and (3.117) can be transformed into Egs. (3.126) and (3.127) using the
relations outlined in Eq. (3.118):

lod 10D (3.126)
O =——7 + — 3
ror r- d@-
_Jo
Oy = 92
_d (lad\ 100 17D
tro = or\rd@) o0 rarod
lajf'n- ajf'm; 2 5,3 Er) | de,, gf;f'rm 2 deg (3.127)

=0

X gg* * or  rord® r or + ror 2 do

To solve elasticity problems for certain geometries, applications of both polar
coordinate and Cartesian coordinate formulations are often required. For
example, the elasticity solution of a 2-D rectangular plate with a circular hole
requires polar coordinate formulations near the “hole region” and Cartesian
coordinate formulations in areas far from the hole area. The transformations of
stresses and displacements between polar coordinate and Cartesian coordinate
are an integral part in such types of elasticity problems.

Oy = Op COS 20 + g SIN 20 T, SIn 20 (3.128)
Oyy = O sin EH + Op CDSEH + 7,95In 20 (3.129)
Tyy = (04— Ogg) sin @ cos @ + 7,4 c0s 20 (3.130)

Uy = U, cos@—ugsinf (3.131)



Uy = u, sin@ + ugcos @ (3.132)



3.13 FORMULATIONS BEYOND 2-D PLANE

ELASTICITY

One major advantage of the two-dimensional formulations for plane isotropic
solids is that the method allows the developments of analytical closed-form

solutions to certain types of three-dimensional problems, of which, three-

dimensional solutions are very difficult to obtain. In other words, the Airy stress
function approach outlined in the previous section is very convenient because

this method analytically solves boundary-value problems and provides
mathematical equations to compute internal stress distributions and

displacements within the structure. However, the Airy approach is somewhat
limiting because it is mostly applicable to axisymmetric or simple geometries
subjected to axial, shear, or bending-type loadings. Obviously, the Airy approach is

not applicable to other loading types such as torsion. For solving torsion
problems, the Prandtl stress function method can be used.

[t is worth mentioning that both the Airy stress function and the Prandtl stress
function are actually the special forms of the Beltrami-Mitchel stress functions for
solving three-dimensional problems. The general form of this stress function

(3.133)

(3.134)

(3.135)

(3.136)

(3.137)



(3.138)
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The two-dimensional representation of the Beltrami-Mitchel compatibility
equations is Eq. (3.114), which can also be obtained by setting z = 0 in the Egs.
(3.133), (3.134), and (3.136), and then combining them.

The general form of Beltrami-Mitchel stress functions involves finding suitable
relations functions ¢;i(x, y, z), where ;, j = 1 — 3, that are related with the stress

components through the following differential equations:

a:‘;b_ﬂ f;':(b:: 329'533 (3.139)
Oy = —5 + -2 —
dy* dz* dyoz
G, = Pon | Phn P (3.140)
= dz? x> - dxdz
6. = ai"‘bf: + ai‘f’jﬂ __Zﬁfqit: (3.141)
- ox= oy* dxey
ol = — ";Eff"l: _ 324?3.1 + al';fbj_'-l + (924'5;] (3142)
v dz° dxdy dxdz dvoz
r = - 52‘3&13 _ 33,?3“ + {;3‘?53' + (91{1'513 (3.143)
WU ok dvdz - oxdy
r. = — 73 _ Py P | P (3.144)

+ + =
gv:  dzdx  dvdz  dxdy
When all but the diagonal elements of Beltrami-Mitchel stress functions ¢;; are
eliminated, i.e.

¢ 0 0
"!"»’f;' =10 ¢»n 0
0 0 s

the resulting functions are called Maxwell stress functions. The corresponding
stress—stress function relations yield the following representation:



_ Py N & (3.145)

Crx = 9y 2
_Phu | P (3.146)
¥y T 3y + 2]
- dz* dx?
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Oz = 752 2
s (3.148)
Ty=— q
' dxdy
_ Py (3.149)
fr = adydz
sy (3.150)
w = dzox

[t is easily found that the two-dimensional stress-Airy stress function relation
outlined in Eq. (3.116) can be obtained by setting ¢11 = ¢,, = 0 and ¢33 = p(x, )

in the Maxwell stress functions.

When only the diagonal elements of the Beltrami-Mitchel stress functions ¢;; are
eliminated, i.e:

0 ¢ ¢
"!"»’f;' = (¢ 0 ¢
";'3'13 qﬁ:; 0

the resulting functions are called Morera stress functions. The corresponding
stress—stress function relations yield the following representation:

F by (3.151)
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The Prandtl stress function (here denoted by ¢(x, y)) for solving torsion problems

is a special case of the Morera function with ¢, = ¢13 =0 and
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PROBLEMS

3.1 Consider a unit cube of a solid occupying the region

0<x<l1, 0<y<Il, 0<£:z<I
After loads are applied, the displacements are given by

u=qax
v =fy
w =10
a. Sketch the deformed shape for « = 0.03, = -0.01.
b. Calculate the six strain components.
Find the volume change AV [AV = V (the volume after deformation) - V, (the
original volume)] for this unit cube. Show that ¢, + Epy+ €5 = AV.
3.2 Consider a unit square of a 2-D solid occupying the region
O<x<landOs<sy<1
After loads are applied, the displacements are given by
u=axandv = by
a. Sketch the deformed shape for:
i.a=0.01,b=0.015
ii.a=0.01/x,b=-0.01/y
iii.a=0.01y/x,b=-0.015x/y
b. Calculate the six strain components for all three cases.
3.3 Consider the following displacement field:
u=ay
V= —ax
w=10

Sketch the displaced configuration of a unit cube with the faces originally
perpendicular to the axes, respectively. This displacement field does not
yield any strains; it only produces a rigid body rotation. Show that the angle

of rotation is



| (dv  du\ _
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3.4 Consider the displacement field in a body

u= 0.02x+0.02y-0.0l1zcm

V= 0.01y=0.02z cm

w= —-0.0lx +0.0lzem
Find the locations of the two points (0, 0, 0) and (5, 0, 0) after deformation.
What is the change of distance between these two points after deformation?

Calculate the strain components corresponding to the given displacement
field. Use the definition of ¢,, to estimate the change of distance between the

two points. Compare the two results.
3.5 Consider the problem of simple shear in Example 3.1 and Figure 3.6.

From the deformed shape, find the normal strain for material along the line
CB by comparing the deformed length (g’ and undeformed length CR.

Set up new coordinates (x', y') so that the x'-axis coincides with (g, and y' is
perpendicular to the x'-axis. The relation between (x, y) and (x', y') is given
by

X =xcosf + ysiné
y = —xsinf + ycos@
where 6 = 45° is the angle between x" and the x-axis.

Write the displacements u’ and v' in the x" and y’ directions, respectively, in
terms of the new coordinates x’ and y'. The relation between (u’, v') and (u,
v) is the same as between (x, ') and (x, y). Then calculate the strains using
u' and Vv, i.e.

, o
Exnx = ax

J
g =
w = Gy

’ au’ v’
Yoo = =5 T+ —
a0 (;I:HJ fi‘n—:

Compare E'i_‘_ with the normal strain (along ("R) obtained earlier.



3.6 A cantilever beam of a rectangular cross-section is subjected to a shear
force VV as shown in Figure 3.24. The bending stress is given by

M:
!

where M = -V(L - x). Assume a state of plane stress parallel to the x-z plane,
ie.0,, =T,, =T, = 0. Find the transverse shear stress t,,(=7,,) by
integrating the equilibrium equations over the beam thickness and applying
the boundary conditions 7,, = 0 at z = £h/2. Hint: From the equilibrium

equation

ﬁ."{.l’ —

do ., N o1,- ~
dx dz
we have
o7, _ doy, B zdM
dz dx 1 dx
Z

!

L b

. 3.24 Cantilever beam subjected to a shear force.
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The state of stress in a body is uniform and is given by

7 =4 MPa, T, = 2 MPa, T =0
oy =3MPa, 1,.=0, .. =10



Find the three components of the stress vector t on the surface ABCD as
shown in Figure 3.25. Find the normal component o, of the stress vector.

y

£
Fig. 3.25 Shape of a wedge.

3.8 Find the principal stresses and corresponding principal directions for the
stresses given in Problem 3.7. Check the result with other methods such as
Mohr’s circle.

3.9 As shown in Figure 3.26, the 5-cm diameter drive shaft AB on the
helicopter is subjected to an axial tension of 50 kN and a torque of 1 kN-m.
Determine the principal stresses and the directions for a stress element
taken at a point on the surface of the shaft.



Drive shaft AB

Fig. 3.26 Helicopter drive shaft AB under combined tension and torsion.

3.10 A solid shaft of circular cross-section supports a torque of 50 kN-m and
a bending moment of 25 kN-m. If the diameter of the shaft is 150 mm,
calculate the principal stresses using the eigenvalue method.

3.11 A state of hydrostatic stress is given by

) 0 0
[{‘T] = 0 (7} (}
0 ﬂ 70

Show that on any surface the force (or stress vector) is always
perpendicular to the surface and that the magnitude of the stress vector is
equal to oy,

3.12 An isotropic solid with Young’s modulus E and Poisson’s ratio v is under
a state of hydrostatic stress as given in Problem 3.11. Find the corresponding
strain components.

3.13 For small strains, the volume change AV/V is identified to be equal to

Exx + €y * €5, The bulk modulus K of an isotropic solid is defined as the ratio

of the average stress and the volume change, i.e.

| AV
g ("T.r.r + ﬁj‘_ﬁ' + "T::) = K?

Derive K in terms of E and v.

3.14 A block of elastic solid is compressed by normal stress o,, as shown in

Figure 3.27. The containing walls are rigid and smooth (frictionless). Find the
values of k for plane strain and plane stress conditions, respectively, in the
stress-strain relation obtained from the compression test above.



Oyy = k Exy

S
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Fig. 3.27 Solid confined between two smooth rigid walls.

Assume that E =70 GPaand v = 0.3.

3.15 An aluminum 2024-T3 bar of unit cross-sectional area is subjected to a
tensile force in the longitudinal direction. If the lateral surface of the bar is
confined and not allowed to contract during loading, find the force that is
needed to produce a 1% longitudinal strain. Compare this with the
corresponding load for the bar under simple tension.

3.16 Compare the axial stiffnesses of aluminum alloy 2024-T3 under plane
strain and plane stress conditions.

3.17 Show that the state of stress of a solid body of any shape placed in a
pressured chamber is a state of hydrostatic stress. Neglect the effect of the
gravitational force.

3.18 Derive the compatibility equation for plane elasticity problems in terms
of stresses, i.e.

v: (”1‘1‘ + {'TI.,-) =0

3.19 Consider a thin rectangular panel loaded as shown in Figure 3.28. Show
that the Airy stress function

] 5
¢ =c1x + cxy + 3y

solves the problem. Find the constants cy, ¢, c3.
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Fig. 3.28 Thin rectangular panel subjected to uniform tension.

3.20 Consider the a x b rectangular panel shown in Figure 3.29. Find the
problem that the Airy stress function ¢ = xy? solves. That is, find the tractions
at the boundary of the panel.

y

A

v

a
Fig. 3.29 Thin rectangular solid panel.

3.21 Consider a thin rectangular panel shown in Figure 3.30. Find the stress
components and the stress vector on the surface y = d and x = [ if the stress



function ¢p = — ﬁ* xv*(3d - 2y) describes the nature of loading on the panel.

y

r

/
Fig. 3.30 Thin rectangular solid panel.

3.22 As shown in Figure 3.31, an aluminum cantilever panel of length a=1m
and height 2b = 20 mm is subjected to a downward end shear force W. The
following stress function is proposed:

W (xy* =3b%xy)
P = :
4b

a. Prove that this is a valid Airy stress function.

b. Specify the boundary conditions for each surface.
c. Find the complete stress solutions.
d. Obtain state of stresses at x =a and y = b.

e. Obtain principal stresses and maximum shear stress.



-
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Fig. 3.31 An aluminum cantilever panel subjected to end shear force.

3.23 The stresses in a 2-D rectangular steel body (E' =200 GPa, v = 0.32) are:
0= —~A(L-X)y,and 6, = +A(h” —4y*); other stress components are zero.

Here, L represents length and h is height.
a. Is this stress in equilibrium?

b. If this problem is simplified to a plane stress problem, are the strains
compatible?

c. What are the displacements if A =100 MPa/m?, L =1 m, and h = 25 mm?

3.24 What are the normal and shearing stresses on the spiral weld of the
aluminum shaft (Figure 3.32) of diameter d subjected to an axial load P and a
torque T? Given: P =120KkN, T=1.5kN, d = 40 mm, and ¢ = 35°. [t is known
that the axial load produces an axial stress ¢ = % and the torque produces a
16T

shear stress r = “==.
wd



(ﬁ/(/\T p

Fig. 3.32 An aluminum shaft with spiral weld.
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4
Torsion



4.1 INTRODUCTION

Torque is a common form of load in aircraft structures. A torque is a moment
or couple that has the unit N - m. The difference between a torque and a
bending moment is that a torque acts about the longitudinal axis of a shaft as
illustrated in Figure 4.1, whereas a bending moment acts about an axis that is
perpendicular to the longitudinal axis of the shaft (beam). Based on Saint-
Venant's principle (Hibbeler 1965), it is customary to ignore the differences
in stress and strain near the load-application end of the shaft, even for
statically equivalent loads. Thus, a torque symbol (a curved arrow) may
represent many possible local load distributions that are statically
equivalent. However, it should be noted that for shafts of thin-walled cross-
sections under torsion, this boundary layer, in which stresses and strains are
different for statically equivalent loads, may become large and, thus, needs to
be taken into account in the stress analysis (Fung 1965).

Nevertheless, the effect of torque is of major concern in the design of many
aircraft structural components such as wing, fuselage, horizontal, vertical
stabilizer, etc. In analyzing torsion on a structural member, the first step is to
determine the relation between the applied torque and the internal
deformation and stress fields. The geometry of the section plays a significant
role in determining how a torsion problem can be analyzed. For example,
torsion in a prismatic shaft of isotropic and linearly elastic solids can be
treated using the concepts of solid mechanics. Using solid mechanics
approach, only shafts of circular solid and hollow sections can be analyzed.
Other types of sections are unable to satisfy the assumptions involved in
deriving the deformation and stress fields:

e Plane sections of the shaft remain plane and circular after deformation
produced by application of the torque.

e Diameters in plane sections remain straight after deformation.

These assumptions lead to the result that shear strain (and, thus, shear
stress) is a linear function of the radial distance from the point of interest to
the center of the section. Moreover, these assumptions imply that plane
sections of the shaft rotate as rigid bodies during deformation without in-
plane deformations or out-of-plane displacements (i.e. warping).
Unfortunately, these assumptions are not valid in shafts of noncircular
sections, for which different formulations are required.



4.2 TORSION OF UNIFORM BARS WITH
ARBITRARY CROSS-SECTION

There are two classical approaches to solving the torsion of solid shafts of
noncircular cross-section. The Prandtl stress function method employs
assumptions regarding stresses produced in the shaft by a torque, while the
Saint-Venant warping function method is based on assumptions of the
displacement field. These two methods lead to the same solution. Here we
begin with Saint-Venant's displacement assumptions but derive the
governing equations in terms of the Prandtl stress function.



Z

Fig. 4.1 Straight bar of a constant cross-section.

4.2.1 Governing Equations

Consider a straight shaft of constant cross-section subjected to equal and
opposite torques T at the ends as shown in Figure 4.1. The origin of the
coordinate system is selected to be at the center of twist (COT) of the cross-
section, about which the cross-section rotates during twisting under the
torque. Note that the cross-section here is not restricted to circular or hollow
circular section only. By the definition of the COT, the in-plane displacements
vanish at this location. For a circular cross-section, the COT is obviously



located at the center of the cross-section. In general, the location of the COT
depends on the shape of the cross-section and how the end is supported. In
the formulation of the torsion problem, however, the explicit location of the
COT may not be known a priori. If the effect of end support is ignored (i.e.
warping is allowed to develop freely without exterior constraints), then the
COT coincides with the shear center, which is discussed in Chapter 5. For
convenience, we assume that the Cartesian coordinate system is set up with
the origin located at the COT. The governing equations for torsion problems
derived based on an arbitrarily selected origin of the coordinate system are
identical to those based on this special coordinate system except for the
displacements, which differ by a rigid body displacement. This result can be
recognized by the fact that an arbitrary coordinate system is related to the
COT system by a constant vector, which does not lead to nontrivial strains
(and stresses).

Let a denote the total angle of rotation (twist angle) at z relative to the end at
z = 0. The rate of twist (twist angle per unit length) at z is denoted by

X
0=—

Saint-Venant assumed that during torsional deformation, plane sections
warp, but their projections on the x-y plane rotate as a rigid body. This
assumption implies that the in-plane displacement components u and v
follow those of a rigid body rotation. Consider an arbitrary point P on the
cross-section at z that moves through a rotation of a small angle a to P’ after
the torque is applied. For clarity in illustration, we select P to locate on the
lateral boundary of the bar as shown in Figure 4.2. Assume that the cross-
section at z = 0 remains stationary. If the rotation angle « is small, then the
displacement components at point P are given by

u= —rasinfl= —ay= —@zy (4.1)

v=racosfi=ax =0z (4.2)



Fig. 4.2 Rotation of the cross-section of a bar under torsion.

in which ris the distance from the origin of the coordinates to point P. This
displacement field represents a rigid rotation of the cross-section through
angle a in the x-y plane.

The displacement w in the z-direction is assumed to be independent of z,
and, thus, can be expressed in the form

w(x,y) =6Oy(x,y) (4.3)

where the rate of twist 6 is independent of z and 1(x, y) is the warping
function.

Eq S 8w =E:=) = 0
From the stress-strain relations, we conclude that

Oypy = Opy =0z =Ty = 0

Thus, 7, and 7,, are the only two nonvanishing stress components. In view of
the displacement field, it is easy to see that 7, and t,, are independent of z.



In the absence of body forces, the equations of equilibrium (3.22)-(3.24)
reduce to

dr..  dr,.

4+
dx dy
Since the nonzero stresses are only shear stresses, the Prandtl stress function
¢(x, y) will be the appropriate function in solving elasticity problems

involving torsion. It is shown in (3.158)-(3.159) that the relation between
the Prandtl stress function ¢(x, y) and shear stress components 7, and 7,

are

I I (4.5)
Ty = —» Ty = —
' dy ' dx
Itis easy to verify that 7,, and 7, derived from ¢ in this manner, satisfy the

equations of equilibrium automatically.

From (4.1) and (4.2) and the strain-displacement relations,

ow  du aw  dv
Yo = — + =, V.. = — o —
==k Ta % dy 0oz
we obtain
dw (4.6)
y. = o gy (%0
Ix ax )
aw
yo= 20 4 ox (4.7)
=7 Oy

Using (4.6) and (4.7), it is easy to derive the following equation:

(4.8)

This is the compatibility equation for torsion. Using the stress-strain
relations



we obtain, from (4.8),

or,. 0T,
VI _ H.L. — 2(;(} (ﬂ]
dx oy
In terms of the Prandtl stress function, (4.9) becomes
r?:qﬁ r?:qﬁi (4.10)
+ = =2GH
dx*  dy? ’

The torsion problem now reduces to finding the stress function ¢ and
requiring that the stresses derived from this stress function satisfy the
boundary conditions.

4.2.2 Boundary Conditions

It can be observed from Figure 4.1 that there are basically three surfaces on a
uniform bar - the lateral surface and the two plane sections normal to which
torque is applied. As such, on the lateral surface of the bar, no loads are
applied. Thus, the stress vector (traction) t must vanish. Using (3.31), i.e.

{1} = lo|{n}
the stress vector can be evaluated on the lateral surface by specifying the unit
normal vector n. On the lateral surface, n, = 0. Thus,

Iy 0 0 1. n, (4.11)



Fig. 4.3 Tangential (s) and normal (n) directions of the boundary contour of
the bar cross-section.

Explicitly, we have

ty=0,1,=0 (4.12)
ap ¢ 413
[: = Tzl + Tylly = E”r - E”T (4.13)
Referring to Figure 4.3, it is easy to derive
. dy
n,= sing= — (4.14)
ds
dx
Ny = COSH = —— (4.15)

ds



by | abds 416
C dvds  dxds

B dop

T ds

The traction-free boundary condition t, = 0 is now given by

do _ (417)

0 or ¢ =constant
ds

on the lateral surface. For solid sections with a single contour boundary, this
constant is arbitrary and can be chosen to be zero. Thus, the boundary
condition can be expressed as

¢ =0 on the lateral surface of the bar (4.18)

4.2.3 Torque-Stress Relations

It is obvious that the developed shear stresses t,, and 7, inside the bar are

due to the applied torque T. Here, the mathematical relations between these
shear stresses t,, and 7, on the cross-section (see Figure 4.4) and their

resultant torque are obtained. Consider a differential area dA = dx dy. The
torque produced by the stresses in this area is



F 4
Fig. 4.4 Shear stresses on the cross-section.

dT = xt,.dA -yt .dA
d
= ( u_x'ﬁ—ﬁb - 1‘%).{.&1
dx ~ dy

The total resultant torque is obtained by integrating dT over the entire cross-
section, i.e.



= — {i (xgh) —q")} dx dy— l ' |f—] (vgh) — rﬁ] dx dy
X J )y
A

TA

=2[%dnh—{hﬂﬁm>[bﬂﬁmr
J . .
where x4, X,, V1, and y, are integration limits on the boundary. Since ¢

vanishes on the boundary contour, the last two terms in the equation above
vanish. Thus,

T=2[hdnh (4.19)

TA

The derivations above clearly indicate that the solution of the torsion
problem lies in finding the stress function ¢(x, y) that vanishes along the
lateral boundary of the bar. Once ¢(x, y) is determined, the location of the
COT (x =0,y =0) is also defined.

4.2.4 Warping Displacement

For bars of arbitrary cross-section, warping (out-of-plane displacement) of
the cross-section occurs when twisted. From we have

oW T aw T,
—=—+0y and — == -6x
X '(J ’ t‘I-"'_‘l.‘ {J

(4.20)

The warping displacement w can be obtained by integrating the equations
above:

L[ '

'||'I.'{.'l'._"|.‘} = E r1‘_£'lllr1' - I‘?J _"I-'ﬂ’I +Jf-[:-r]| (4.213)
I [ '

w(x,y) = e T.x-:ff}'—ﬁJ xdy + g(x) (4.21b)



where, f{y) and g(x) are integration constants and can be obtained from the
fixity conditions specified in the problem descriptions. In essence, either can
be used to determine warping displacement w(x,y).

4.2.5 Torsion Constant

The torsion equation T = GJ6 (2.10) can be used to express the relation
between the applied torque T and the resulting rate of twist 8 for shafts of
arbitrary cross-sections. The torsion constant J is obtained as

B T
-G
Using (4.19) and (4.10) in the equation above, we obtain

J

2 [ dhedxey 4
Jashdxdy = - — [ gdxdy
A

-1 (L‘f-’ + L’i—"') Vg,
2 | ay 7y

Thus, once the Prandtl stress function is solved, the torsional rigidity G/ of
the shaft is also determined.

(4.22)

J=



4.3 BARS WITH CIRCULAR CROSS-SECTIONS

Torsion on a bar with circular or hollow cross-sections can be solved using
the concepts of elementary mechanics of solids. The elasticity approach
using Prandtl stress function is also applicable as the theory is developed for
a bar with arbitrary cross-sections including circular and noncircular
sections such as rectangular, triangular, etc.

4.3.1 Elasticity Approach Using Prandtl Stress Function

To find the suitable Prandtl stress function, consider a uniform bar of circular
cross-section. If the origin of the coordinates is chosen to coincide with the
center of the cross-section, the boundary contour is given by the equation

-

7 7
X +Vv =a

where a is the radius of the circular boundary. Assume the stress function as

Xy 4.23
r,"::f(—1+'—1—]) (4.23)
a- a-
For a circular bar, any point on the lateral surface satisfies x? + y* = a2. On this
- C(ﬂi . 1) = 0.
surface, » o As such, the stress function (4.23) satisfies the

boundary condition (4.18).
Substituting (4.23) into the compatibility g. (4.10), we have

I P TP _(_(2 2) _4C e

+ il

dx*  oy* a*

4

5
o= o=

Rearranging,

I 5
C=--dGo (4.24)
2
Substituting the expression of Cin (4.23), the complete stress function that

solves the torsion problem for a bar with circular cross-section can be
obtained:



I, (2 GO, , , 4.25
= - 5{!“6{9(% 4 Sﬁ - l) = - -;:;-[:.t‘“ +y —a ) (4.22)

Thus, the stress function of (4.25) solves the torsion problem. It also
indicates that the center of the circular section is the COT.

—_

From (4.19), we have the torque as

o . .
xs oy
T=2C (—, + '—,ml)dxn’}'

o= o=

where

¥ ] 4
I, = [ [r dA = 5 7
T A
is the polar moment of inertia of the cross-section, and

R
A =nma’

is the cross-sectional area. Since a4 = 21p, thus,

2C1,
T=- 1F — HG"I.I" (426)
a-
and J = Ip. The shear stresses are

A ,
Ty = ﬁ!" = EC% = — Gty (4.27)

oy a-

A B

Tye = — —‘f = -2C= = Gbx (4.28)



Consider a cylinder of a circular cross-section of radius r cut from the
circular bar of radius a. On the lateral surface of this cylinder of radius r (see
Figure 4.5a), the stress vector is given by (4.13). Thus,

(a) (b)

r y T

Fig. 4.5 Shear stresses on (a) a cylinder of radius r(a >r) cut out of the
original cylinder, and (b) a surface cut along the radial direction of the
cylinder.

Also note that

X
n,=cosfi= -

n, = sinfj =
-

xy Xy
I.=-G0— + GO— =0
r r
As shown in Figure 4.5a, the radial shear stress t,, on the cross-section

vanishes since it is equal to ¢,.

Now, consider the surface exposed by cutting along the radial direction of the
cylinder as shown in Figure 4.5b. The unit normal vector to the surface is



given by

‘ v X
n.=0, n,=sinfi==, n,=-cosfi=-- (4.29)
p . r

Substituting (4.27) and (4.28) together with (4.29) into (4.13) yields the only
nonvanishing component of the stress vector in the z-direction as

t. = —-GOr

On the z-face (the cross-section), the tangential shear stress 7 (that is
perpendicular to the radial direction) is equal to ¢, in magnitude. Adjusting

the sign for direction, we have

1= —t.=GOr

Using (4.19) to eliminate 60, the relation above can be expressed in terms of
the torque

_Ir (4.30)
=7

It is evident that the magnitude of 7 is proportional to r. This is the well-
known result for torsion of circular bars.

Using (4.6), (4.7), (4.27), (4.28), and stress-strain relations, we have

[
wix, Yooustant) = E ‘ —GOydx + 6 ‘-_"I-'lf-{'l: +f(v)=f(v) (4.31)

I i F %
HI{"‘L‘HI'I*-[:IH[" "*]I = E { Gﬁ-rd_‘l' - | ,H-';_‘r + H[l] = .E-Il.r'l] (432)

Using these two results we find that w(x, y) = f(y)+ g(x) = constant. It implies
that a bar with circular section experiences either a rigid body displacement
(when f{y)+ g(x) # 0 but constant) or no displacement (when f{y)+ g(x) = 0)
along the z-direction). In other words, there will be no deformation along the
z-direction. Thus, for bars with circular cross-sections under torsion, there is
no warping.

4.3.2 Mechanics of Solid Approach



Consider a solid circular shaft of radius a and length L, as shown in Figure
4.6. The shaft is fixed at one end and a torque T is applied to the other end. To
develop the torsion formula using mechanics of solid approach, the following
assumptions must be made:

i. The shape of the circular section remains circular after torque is applied.

ii. The cross-section remains flat all the time. In other words, there is no
warping.

iii. The length and the radius of the shaft do not change due to the applied
torque.

Due to applied torque T at the free end (z = L), the shaft undergoes twisting
deformation. As such, the undeformed plane (see Figure 4.6) MOPN distorts
into the skewed plane MOPQ as the point N on the surface of the free end
moves to point Q. Due this deformation, a radial line drawn on the cross-
sectional plane located at a distance z from the fixed end of the shaft will
rotate through an angle ¥(z). When a radial line is drawn at a distance z + 4z
from the fixed end, the shaft then rotates through an angle y(z) + 4y (z). For
any arbitrary radius r, it can be shown that

w(z) + Ay(z)
Deformed plane

Undeformed plane

Fig. 4.6 Torsion on a shaft with circular cross-section.

mn = ny(z)



ng = rly(z) + Ay(z)|

yAz = ng—mn = rdy(z)

where, y is the shear strain.

Rearranging,
Aw(z) _dy :
= z) dv 434 (433)
Z iy
Since,0<r=<aq,itisobviousthaty=0atr=0andy=y,catr=a
As such, (4.33) can be expressed as
dy _ ¥ _ Vo (439
dz r a
Using the shear stress-strain relation, (4.34) can be written as
.
r= — Ty (4.36) (4.35)
a

The g.(4.35) describes the shear stress distribution over the cross-section.
To find the relation between this shear stress and the resultant torque T, a
moment equilibrium must be taken with respect to z-axis. As shown in
Figure 4.7, the internal resultant torque T'is, in principle, the summation of
the torque produced by the shear stress T on each stress element dA.

T= ‘- rrdA =J ;(J_ r"““)dﬂ _ T max [ ;'sz_;‘l. — rIJIH\;J
JA A Ja

il (]

Rearranging,

Ta (4.36)

Tmax =

J



» X

Fig. 4.7 Shear stress due to torque varies linearly along the radial line of the
cross-section.

o Ir (437)
J

Comparing (4.37) and (4.30), it is obvious that both the mechanics of solid

approach and the elasticity approach can be used to generate the torsion

formula for a circular cross-section.



The shear stress formula (4.37) is also valid for a hollow shaft. Note that the
torsion constant/polar moment of inertia for a hollow section is J =

b=C(%-1)=0.

The maximum shear stress is

b (4.38)

Tmax =



EXAMPLE 4.1

For the solid and hollow circular sections shown in Figure 4.8, what is the

maximum torque if the allowable shear stress is 7 ,,, = 187 MPa. What is

the corresponding maximum twist angle 87 The shear modulus of the
material is G =237 GPa.

Solid Section

Radius a =5 cm

Polar moment of inertia J = 2 = 98] 75cm*

the maximum torque T,,., can be found from

Considering t ax

(4.36):

max — Lallow’

i) -8
I Tatiow] _ (187 x 10°) x {931.?5 x 107%) 61N
a (5% 10%)

Using the torsion formula T = G/6, the maximum twist angle is

T 36717 ad deg
0= = . _=0.138° =7.448
GJ (ET x 107) x (981.75 x 1077) m m




5mm

Fig. 4.8 Circular shaft with (a) solid section and (b) hollow section.

Hollow Section
Inner radiusa =5cm

Outer radius b =6 cm

Polar moment of inertia J = % {fﬂ - a*) = 1054 cm*

The maximum torque T,,,, can be found from (4.38):

: 6 5 -8
?nmm: T.thmj = {ISTX IU}X[IL}Jr)(]U ) =32850Nm
b (6 x 107)

The corresponding maximum twist angle is

0= T _ 3235“ -0 ]]lirdd _ﬁﬁldeg
S G) o (27%x107) x (981.75x107%) T m T m




4.4 BARS WITH NARROW RECTANGULAR
CROSS-SECTIONS

The result for circular cross-sections cannot be extended automatically to
noncircular cross-sections. For example, for a square cross-section, the shear
stress cannot be assumed to be perpendicular to the radial direction, and its
magnitude is not proportional to the radial distance. Further, warping is
present. For bars with certain noncircular cross-sections, solutions can be
found in books on the theory of elasticity. In aircraft structures, many
components are large in lateral dimensions compared with the thickness. For
such narrow sections, simplifications can be achieved.

Consider a bar (shaft) with a narrow rectangular cross-section subjected to a
pure torque as shown in Figure 4.9a. From the consideration of symmetry,
the COT for this cross-section is located at the geometric center of the
section. To satisfy Saint-Venant's principle, the length L of the bar is assumed
to be much greater than the width b of the cross-section. Moreover, it is
assumed that the cross-section (see Figure 4.9b) of the bar is wide such that
b > t. Basically, this is a thin plate along in the z-direction. On the top and
bottom faces (y = #t/2), the traction-free boundary condition requires that




=
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Fig. 4.9 Bar with a narrow rectangular cross-section.

7. =0

In terms of the stress function, this says that



% _

— = =7, =0 (4-39)
X

on the top and bottom faces. Since t is very small, and 7, must vanish aty =
*t/2, it is unlikely that the shear stress 7, would build up across the
thickness. Therefore, we can assume that T, 0 through the thickness.
Consequently, we assume that ¢ is independent of x.

In view of the foregoing, the governing Eq. (4.10) reduces to

I’ 4.40
TP _ 6o (240)
dy”
Integrating (4.40) twice, we obtain
d=—-GOy* + Cy+ C,
The boundary condition requires that
[
p=0 at y= %= - (4.41)
2
which leads to
1,1
Ci =0, Cr=0G0-
4
and subsequently,
. rF 4.42
¢p=—-G0 (_1”‘ - I) (442)

The corresponding shear stresses are obtained from (4.5) and (4.42) as

T, = =2GOy, 1,.=0 (4.43)

The shear stress 7,, acts parallel to the x-axis and is distributed linearly

across the width, as shown in Figure 4.9c. The maximum shear stress occurs
aty =+t/2,i.e.

(Tez) oy = GOI (4.44)



The torque is obtained by substituting (4.42) into (4.19):

B/2 /2 {2
T= —E{'}H[ I v — — | dydx
J=b2d =12 4

= — Gl
Define the torsion constant J as

3 4.45
g2 b (4.45)
3

Then

T=aGJo
where (] is the torsional rigidity.
From (4.6) and (4.43), we have

dw T

- =¥+ lrh = —+ ﬁ_‘l.‘ = —ﬂ_‘h‘

A% - G

The amount of warping on the cross-section can be obtained from
integrating the expression above. We obtain

w= =xv0

The integration constant is set equal to zero because w = 0 at the COT. In fact,
w = 0 along the centerline of the sheet.

The results obtained here can be used for sections composed of a number of
thin-walled members. For example, the T-section shown in Figure 4.10a can
be considered as a section consisting of two rectangular sections. The
combined torsional rigidity is given by

Gl =G(J, +J,)

where



.Jrg = gh:f—;
(@) (b)
by
¢ i
T
A
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h 4
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Fig. 4.10 Examples of open thin-walled sections.

The formula given by (4.45) can also be applied to curved open thin-walled
sections by interpreting b as the total arc length as depicted by Figure 4.10.

It is noted that the torsion constant J given by (4.45) is valid only if b/t is
large. If the two dimensions are comparable, then J should be evaluated using
the elasticity solution obtained by solving a rectangular cross-section using
the Prandtl stress function method (Timoshenko and Goodier 1970). A
correction coefficient f needs to modify the torsion constant of (4.45), i.e.

b’
J=f—
: 3

Forb/t=1.0,1.5,2.0,5.0,10.0, =0.422, 0.588, 0.687, 0.873, 0.936,
respectively.



Using the relation T = GJ6, (4.43), can be rearranged to express the shear
stress distribution in terms of torque:

2Ty
r.=7= — —2 (4.46a)

J

Shear stress is maximum when J = % {_h’* - rﬁ) = 1054

As such, Eq. (4.46a) can be written as:

Tt (4.46Db)

J

Tmax = T



4.5 CLOSED SINGLE-CELL THIN-WALLED
SECTIONS

4.5.1 The s—n Coordinate System

Members with closed thin-walled sections are quite common in aircraft
structures. Figure 4.11 shows a closed thin-walled section with a single cell.
The wall thickness t is assumed to be small compared with the total length of
the complete wall contour. In general, the wall thickness t is not a constant
but is a function of s.

It can be noticed that shear stress along the thickness direction is negligible
in a thin rectangular section. For such geometry, solving problems in the
Cartesian coordinate system is convenient by setting the axes along the
thickness and width directions. Working with Cartesian system is not
meaningful when the geometry of the thin section is irregular. It will be
shown that setting a new coordinate system (s-n coordinate) where one axis
acts along the width and the other acts along the thickness will simplify the
analysis.



-

So

Fig. 4.11 Wall section enclosed by an inner contour S; and an outer contour
So-

The wall section is enclosed by the inner contour S; and the outer contour S,

as shown in Figure 4.11. Using the Prandtl stress function ¢, the stress-free
boundary conditions are given by [see (4.17)]

{
ﬂ:ﬂ on S] und S[p
ds

(4.47)

Thus,



lf) = C{J‘ on S“ (448)

¢p=C, on § (4.49)

where C and C; are two different constants and cannot be set equal to zero

simultaneously as in the case of solid sections with a single boundary
contour.

Consider the shear stresses at an arbitrary point on the wall section. Let us
set up a coordinate system s-n so that s coincides with the centerline of the
wall and n is perpendicular to s as shown in Figure 4.12a. Take an
infinitesimal prismatic element of unit length in the z-direction as shown in
Figure 4.12b. The active shear stresses on the side faces are shown in the
figure. Note that the inclined surface is perpendicular to the s-direction. The
equilibrium condition (balance of forces in the z-direction) gives



Fig. 4.12 Shear stresses at a point on a wall section.

Tedn = = Tedy + 7y:dx (4.50)
dy dx
Tsz = — Tz o + Ty; >
_ dipdy  dox
" dydn dxadn
__ %
" on

Similarly, using the free body of Figure 4.12c and the equilibrium condition,
we have




Ty-ds = Ty.dy— 1y:dx (4.51)
dy dx
Tnz = Taz E = Ty: E
_dpdy  dpdx
= Oyds | dxds
_ dip
s
Note that a negative sign is added in front of 7, dx to account for the fact that
an increment ds is accompanied by a decrement -dx. Since 7,, = d¢/ds = 0 on
Spand Sy, and t is small, the variation of t,,, across the wall thickness is
negligible. Hence, a reasonable approximation is to assume 7,, = 0 over the
entire wall section. As a result of this assumption, the 7, is retained as the
only nonvanishing stress component.

4.5.2 Prandtl Stress Function

Let ¢ be expressed in terms of the coordinates s and n and expand ¢ in series
of nas

d(s,n) = y(s) + ng,(s) + nl.rl.b:[x) 4o (4.52)

where

<n<

2] =

[ | =

in which t(s) is wall thickness and, in general, is a function of the wall
contour.

Since the range of n is small, the high-order terms of n in (4.52) can be
neglected without causing much error. Retaining the linear term in (4.52), we
have

p(s,n) =¢y(s) + ng,(s) (4.53)

The boundary conditions require that



I I
f,“!(.‘-‘. ;) = qﬁ'“ + iq'[” =Cyp on Sp

I I
b(s.=5) =do= 3 =Ci on 5,

Solving the two equations, we obtain

=z (Co+ Cy)

(Co=Cy)

¢, =

4.5.3 Shear Flow g

The shear stress 7 on the wall section in the s-direction (see Figure 4.13) is
given by

dab | . 4.54
T:Tf:__f:_!fh:_[.(.»l_{l]] ( )
an t
Thus, the shear stress T on the thin-walled section is uniform over the
thickness. Nevertheless, T is still a function of the contour s if the wall
thickness t is not constant.
Define the shear flow g (force/contour length) as
g=1=0C-Cy (4.55)

This indicates that regardless of the wall thickness, the shear flow is constant
along the wall section.

4.5.4 Shear Flow-Torque Relation

The shear stress 7 along the wall is usually represented by the shear flow g
along the centerline of the wall. Since the shear flow forms a closed contour,
the force resultants are equal to zero, i.e. 3 F, = 0 and } F,, = 0. However, the

shear flow produces a resultant torque.

Consider a constant shear flow g on a closed thin-walled section as shown in
Figure 4.14. The resultant torque produced by the shear flow acting on the
contour segment ds is given by

dT = pg ds



where p is the distance from the origin of the coordinates to the line segment
ds. The torque T can be obtained by integrating the above along the entire

shear flow contour. Noting that p ds = 2dA, we rewrite the integral above as
an area integral:

Fig. 4.13 Shear stress on a wall section in the s-direction.



dA

Fig. 4.14 Constant shear flow on a closed thin-walled section.

T= 4};){; ds = [ [ 2q dA =2gA (4-56)
: J Ja

where E is the area enclosed by the shear flow or, equivalently, the area
enclosed by the centerline of the wall section.

Consider a shear flow q as shown in Figure 4.15. It can easily be shown that
the resultant force R is oriented parallel to the line connecting the two end

points P and Q of the shear flow, and the magnitude of the resultant force is
given by

R = gd (4.57a)

The components of the resultant force are

F,=qb (4.57Db)



F, =qgh (4.57¢)

Fig. 4.15 Resultants and moment of a constant shear flow.

The torque about the z-axis is

T =2Aq (4.57d)

where 4 is the area bounded by the contour g and lines 4 and ()P. The
actual location e (see Figure 4.15) of the resultant force can be obtained from
the torque equivalence condition, i.e.



Re =T =2Aq 4.58)

4.5.5 Twist Angle

The torsion formula T = GJ6 can be considered as the universal equation that
is valid for torsion on all geometries. For a thin rectangular section or
circular shaft or any geometries of which torsion constant J is readily
available or known, the twist angle can be obtained by rearranging the
torsion formula

_TI (4.59)
GJ
When torsion constant J is not known, then (4.59) cannot be used to find the

twist angle. In such a scenario, the twist angle is obtained first. The torsion
constant J is then obtained using the torsion formula.

0

4.5.5.1 Method 1

Using the shear strains given by (4.6) and (4.7) and the stress-strain
relations, we obtain

re=G (5'_‘ _ Hr) (+602)
ax

Ty: = G (fﬂ + Hl) (460b)
dy

Using the first line of (4.50), we have

dy dx (4.61)
Tyy=— + Tyr = DS
dn an

From Figure 4.16, the following relations are obvious:

T:TL:: -

dy dv  dx dy (4.62)

dn~ ds’ dn ds



ax \

B

as
an

—aXx
Fig.4.16 Geometrical relations among coordinate increments.

Substitution of (4.60) and (4.62) into (4.61) leads to

_fow x dw ay (4.63)
T_G(.&x -—r‘?n)ﬂ_‘]1I +G(&\ +Hr) 35

dwdx  dwdy 3\ 5’1

c?u+ - 31 dx
~ s G 1(5'1 1(35

Integrating 7 over the closed contour along the centerline of the wall, we

have
C’;rrf,s- = (7 E';&_ ds + GH(';(-.‘ {i -y ﬁ) ds (4.64)
‘ s ds " ds

= Gw|; + GO 5|§{,r dy -y dx)

where L is the total length of the contour. The first term on the right-hand
side of (4.64) vanishes because w(0) = w(L). The second term can be
integrated using Green's theorem, which states that



foraveaa=[[(%-%)a

A
By identifying g as x and fas -y in (4.65), we use Green's theorem to obtain

A:J.J rds = 2GOA

from which 6 is obtained as

1 |
H = __+rd,ﬁ;: _+E d‘q; (ﬁ)
2GA 2GA )1

4.5.5.2 Method 2 for Constant Shear Flow

Consider a thin-walled bar of unit length as shown in Figure 4.17. The shear
stress is




Z
Fig. 4.17 Thin-walled bar of unit length.

and the shear strain is

T _ g
=G Gr
The corresponding strain energy density is given by
1 .4:,:E
W= —1v= R
277 268
The total strain energy stored in the bar (of unit length) is
U= ¢oWrds (4.66)
= rfir-z Gi ds

The work done by torque T through the twist angle 6 is given by



I — —
W, = = re = —-2gA0 = gAf@

b | =

In the equation above, 4 is the area enclosed by the shear flow contour.

From the energy principle (work done by external forces is equal to the total
strain energy), we obtain

W,=U

or explicitly,

- g* [ds
gA0 = 2f;jL :

Thus,

0 4 +ﬂ’_~ (4.67)
2AG | 1
This is identical to (4.65),if g is constant along the wall.

4.5.6 Torsion Constant J
Since T = GJ6, we have

r gq %d.s‘
GJ]  2AG] 1
From this relation, we obtain the torsion constant J for the single-cell thin-
walled section as

2AT (4.68)
q $ds/t

4A°
$ds/t

~
Il

in which T =2q A has been used.



e

EXAMPLE 4.2

Compare the torsional rigidities of the two tubes shown in Figure 4.18.

Closed Hollow Section

As shown in Figure 4.18a, the wall thickness is t = 0.005 m and the
average radius is 0.2025 m. Thus,

A = 2(0.2025)* = 0.129 m?
{cﬁv 7 x 0.405

1 0.005 >

From (4.68), the torsion constant is obtained as

4A° 4 x(0.129)°

= — = =2.62x 10" *m*
' §ds/i 254 |

J

Slit Section

The slit section is made by cutting open the closed section (Figure 4.18b),
then the torsion constant is given by (4.45) as
bt 1 x 0.4 x(0.005)°

5 = = :5_?_ =5 u
J> 3 3 410" m

The ratio of torsional rigidities of these two tubes is

ﬂ = 5000

-

[t is evident that the tube with the closed section has a much higher
torsional rigidity than the slit tube.




.

(a) (b)

0.005m

Fig. 4.18 Thin-walled tube with (a) a closed section and (b) a slit section.

J




EXAMPLE 4.3

Find the maximum torque and allowable shear flow for the three-stringer
thin-walled beam with the cross-section as shown in Figure 4.19 if the
allowable shear stress of the material is 200 MPa.

Solution

The contribution of individual stringers to the overall torsional rigidity of
the thin-walled structure is small and can be neglected. Hence, this
structure can be considered as a single-cell closed section with a
nonuniform wall thickness and the shear flow is constant along the wall.

t,=0.005m
A t2:t3: 0007m

1.2m

2m

Fig. 4.19 Three-stringer thin-walled bar.

Because of its smaller thickness, the shear stress in the curved wall is
higher than that in the straight walls. The shear stress in the curved wall
Is

q T
r=—= = 56.66T
1 0.005 x 3.53
The allowable shear stress of the material is 200 MPa. As such, the

maximum torque that this structure can take is




r_ Talow _ 200x10°
TET56.66 0 56.66

The maximum allowable shear flow will be

=353x10° N m

Gattowable = Tallowablef1 = 200 x 10° x 0.005 =1 x 10°N/m
Note:

If the torque T (N m) is given, then the shear flow is obtained from the
relation 7' = 2Aq. The area 4 is readily obtained as

v ] 5
A= 7(0.6) + 5(212) = 1.765 m’ (4.69)
Thus,
T T
1= 35 = 353 N/m
The twist angle per unit length can be obtained using (4.61). We have
| "ds
0= q+g_ (4.70)
2AG )t
q 127 2 2.33
= + — + —
2 x 1.765G \ 21 6 13

T
=79— rad
G rad /m




4.6 MULTICELL THIN-WALLED SECTIONS

Wing sections are often composed of airfoil skin supported by thin vertical
webs to form multicell constructions. Figure 4.20 shows a two-cell skin-web
section. In addition, stiffeners are used to carry bending loads. The individual
stiffeners, although having large concentrated cross-sectional areas, have
relatively small torsion constants and do not make a significant contribution to
the torsional rigidity of the wing box and are often neglected in the
consideration of torsional stiffness of the wing box.

For torsion of a single-cell section, the Prandtl stress function must be
constant along each boundary contour. For the two-cell section, there are
three boundary contours, i.e. Sy, S;, and S, (see Figure 4.21). Thus, we have

$(So) = Co

¢(S1) =C,

P(S2) = Cs
where Cj, C;, and C, are three different constants.

From the result of (4.55), we note that the shear flow between two boundary
contours is equal to the difference between the values of ¢ along these
contours. Specifically, for each cell, the shear flow is considered positive if it
forms a counterclockwise torque about the cell and its value is equal to the
value of ¢ on the inside contour minus that on the outside contour, i.e.

g, = C| - C“ (4.713)
g, = C2 =G (4.71b)

gip = C = C4 (4.71c)



Stiffener cap
«—— Sparweb —»p

Fig. 4.20 Two-cell stringer-skin-web section.

Fig.4.21 Two-cell thin-walled section.

Note that the direction of g, assumed in Figure 4.21 is positive for cell 1 and

negative for cell 2.

From (4.71), we obtain

d12 =41~ 49> (4.72)
In view of this relation, the shear flow system of Figure 4.21 can be viewed as
the superposition of two shear flows g, and g, as depicted in Figure 4.22.

Thus, the torque contributed by each cell can be calculated by using 7 = 244.
The total torque of the two-cell section is



T =2A,q, + 2A1q, (4.73)
where EI and A, are the areas enclosed by the shear flows g, and g5,
respectively.

The twist angles 6; and 8, of the cells are obtained using (4.65):

g - 1 [ ads (4.74a)
| = — . -
201G Jeent 1
g, = I [ qds (4.74b)
T 245G Jeen2 1

It is important to note that for each cell, the shear flow (and twist angle) is
taken positive if it flows (rotates) in the counterclockwise direction. For the
shear flow in Figure 4.21, g1, = q1 — g, should be used for cell 1, while for cell

2, -q17 = g — q1 should be used.

Since the entire thin-wall section must rotate as a rigid body in the plane, we
require the compatibility condition

0=0,=0 (4.75)
Equations (4.73) and (4.75) are solved to find the two unknown shear flows

q, and q.

Sections with more than two cells can be treated in a similar way. Additional
equations provided by the compatibility condition are available for solving
additional unknown shear flows. The torque for an n-cell section is given by

T = i 211;!-

i=1

The twist angle 0 of the section is the same as the individual cells. Hence, we
choose cell 1 to calculate the twist angle:

=0 = 1 [ q ds
! EEL G, celll [

From T = GJ6, we obtain the torsion constant J of the multicell section as




T  4A;ZAq, (4.76)
GO §.,,9ds/t

D

9 ﬂ q> |
fl

> > > P >

Fig. 4.22 Superposition of two constant shear flows.

J=

F 3




EXAMPLE 4.4

A two-cell thin-walled box beam (see Figure 4.23) is subjected to a
torque T that causes a twist angle 8 =5°/m (0.087 rad/m). Assume that ¢
= 27 GPa. Find the corresponding shear flow and torque.

Using (4.65), we have for cell 1,

6

1 [q,(04+05+04) X G1,(0.5)
"~ 2GA, h P

Substituting numerical values into the equation above, we have

0.087 = 7.56 x 1075, = 1.55 x 10™%¢, (4.77)
Similarly for cell 2,
_ 1 [@(15)  (91-42)(05) (4.78)
B ZGEI Iz f2
0.087 = —=1.24 x 107%g, +4.01 x 10~ "¢,

Solving (4.77) and (4.78), we obtain the shear flows as

g, =1.7x10°N/m
¢>» =2.7x10°N/m

The torque that produces the given twist angle is

T:EE;{“ -i-Qquz =2.03 x |U'IE| N m
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Fig. 4.23 Two-cell thin-walled box beam.

The torsion constant is

J =

T 2.03 x 10°

GO (27 % 10”) x 0.087

e - > > > >

t,b=0.4cm
t12=0.30m

50cm

=0.86x 107 * m*




EXAMPLE 4.5

The cross-section of the thin-walled beam in Figure 4.19 is modified into
the two-cell section shown in Figure 4.24. Compare the torsional
rigidities of these two beams.

For the single-cell beam of Figure 4.19, the torsional rigidity can be
obtained from Eq. (4.70) in Example 4.3, from which we have

| B (4.79)
T= ﬁGH =0.013GAN m

and the torsion constant / = 0.013 m*.

For the two-cell section of Figure 4.24, we have 4, =1.767 m? and A, =
1.2 m? for cells 1 and 2, respectively. From (4.73), we obtain

T =3.53q, + 2.4q, (4.80)
in which the shear flows q4 and g, are indicated in Figure 4.25. The rate

of twist for cell 1 is

| 27 2 233 | (4.81)
2x 1.765G |2, 17 T Ty M T

)
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Fig. 4.24 Dimensions of a two-cell section.

Fig. 4.25 Shear flows in a two-cell section.

Similarly, for cell 2 we have

, | [233 WE: ?
) = s=qy) + — Gy + —q
2T %126 | )T o R 0

I

Finally, the compatibility g. (4.75) leads to




| .27 2 2.33
765 {2“ h¥ ot (4 -ff_ail]
1 |2.33 1.2 2
=5 Y (g>—q,) + ” q, + Eqw]

Solving (4.80) and (4.82) simultaneously for g; and g,, we obtain

g, =0.17T, g, =0.16T

Since the two cells have identical twist angle, we can use (4.81) to
calculate the rate of twist, with the result

329
0=0, = ?T or T=0.03G0

Thus, the two-cell section has a torsion constant J = 0.03 m* which is
more than twice that of the single-cell section of Figure 4.19.

Consider the single-cell section obtained from that of Figure 4.24 by
removing the diagonal sheet. The shear flow is easily obtained from

T =593¢q
Subsequently, the rate of twist is obtained as
338
= —7T
G
and the torsion constant is
J =0.0296 m*

This value is almost equal to that of the two-cell section. From this
example, it is interesting to note that torsional rigidity of a closed thin-
walled section cannot be increased significantly by
compartmentalizations.

(4.82)




4.7 WARPING IN OPEN THIN-WALLED
SECTIONS

Except for circular cross-sections, shafts of noncircular sections exhibit
warping under pure torques. In other words, out-of-plane displacements
occur during torsion. For instance, in the narrow rectangular section shown
in Figure 4.20, the out-of-plane displacement is given by

w= —xyf (4.83)
Substituting (4.83) in (4.25b), we have

Yy: =0 (4.84)

which is consistent with initial assumption 7, = 0. Moreover, we note that ,,
= 0 along the centerline of the wall from (4.42). Thus, we have

7x: =0 (4.85)
alongy = 0.

It is noted that w = 0 along the centerline (y = 0) of the wall. Thus, warping
occurs only across the thickness of the wall. This type of warping is usually
called secondary warping. For general thin-walled sections, the centerline
of the wall may also warp with the magnitude much greater than the
secondary warping. This is known as primary warping.

Consider a curved thin-walled section of uniform thickness as shown in
Figure 4.26. Following the procedure described in Section 4.5, we set up a
right-hand coordinate system s-n-z so that s coincides with the centerline of
the wall, n is perpendicular to s, and z remains unchanged. The origin of s can
be chosen arbitrarily. At any local position along the contour s, the state of
stress (or strain) in the wall section is approximately the same as that of a
straight rectangular section by identifying s with x and n with y (see Figure
4.9b). However, the warping function cannot be obtained from (4.83) by
using such a substitution. At a point along the s contour, let u, denote the

displacement in the s-direction and u,, the displacement in the n-direction.
With respect to this new coordinate system, the shear strains are



gw  du, dw  du, (4.86)
— + . .= = + — | |
8 dz In: an 7

In view of (4.85), we have y,, = 0 along s (the centerline of the wall). Thus,

Vsz =

aw au, (4.87)

E__r}‘:

Apparently, the out-of-plane displacement along s may be obtained by
integration of (4.87) when du,/0z is known.

For convenience, we assume that the COT for the thin-walled section is
known. Figure 4.27 shows the relative position of the COT and the contour s.
Take an arbitrary point P on the contour s. After the application of a torque,
point P moves to P’ because of the rigid rotation assumption of Saint-
Venant's torsion formulation (see Figure 4.2). The total displacement is



Fig.4.26 s-n coordinates along the centerline of the thin-walled section.

(@) (b) ()

Fig. 4.27 Calculation of warping along a thin-walled section.



PP = ra=rz0
where a is the total twist angle measured from z = 0 to the current section of
interest.

From Figure 4.27a, the displacement u in the s-direction (i.e. the tangential
direction at point P) is

iy = PP cos ff = rzf cos f§ = pz0 (4.88)

where p is the distance from the COT to the tangent line at point P as shown
in Figure 4.27a. Substituting (4.88) in (4.87), we obtain

ow (4.89)
= —pf \a.07)
g

To perform the integration of (4.89) along s, we consider a line segment ds
along the contour s as shown in Figure 4.27b. The area 4 is recognized to

be

— 1
dA = 5P ds (4.90)

Now, integrating (4.89) with the aid of (4.90) we obtain

5

w(s)—-w(0) = —H" pds= -0

J0

2dA = —2A.0 (&21)

r.t i

where A; is the area enclosed by the contour s and the two lines connecting
the COT with the two points s =0 and s = s (see Figure 4.27c). The area A, can

also be considered as the area swept by the generator line (the line
connecting COT and the origin of s) from s =0 to s =s. If the origin of s is
selected such that warping vanishes at s =0, then w(0) = 0.

It is important to note that in the derivation of (4.88), the positive direction of s
must be set up so that it is counterclockwise with respect to the z-axis in order
to make it consistent with the positive direction of 6. Otherwise, a negative
sign must be added on the right-hand side of (4.88). This can be
implemented by interpreting the area A, to be a negative value. As an
example, consider the s contour shown in Figure 4.28. Line ) P is tangential

to the s curve at point P. Below point P, the positive direction of s forms a
counterclockwise rotation about the z-axis. while beyond point P it forms a



clockwise rotation. Thus, in the calculation of A,, the additional area beyond

point P must be regarded as a negative value. On the other hand, if s is set up
such that its positive direction is opposite to that shown in Figure 4.28, then
the area A, is positive above point P and negative below point P.

0 S
Center of twist

Fig. 4.28 Positive direction of an s contour.



EXAMPLE 4.6

The COT of the thin-walled channel section shown in Figure 4.29 is
located on the horizontal axis of symmetry at a distance
th*h*
€=
I,

to the left of the vertical wall, where I, is the moment of inertia about the

x-axis. Find the warping displacement.

Consider the contour s, which is broken into two straight parts, s; and s,
as shown in Figure 4.29. For contour s; we have

- |
Ay, = > e8]
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Fig. 4.29 Thin-walled channel section.

and for contour s,

— I
Ay, = - i-"l‘.':'g

in which a negative sign is added because the direction of s, produces a
clockwise rotation about the COT. From (4.91), the warp of the thin wall

1S

and

wis) =w(0)=24;, 0 =w(0)—es @ on s

w(ss) =w(s) = h)=2A,,0 = w(0)—ehf + hs,0 on s,




The warping displacement in the lower half of the section can easily be
recognized to be of the same magnitude as the upper half except for the
sign change resulting from the fact that the s contour is in the negative
direction. In view of the antisymmetric warping of the section, we
conclude that w(0) = 0. In fact, this is true at locations on any axis of
symmetry of the thin-walled section. Thus, the warping displacement at
the upper corner point is —eh0 (a negative sign means that the
displacement is in the negative z-direction), and at the upper free edge it
is (bh - eh)6.




4.8 WARPING IN CLOSED THIN-WALLED
SECTIONS

We follow the same procedure used in treating open sections. First, set up
the s-n-z coordinate system with the origin at the COT and with positive s
forming counterclockwise about the COT (see Figure 4.30). The shear flow ¢,

is related to the shear stress 7, as

q;. = rr-\-.' = {G.}’_\: (ﬂ)

where t is the thickness of the wall and G is the shear modulus. Using the first
equation in (4.86), we obtain from (4.92) the following relation:

~ aw  dl, (4.93)
g, = Gi (E + &:)




Fig. 4.30 Shear flow on a closed thin-walled section.
Using (4.88), which is valid for closed sections, we obtain from (4.93) the
equation

dw .
ow _ 4y _ 0 (4.94)
ds  Gi

Integration of (4.94) along s leads to



w(s)—w(0) = J %:fﬁ _HJ‘ pds (4.95)

0 0
‘
L

= [ =L ds—2A,0

o Ut

This gives the warp at any point relative to that at the point s = 0.



EXAMPLE 4.7

The cross-section of a thin-walled box beam subjected to a torque T is
shown in Figure 4.31. Find the warping displacement of the cross-
section.

The axes of symmetry of this section are chosen to coincide with x and y
axes, respectively, as shown in Figure 4.31. From symmetry, the COT is
seen to be at the origin of the coordinate system. Moreover, we take the
origin for s at (x = a/2, y =0). From symmetry, we have w(0) = 0. In fact,
any midpoint of the four sidewalls can be selected as the origin of s and
satisfies w(0) = 0.

For closed single-celled sections, we have

T
g =L (4.96)
Y24
and
0= 4;1-?_1 ds= —— 4;?’_-% (4.97)
2GA ) 1 AGA~ ) 1
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Fig.4.31 Thin-walled box beam with four stringers.

in which 4 is the total area enclosed by the thin walls. Substituting
(4.96) and (4.97) in (4.95), we have the warp along the thin wall as

T [((ds A, [ds (4.98)
H'{.&'} = — — = ={—

T [[Fds - (1 |
— — =2A, | — + —
2Gab [ ot ' (bfl fﬁ'l)]

By dividing the contour s into five consecutive segments, s, S,, S3, 54, and
St, the integration in (4.98) can easily be evaluated in each segment. For

w(s) = T |s; as ]+]
= 5Gab |n - 2 \bny T ar

which is linear in S;. At stringer 1, S; = b/2 and the warp is

S1, we obtain




b T b a (4.99)
wp=wl=|]= — - —
2 8Gab \t> 1

The warp along s, is

(55) = wr + T |s: bs, [ 1 . I
W%2) =W 2Gab |1 2 \ bt ats

The warp at stringer 2 is obtained by setting S, = a. We have

W2 = =W

Similarly, the warps along s3, s4, and sz can be calculated using (4.98). The
result would show that

Wia=Wy=—W| = —W;y
Of course, the result above can also be deduced from the symmetry of the

cross-section. Note that a positive value of w; means that the warp is in

the positive z-direction if T is positive (counterclockwise). It is obvious
from (4.99) that the sign of w, changes if a/t; > b/t, and that no warping

occurs for square sections of uniform wall thickness.




4.9 EFFECT OF END CONSTRAINTS

The Saint-Venant torsion formulation is derived based on the assumption
that warping is freely developed and is uniform along the shaft. However, in
practice, torsion members may be connected to other structural components
or built into a “rigid” support. As a result, this assumption is violated and the
Saint-Venant torsion solutions obtained in previous sections need to be
modified. Nowadays, analyses of the end constraint effects in structures
under general loads are often carried out using finite elements. In this
section, we consider shafts of open thin-walled sections to illustrate the
effect of end constraints in torsion. The purpose is to gain some insight into
how suppression of warping can increase the torsional rigidity of a shaft. It is
noted that the following analysis procedures are not suitable for thin-walled
structures with stringers. If stringers are present, their contributions to the
shear flow induced by end constraints must be included.

Consider an open thin-walled section in which an s contour is set up along
the thin wall as shown in Figure 4.28. The solution for free warping is given
by (4.91). If we select the origin of s such that w(0) = 0, then (4.91) becomes

w(s) = =2A,0 (4.100)

In the case of torsion without end constraints, both w and 6 are independent
of z over the entire length of the shaft. If end constraints are present, then
both w and 6 are functions of z (the longitudinal axis along the shaft). Let us
write (4.100) in the form

w(s,z) = —wy(s5)0(z) (4.101)

in which

wils) = 24, (4.102)

is the warp at any point s per unit rate of twist angle. From (4.101), we note
that w, is independent of z, meaning that the “shapes” of the warp on
different cross-sections are identical except for the magnitude of the warp.

The fact that w(s, z) is a function of z indicates the presence of the
longitudinal normal stress:

' do
hign — Ew,(s) — (4.103)
Iz dz

6..(2,5) = Ee..(z,5) = E



which in turn induces shear flow g as shown in Figure 4.32. Since 0, is a

function of z, its values at the two cross-sections separated by a distance dz
differ by the increment do,. Similarly, the shear flows on the two

longitudinal sides of the free body are q and q + dgq. The balance of forces in
the z-direction acting on the free body yields

(6. +do.)tds+ (g + dq)dz—o..tds—qdz =0

or

lo...
dg = - 1_""!:1’.1: (4.104)

I-u.-
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Fig. 4.32 Shear flow induced by longitudinal normal stress.

Substituting (4.103) in (4.104), we have

1’0 4,105
dg = Ew, {—1 tds ( )
dz”
The shear flow along a certain contour on a wall can be obtained by
integration (4.105) and using the fact that shear flow vanishes at the open
edges, say, s = sy and s = s, of the section. Then at any location s, the shear

flow is




q(s) = E— | wtds

——
ug 50

d’0 j (4.106)

In the case where multiple walls are present, the shear flow along each path
must be calculated in the same manner. The shear flow obtained from
(4.106) is produced by o,,. This shear flow forms a torque T’ about the COT,

which can be expressed as

T = [ pq ds (4.107)

J K

where the definition of p is given in Figure 4.27a. Again, in the case of
multiple thin-walled contours, the integration in (4.107) must include all
integrals along all the s contours.

Substituting (4.106) in (4.107) yields

o [ 4.108
T =E° . J _r;r(J Wit ::f.'f) ds ( )
dz" )y, ‘0
From (4.90) and (4.102), we obtain the relation
dA,  dw, (4.109)
;} = 2 — =
ds ds
Thus,
120 [ dw, [ [* 4110
T =E- 1J it (J '.i'_.h.Idx)fi': ( )
d Vil 5 as 5
Noting that
d ! dw, [ [* d [
— n;.[ witds | = — [ wel ds | +wg —J wil ds
dls s, ds \ ), ds |,
we have

‘,' e 5 l.‘ ; ”r |
dw (J Wl .:’F,':) —— (uu{ lr,\.rd:.-) —wt ds (4.111)
ds = ds N _

Substituting (4.111) in (4.110) and integrating, we obtain



. ' 0 , 4112
T = E“; f} {u; I Wl f!.'.':| - .-‘:.'{j . l wet ds ( )
az” az- .

&y 50

Since shear flows vanish at open edges of the shaft, i.e. g(sy) = q(s1) = 0, the

first term on the right-hand side of (4.112) is zero in view of (4.106). Thus,
the torque induced by the end constraint is

d*0 (4.113)

-
dz”

T'= —ET

where

= [ wit ds = [ 433.’{{'.' (4.114)

af Ky af 50

is a constant that depends only on the geometry of the cross-section. Note
that the area A, must be measured starting from the point where warp is
zero. Since A, appears as a squared term in (4.114), the direction of the
contour s is not relevant.

Based on the superposition principle, the total torque carried by the shaft is
the sum of the torque of the Saint-Venant torsion and T'. Thus,

1’0 4.115
T =GJO-ET— (%.115)
dz-
which can be written in the form
L d* 0 4.11
g @0 _ T (4.116)
dz" GJ
In (4.116),
2= BT (4117)
GJ

Note that k has the length unit. If the applied torque T is known, then the
general solution to the second-order differential equation is

0=Ce* + Cre™* + 0, (4.118)



where 6, is a particular solution that depends on the functional form of T,
and C; and C, are arbitrary constants to be determined by boundary
conditions.

For a constant torque T, a particular solution is Hp = T/GJ, and the solution
(4.118) can be written in the form

= (14 Die + D) (119)
Assume that the shaft is builtin at z = 0 and at the free end z = L a torque T is
applied. Let L be large such that T = G/ (Saint-Venant torsion) as z — L. To
satisfy this condition, we require that D; = 0. At the built-in end (z = 0),
warping is suppressed and w = 0. From (4.101), this implies that 8 = 0. Thus,
D,=-1and

A=

T > T
0= (1-e) =
GI\ € Gl

where the effective torsion constant Jeff is given by

It is noted that the effective torsional rigidity G/ is a function of z and its

value is enhanced significantly as z approaches the built-in end. Also note
that the end constraint effect diminishes as k/z — 0. Thus, k is a length
parameter that measures the size of the boundary layer of the end constraint
effect.

Once the solution for @ is obtained, the distribution of the end constraint-
induced normal stress o, can be calculated by using (4.103) and the shear

flow by using (4.106).



EXAMPLE 4.8

The two ends of an aluminum I-beam are rigidly welded, respectively, to
two heavy steel plates to suppress warping at both ends (see Figure
4.33a). A torque T is applied by twisting one end against the other. Find
the effect end constraints.

From symmetry of the cross-section, it is easy to see that the COT is
located at the midpoint of the web. At this location, the warping
displacement is zero. This location is then selected as the origin of the s
contour.

The I-beam section can be approximated by three thin rectangular
sections and the torsion constant J is given by

2be* + ht?
J= T =427 %107 m'
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Fig. 4.33 [-beam with two built-in ends.

To calculate I' using (4.114), we must perform integration over the entire
section. We note that A_for the web is zero and that the four flange

segments have the same value of A, except the sign. In view of the

foregoing, we consider only the upper right segment of the flange, and a
local s’ contour (Figure 4.33) is set up for the evaluation of A . The swept
area about the COT is

TAD

_ 1 [} t
A = — (_’) §=-002550<s < E}

The contribution of this segment to the I' of the entire section is




b/2 1025 . ,,
I 4A ds = “ 4(0.0255")°(0.004)ds = 52 x 10~ "* m®
{

J0 J0

The I for the entire section is the sum of the four equal contributions of
the four flange segments.

We have
I=4x52x10"12=208x10"1? m®
Taking E =70 GPa and G = 27 GPa for aluminum, then from (4.117),

[ET

k= v’ G,.": 0.355m

The general solution (4.119) can be written alternatively as

T Z .4 Z

= — (I + By cosh — + B> sinh —) (4.120)
GJ k k

Because of symmetry of 8 with respect to z, the odd function sinh(z/k)

should be dropped. This is accomplished by setting B, = 0. The second

boundary condition is at the built-in end (z = L/2), where warp w = w0 is

f

zero, i.e. 8 =0 or

T L
0= GJ (I + B cosh i)

from which we obtain

|
cosh (L/2k)
Since L =1 m and k = 0.335 m, we have B; =-0.428. Thus, the solution for
rate of twist angle is

0= T (I —0.428 cosh :) (4.121)
GJ k

The twist angle a at any point z is

B[=—




4 T 7 ;
a= [ 0dz = a_[](l ~0.428 cosh E).;;; (4.122)

JU
T , Z
= = (b—{).lélhmh I)

At the built-in end (z = L/2), the twist angle relative to that at midspan (z
= () is calculated by substituting z = L/2 in (4.122), with the result

T
=0.198 —
a GJ

If the end constraint is removed, the twist angle is calculated using the
Saint-Venant torsion formulation, with the result

T
T GJ
The end constraint effect on the amount of twist in the shaft is evident. In

other words, suppression of warping in a shaft increases its torsional
rigidity.

(4




PROBLEMS

4.1 Show that the Prandtl stress function for bars of circular solid
sections is also valid for bars of hollow circular sections as shown in
Figure 4.34. Find the torsion constant ] in terms of the inner radius g;
and outer radius a,, and compare with the torsion constant obtained

using (4.68) for thin-walled sections. What is the condition on the wall
thickness for the approximate J to be within 1% of the exact J?

Fig. 4.34 Bar of a hollow circular section.

4.2 For a torque applied to a shaft with circular cross-section (radius =
a), show that T = GJ6. It is known that ¢= - }@6o)(5 + Z-1)and T =

2Jf apdxdy.

4.3 A circular shaft of radius = 2 cm and length = 1 m is made with 2024-
T3 aluminum. Find the rate of twist if applied torque is 1 kN m. If the



maximum allowable 6 is 5°/m and torque is 1 kN-m, design a new
circular shaft that will satisfy the T and 8 requirements.

4.4 Consider the straight bar of a uniform elliptical cross-section. The
semimajor and semiminor axes are a and b, respectively. Show that the
stress function of the form

.f::f:(i_i_l)
a- b

provides the solution for torsion of the bar.

Find the expression of C and show that

113
xa’ b
J=——
a-+ b
=2T, 2Tx
Toy = = T =
“ zab’® Y nadh
and the warping displacement
T(b* - a”)
WS e )
ra'b’' G

4.5 In the previous Problem (4.4), if the material is 2024-T3 aluminum
and the allowable shear stress = 187 MPa, find safe applicable torque for
a=1m,b =150 mm.

4.6 Obtain the location and magnitude of maximum warping
displacement on the elliptical section in Problems 4.4 and 4.5.

4.7 A thin aluminum sheet is to be used to form a closed thin-walled
section. If the total length of the wall contour is 100 cm, what is the
shape that would achieve the highest torsional rigidity? Consider
elliptical (including circular), rectangular, and equilateral triangular
shapes.

4.8 The two-cell section in Figure 4.35 is obtained from the single-cell
section of Figure 4.36 by adding a vertical web of the same thickness as
the skin.

Compare the torsional rigidities of the structures of Figures 4.35 and
4.36 with Ly =L, =10cmand L; = 5cm and L, = 15 cm, respectively.
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Fig. 4.35 Two-cell thin-walled section.
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Fig. 4.36 Single-cell section.

4.9 Find the torsional rigidity if the sidewall of one of the two cells in
Figure 4.35 (with L; = L, = 10 cm) is cut open. What is the reduction of



torsional rigidity compared with the original intact structure?

4.10 Find the torque capability of the thin-walled bar with the section
shown in Figure 4.36. Assume that the shear modulus G =27 GPa and the

allowable shear stress of 7,,,, = 187 MPa.

4.11 Consider a thin-walled square section with the cross-section
shown in Figure 4.37a. The wall thickness is t = 0.3 cm and the average
side length is 15 cm. Find the torsion constant. If the section is now cut
open (4.28b), determine the new torsion constant. Find the shear stress
distributions if 8 = 2°/m.

(@) 0.3cm (b)

J
!

«—— 15cm

Fig. 4.37 (a) A closed square section and (b) an open section.

4.12 For the triangular section shown in Figure 4.38, it is found that the
following stress function is valid. Assume z-direction is the length
direction of the structure and torque is applied counterclockwise about
Z-axis.

Obtain shear stresses developed in the section. If a=100cm, G =27

GPa,and ( = 2 "1_'3!5_‘ find the magnitude and locations of maximum
M

shear stress.

What will be torque T and polar moment of inertia J.
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4.13 Obtain the expression for maximum shear stress and the rate of
twist in terms of applied torque T for the C-shaped thin open section
shown in Figure 4.39. If the material is aluminum (G =27 GPa) and a =
60 mm and b = 80 mm, what will be the safe applicable torque?

4

* X

Fig. 4.38 A straight bar with a triangular section.
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Fig. 4.39 A C-shaped thin open section.

4.14 A two-cell thin-walled member with the cross-section shown in
Figure 4.40 is subjected to a torque T. The resulting twist angle 6 is 3°.
Find the shear flows, the applied torque, and the torsion constant. The
material is aluminum alloy 2024-T3.



t;=0.1cm

t2 = 03 cm

socm t2 t12= 02 cm

Y

Fig. 4.40 Two-cell section.

4.15 For the bar of Figure 4.40, find the maximum torque if the

allowable shear stress is 7,,, = 187 MPa. What is the corresponding

maximum twist angle 6?7

4.16 Find the shear flow and twist angle in the two-cell three-stringer
thin-walled bar with the cross-section shown in Figure 4.41. The
material is Al 2024-T3. The applied torque is 2 x 10°> N m.

t,=0.005m
t2= t3= 0.007m

1.2m

2m

Fig. 4.41 Two-cell three-stringer thin-walled section.

4.17 What is the maximum torque for the structure of Figure 4.41 if the
allowable twist angle 6 is 2°/m?



4.18 The two shafts of thin-walled cross-sections shown in Figure
4.42a,bcontain the same amount of aluminum alloy. Compare the
torsional rigidities of the two shafts without end constraints.

4.19 Find the distributions of the primary warping displacement on the
cross-sections shown in Figure 4.42b. Due to symmetry, the COT
coincides with the centroid of the section, and warp at the midpoint of
each flat sheet section is zero. Sketch the warping displacement along
the wall.

(@) (b)

t=3mm
b=200mm

t COT A
coT

Fig. 4.42 Cross-sections of two shafts.

4.20 A shaft with a channel section shown in Figure 4.43 is subjected to
a torque T. Assume that neither end is constrained. Find the warping
distribution on the cross-section, the maximum warp, and the location
of the maximum warp.

4.21 Consider the shaft of the channel section shown in Figure 4.43. If
one end of the shaft is built in and the other end is free, find the effective
torsional rigidity as a function of the distance from the built-in end.
Assume that the length L of the shaft is sufficiently large so that near the
free end the Saint-Venant torsion assumptions are valid. Compare the
total twist angle with that for a free-free shaft for L =2 m.
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Fig. 4.43 Dimensions of a channel section.

4.22 Calculate the distributions of normal stress o,, and shear flow
distributions at the built-in end for Problem 4.21.

4.23 Assume that the shaft of the channel section of Figure 4.43 is built
in at both ends. Find the torque that is necessary to produce a relative
twist angle a = 5° between the two ends. Assume that L =1 m, Young's
modulus E = 70 GPa, and shear modulus G = 27 GPa. Compare this with
the free-free case.
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5
Bending and Flexural Shear



5.1 INTRODUCTION

Bending is the most frequently occurring form of load in aircraft structures. As
the name implies, a bending load “bends” a structure and, depending on the
direction of the lateral forces or bending moments, results in the development
of nonuniform tensile and compressive stresses normal to the cross-section
and transverse shear stress parallel to the cross-section. A shear force-bending
moment diagram can be constructed to analyze and visualize the nature of the
internal shear forces and bending moments at any location on the structure.

The intuitive approach for solving a problem would be using a direct method
where the applied bending forces would have been first linked with the
internal resultants and stress components. Then, using the stress-strain law,
strain components would be obtained. Finally, the associated displacements
would be obtained via strain-displacement relations. However, there is no
direct method to analytically solve a bending problem. As such, inverse or
semi-inverse methods such as theory of elasticity are often used. The theory of
elasticity approach is useful for solids with narrow section or axisymmetric
circular sections. An analysis becomes very cumbersome and often intractable
when the loading becomes complicated. For thin-walled sections such as
boxed-beam section or multichannel section, analytical solutions are not
possible even for simpler loadings. When loadings are only lateral and
deformation is not large, a simpler inverse approach, called Bernoulli-Euler
beam theory is used. The main disadvantage of the Bernoulli-Euler beam
theory is that this theory is not applicable when transverse shear deformation
is important. In such a situation, the Timoshenko beam theory is appropriate.
For excessive bending deformation, other methods such as inelastic bending or
plastic bending approaches are often used. However, when both the section
geometries and loadings get complicated, none of the analytical methods will
work. In such situations, numerical methods such as finite element and finite
difference methods need to be used.



5.2 BERNOULLI-EULER BEAM THEORY

5.2.1 Unidirectional Bending on Beams with a Symmetric
Section

Consider a straight beam (bar) of a uniform cross-section that is symmetrical
with respect to a vertical line. The coordinates are set up such that the x-axis
coincides with the centroidal axis of the cross-sections along the beam, and the
z-axis coincides with the vertical line of symmetry; see Figure 5.1. The
resultant transverse load p, (N/m) is applied in the x-z plane.

Of interest are displacements in the x and z directions, u and w, respectively. If
the width of the beam is small, then the state of stress due to transverse
loading can be approximated by plane stress parallel to the x-z plane, and u
and w can be assumed to be functions of x and z only. Expand u and w in power
series of z as

u(x,z) = up(x) + 210 (x) = Zua(x) + - - (5.1)
Pz
£ L
h
X y

I

Fig. 5.1 Straight beam of a uniform and symmetrical cross-section.

w(x,z) = wo(x) + 2w (x) + Zwa(x) + -+ - (5.2)

For slender beams, the depth is small compared with the length. In other
words, the range of z is small, and the high-order terms in z make insignificant
contributions. Hence, as a first-order approximation, we truncate the series of
Egs. (5.1) and (5.2) as

= upl(x) + ay, (x) (5:3)

w = wpyl(x) (2.4)



in which we use ¢, in place of u;. From Eq. (5.3), it is obvious that u,
represents the longitudinal displacement at the centroidal axis, and ¢,

represents the rotation of the cross-section after deformation; see Figure 5.2a.
From Eq. (5.3), a positive rotation i, is clockwise, which is opposite to the

slope dw,/dx of the beam deflection.

Note that u(x, z) is a linear function of z. This implies that plane cross-sections
remain plane after deformation but may not be perpendicular to the centroidal
axis.

The strain components corresponding to the approximate displacements given
by Egs. (5.3) and (5.4) are

du  dug dyr, (5.5)
Exx = 57 = - tIi——
ax dx dx

(@)

Ny Ny

My _— - I MJ/

Fig. 5.2 (a) Deformation of a beam element; (b) sign convention for the
resultant force and moment.



ow du  dwy (5.6)
¥ee = — + — = + ‘ '
Iy i X F?: dx Vs

Define the resultant axial force N, and bending moment M,, as

N.r = [ [ﬁ_l-_; dA (ﬂ)

TA

M, = Ij;rﬁ,“ dA (5.8),

A
in which the area integration is over the entire cross-section. The definitions of
N, and M, given by Egs. (5.7) and (3.8), respectively, also determine the sign
convention for N, and M,. The positive directions of N, and M, are shown in
Figure 5.2b.

For slender beams, the transverse shear strain y,, is small. In calculating the
bending strain, we can assume that y,, = 0 is an approximation. This leads to,
from Eq. (5.6),

~dwy (5.9)
W, == ——
dx
The relation above implies that the plane cross-section remains perpendicular
to the centroidal axis after deformation, and that the amount of rotation of the

cross-section is equal to the slope of deflection.

Using Egs. (5.9) and (5.5), we obtain

l Pw 5.10
o= Een = E ({ o 2 H.,“) (=.10)
dx dx

Substitution of Eg. (5.10) into Egs. (5.7) and (5.8) yields

(211)

1|r .||r1 N O
N, = EAZ _pd o | |:_fm
dx dx ).
A

| wo ([ 5 12

M, = g% I I:dA—Ed . l l dA (2.12)
| dx [, dx” ).
A A




Since the origin of the coordinates coincides with the centroid of the cross-
section, we have

[ [: dA (5.13)
T A
Thus, Egs. (5.11) and (5.12) reduce to
N, = A 20 (5.14)
dx
’w 5.15
M, = - E[ = (515)

dx-

I, = ”;%m

A

where

is the moment of inertia of the cross-sectional area about the y-axis.

If no axial force is applied, i.e. N, = 0, then duy/dx = 0. From Eg. (5.5), this
means that ¢,, = 0 along the x-axis (or, more precisely, in the x-y plane). Thus,
the x-axis is the neutral axis and the x-y plane is the neutral plane.

After adopting the approximation of Eq. (5.9), we note thaty,, =0, and, as a

result, the transverse shear stress t,, cannot be obtained from the shear strain
(which is approximated to be zero). The resultant transverse shear force

V.= JIQ;{M (2.16)

A

should be obtained from considering the equilibrium of a beam element as
shown in Figure 5.3.

The force equilibrium in the z-direction gives

AV. +p.Ax=0

Taking the limit Ax - 0, we have



dV.
dx ’
The equilibrium of moments about the y-axis located at the left end of the

beam element in Figure 5.3 yields

|
AM, =p.Ax-5 Ax=(V; + AV,)Ax=0

After taking Ax — 0 (and thus AV, — 0), we obtain

dM, _v (5.18),
dx )

It is evident that the transverse shear force V, can be derived from the bending
moment using Eqg. (5.18).

Pz
A A A A A

V,+ AV,

y My‘l' AM},

V AX

Z

Fig. 5.3 Equilibrium of a beam element.

If the beam is subjected to a pure constant moment, then

dM .
V. = = =0
' dx

This is satisfied by setting 7,, = 0 (see Eq. (5.16)). Evidently, the assumption y,,
= 0 is exact in this case when moment is constant along the beam.

Substituting Eq. (5.15) into Eq. (5.18) and then into Eq. (5.17), we obtain



I*w 5.19
ELS20 = p &19)
dx :
This is the Bernoulli-Euler beam (simple beam) equation.
In the absence of axial force, i.e. N, = 0, we have du,/dx = 0 from Eq. (5.14), and

the bending strain reduces to

_d’wy (5.20)

- '1.
dx

f-.'. o=

Using Egs. (5.15) and (5.20), we can write

M,z (5.21)
El,

,_-'- r =

and consequently,

X

(2.22)




EXAMPLE 5.1

Consider a 5-m long box beam subjected to a uniform bending moment M,

= 100 kN m such that the top surface is under compression and the bottom
surface is under tension. Compare the maximum bending stresses on the
box beam with and without corner angles (stringers). The thickness of all
sections is 10 mm (Figure 5.4).

10mm

0.6m

Fig. 5.4 A box beam section.

a. First, consider the box beam with any stiffening stringers/angles.
Equation (5.34a) is used to obtain the bending stress distribution. The
section is symmetric. As such, only the moment of inertias I, will be

required and can be calculated as

1(0.6)°  0.98(0.58)°
g, = 100 098038 _, 658 x 1073 m

12 12

The direct stress distribution is given by

M, ~100x 10~7
O = —27= _ .= —48.41zMPa
I, 2.0658 x 10~




On the top and bottom sections, z = +0.3 m. As such,
o = —14.52 MPa at top of the section

oy = 14.52 MPa at bottom of the section

b. This section is also symmetric (Figure 5.5). The moment of inertia I,
including the angles can be calculated as follows:

_ (1(0.6)" 0.98(0.58)’ (0.04)(0.01)}
f"'( 2 D )*4[[ — + ((0.04:0.01)%(0.285)° )

(0.01)(0.05)°
¥ [ 12

+ ( (0.01*0,05)40,2&}3)] | =2.659 x 10~ m*

The direct stress distribution is given by

M, 100 % 10~
O = — 3

I, T 2659% 107

= —37.61z MPa




Angles 50x50x 10 mm

10mm

0.6m

im

Fig. 5.5 A box beam section with four corner angles.

On the top and bottom sections, z =+0.3 m. As such,
o = — 11.28 MPa at top of the section

o = 11.28 MPa at bottom of the section

The addition of the angles lowers the direct stresses on the section. In
other words, load carrying capacity of a section can be improved by adding
stringers/angles.

AN J

5.2.2 Bidirectional Bending on Beams with an Arbitrary
Section

For beams with arbitrarily shaped cross-sections, we set up the coordinate
system as shown in Figure. 5.7. Again, the x-axis is chosen to coincide with the
centroidal axis. The external load is decomposed into p, and p, in the y and z

directions, respectively. It is noted that the line loads must pass through the
center of twist (shear center) if torsion is to be avoided. However, in the



following development of the bending theory, the actual positions of
application for line loads p, and p, need not be specified, although in Figure 5.6

both p, and p, are shown to pass through the centroid of the cross-section.

Under such bidirectional bending, the longitudinal displacement is a function
of x, y, and z. The approximate displacement expansions similar to Egs. (5.3)
and (5.4) are given by

u=uplx)+ :.qrr}.{.rj + . (x) (5.23a)
V= vy(x) (5.23b)
W= wyl(x) (5.23¢)

where ¢, and ¥, are rotations of the cross-section about the y and z axes,
respectively. The positive direction of , is the right-hand rotation about the
positive y-axis, and 1, is about the negative z-axis.

The corresponding strains are

dut dug dyr, dy. (5.24a)
= +I— +V—
dy 7 dx

oy = — =
oy dx



X

Fig. 5.6 Beam with an arbitrary cross-section under bidirectional loading.



X
Fig. 5.7 Sign convention of M, and M,
du  du dwy (5.24b)
;fU.=E+E=E+w:
dw  du  dwy (5.24c¢)

Yoo = —  — = —— |
Fx gx dz dx ¥

Again, the simplifying assumption y,, = y,, = 0 yields the relations

E.!LI‘“

f, = - —

v dx
dH.‘“

f, = = —

v dx

which are substituted into Eq. (5.24a) to obtain



dug d’ Vo d> Wo (5.25)
—y .

Exy =

) A 3

dx 7 dx? dx”
Using the argument that duy/dx = 0 if N, = 0, the bending strain is reduced to

{F Vi {F Wi (ﬂ)
oy = = _T 5 =2 >
dx” dx-

The bending moments about the y and z axes, respectively, are defined as

d*v , d*w (5.27)
M, = ”:a_l._lfm = -E”(_r: = + 7 1“).#.4 (2.27)
' dx” adx”
A A
d*v d*w
= = Elyy——s = Ely—s
dx S odx
%y Iw 5.28
e [ [—*‘%dﬂ = -El.— -El,— —
J. dx odxT
A
where
I, = | |z*dA moment of inertia about y-axis (5-29a)
T A
I. = | |yY’dA moment of inertia about z-axis (5-29b)
A
(5.29¢)

I, = [ [_n: dA product of inertia
T A
From the definitions of Egs. (5.27) and (5.28), the sign convention for My and
M, is determined as illustrated in Figure 5.7.

Solving Egs. (5.27) and (5.28), we obtain



d*vy 1
--E 2 - = “I'M‘l"fl'w_,
dx” f_rf,-‘“f'.( yzitly ¥ )

¥

I*w 1
mEt :” — R (I:MV‘“L':M:)
dd L= T

Using Eq. (5.26), we write the bending stress as

v Fw 5.30
Oy = EEyy = — }'E{ 1” -7 ﬂ (2.30)
dx- dx*
I M. -1 My M -1 M.

- ) v+ 3
R R N

£

The location of the neutral axis (neutral plane) along which o,, = 0 can be
found from Eg. (5.30), i.e.

f_rM: - -'r_r:M_'r .

I.'MT _I\':M:
5 V== ' =3 <
LI-E, I1.- I,

ey

Defining the neutral plane by angle a as shown in Figure 5.8, we have

_ LM - I.M, (5.31)
IM,~1,.M,

tana = — —
y



Fig. 5.8 Neutral axis by angle a.
Note that the positive direction of angle « is clockwise.

Since the distribution of the bending stress is linear over the cross-section, it is
also linear with respect to the distance to the neutral axis. That is, the most
distant location from the neutral axis experiences the greatest magnitude of
bending stress. Further, the neutral axis divides the tensile bending stress field
and the compressive stress field.

If the y- or z-axis is an axis of symmetry for the cross-section, then /,, = 0 and
Eg. (5.30) reduces to

M. M, (5.32)

M, (5.33)

This is what was derived in Section 5.2.1 for symmetric sections.



IfI,,#0 and M, = 0, then from Eq. (5.30) we have

Iy.M, I-M, (5.34a)

- =V + —T
I e N N

ﬂ-. w =

Therefore, for beams with an arbitrary cross-section under one-way bending,
say M, # 0 and M, = 0, the simple beam bending stress formula (5.33) is not

valid, and Eq. (5.34a) must be used.

For M, #0 and M, = 0, the corresponding bending stress equation can be
obtained as

IyM, . Iy:M: (5.34b)
L. -1 IJ.-1I."

ﬂ-. |

From the equilibrium considerations of a differential beam element, it is easy
to derive the following relations for bidirectional bending by following the
procedures used in deriving Egs. (5.17) and (5.18).

v. __, (5.353)
dx B

ay _ ., (5.35b)
dx )

Yy _ _, (5.35¢)
dx ’

aM. _ ., (5.35d)
dx d

The relations in Eq. (5.35) are valid only for the sign convention adopted as
illustrated in Figure 5.3. Note that the positive directions of the shear force V,

and bending moment M,, acting on the positive cross-section (with an outward

normal vector pointing in the positive x-direction) are opposite to those acting
on the negative cross-section. Henceforth, the cross-sections and the
accompanied positive shear forces will be shown to avoid confusion.

From Eq. (5.35), the equilibrium equations can be written as



d"M,

o
dx~ P:
d°M.

=— = =P,
dx* '

Substituting Egs. (5.27) and (5.28) in the above equations, respectively, we
obtain the displacement equilibrium equations for the beam theory:

f-'hll'{} . dJ'H‘[J.

—_— + B —

dx* Yy
f|’4'r'[; (.‘T'ih‘”

El. +El.—— =p,
©dy? g D

El,,

For symmetric sections, /,, = 0 and the above beam equations reduce to the
form of Eq. (5.19).



5.3 STRUCTURAL IDEALIZATION

For simple structural sections, such as thin-walled solid sections, closed
rectangular or circular sections, solving a bending problem is relatively less
complicated because obtaining moment of inertias for such sections are
generally simple. Many aerospace structural components are stiffened to
improve load carrying capacity without significantly increasing weight. The
longitudinal stiffeners in a box beam (see Figure 2.10), spars and stringers in a
subsonic wing section (see Figure 2.13), fuselage with longitudinal stringers
(see Figure 2.14) are few examples where stringers/stiffeners are used in
aerospace components. During bending analysis, obtaining moment of inertias
for such sections becomes very complicated and cumbrous. To perform
preliminary design studies, quick and efficient solutions are often sought over
accuracy. For such purposes, thin-walled stiffened-sections are converted to
simpler “idealized” sections, which, under the same loading conditions, exhibit
the same or nearly the same response like the actual structure.

In the box section in Example 5.1b, the four angles/stringers are located near
the four corners where the bending stresses are maximum. Since the
dimensions of the stringers are small compared to the overall section, it is
reasonable to assume that the variation in bending stresses near the stringer
regions is small. Based on the assumption, it is possible to develop an
equivalent section where the thin-walled section and stringers are replaced
with a skin and stringer assembly as shown in Figure 5.9. It is further assumed
that the bending stresses are carried by the stringers and the shear stresses
are taken by the skins. In such an arrangement, the entire area of the original
section is equivalently distributed among the stringers only. The areas of these
stringers (i.e. A1, A, A3, and 4, in Figure 5.9) are calculated by balancing the
moments produced in the original section and the equivalent “idealized”

section. More detail on structural idealization can be found in chapters 20 and
22 of Aircraft Structures for Engineering Students by Megson (2016).
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Fig. 5.9 Idealization of the box beam with angles.

There are two ways direct stress can be generated on a section, namely, by
axial load and by bending moment. The equivalent area of the stringers
depends on the load types. First, consider an axially (tensile) loaded beam
section shown in Figure 5.10a. To transform this panel into an idealized panel
as shown in Figure 5.10b, it will be assumed that the actual thickness t; of the
panel will be replaced by an implicit thickness ¢, and ¢ = 0 in the idealized
section. Since the loading producing the direct stresses in the actual and
idealized panels must be the same, both panels must satisfy static equilibrium.
For axially loaded section, equating the axial force is enough to obtain the
stringer area (Figure 5.11).

Z F.r - ‘-'T:JJI”H — 2"'7:1*4[

hig (5.36)

—AEy

Because the axial load is uniform and equally shared by the two stringers, both
stringers should have the same area. In other words, 4, = 4,.
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Fig. 5.10 Direct stress distribution due to axial (tensile) load on (a) an actual
panel and (b) idealized panel.
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Fig. 5.11 Direct stress distribution due to bending moment M, on (a) an actual
panel and (b) idealized panel.

Now, consider that the same panels are loaded with bending moment M,. Both

panels must satisfy static equilibrium. Balance of the axial forces will require
A; = A,. As such, the moments must be equated to obtain expressions for the

stringer areas. Taking moment with respect to the origin,

1 h  2h
ZM';-.U = 2(?} b 5 IR —) = opA .0

2 2 6



A = hig A, (5.37)
6
It can be observed that the area of the stringers will vary due to load types and
direction. When both axial and bending moments are present, the axial stress
in the opposite ends of the section will not be same, as shown in Figure 5.12.
Without losing generality, it will be assumed that o, > 0,. Taking moment with

respect to the bottom end yields

W | 2h
o2lr 5 + E{”l —*-‘Tl]'-"”.'r:? =o1A1.h
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Fig. 5.12 Direct stress distribution due to combined axial force and bending
moment M, on (a) an actual panel and (b) idealized panel.

hi 2 .
A, = % (2 ) 5) (5.38a)

7]

Similarly, the area of the stringer # 2 can be obtained by taking moment with
respect to the top end as



A, = M (2 N ﬂ) (5.38b)
6 73

It can be noticed that the exact area of the stringers cannot be found if o, and

0, are not known. For pure axial or pure bending moment cases, although the
P Fa .

exact values of o1 and o, are not known, the ratio ;7 or 2= is known. For

example, for pure axial load, as shown in Figure 5.10b, % o :— = 1. For pure

bending, as shown in Figure 5.11b, :— = :—I =-1LIn pri}lciplé, the direct stress

ratio between two stringers is proportional to the distance ratio of those two

stringers from the centroid. For the section considered in Figures 5.10, 5.11, or

5.12, the centroid of the section is located at the midpoint of the vertical height
I 1]

= | for axial loading case, andﬂ -2 - _ | for pure
07 -

S| Z=lei=

h. As such, :— =

i |

bending case. Suf)pose a bending moment M, is applied to a section that is not

symmetric about the y-axis, then the location of the centroid will not bisect the
vertical height of the section. As such, the ratio of o; and o, will be

o _h (5.39)
72 I!]
where h is the vertical distance of o4 from the neutral axis, h, is the vertical
distance o, from the neutral axis, and h; + h, = h.



EXAMPLE 5.2

Idealize the box beam section shown in Figures 5.4 and 5.5.

The geometry of the idealized structure for both the sections will be
identical. The area of the stringers will be different.

For the box beam without any angles, the stringer areas can be calculated
using Eq. (5.38). The direct stress distributions on the actual and idealized
sections are shown in Figure 5.13. It can be observed that each stringer
interacts with two neighboring stringers. Each interaction needs to be
separately considered. For example, the area for stringer # 1 can be
obtained as

htp bty 0.6 x 0.01 1 % 0.01 5 42
= 6 + > = g + > =0.006 m~ =60 x 10" "m




(b)

- e 0'4

Fig. 5.13 Direct stress distribution on (a) an actual box section and (b)

idealized box section.

Similarly,

f’h=!ﬂ ’.3+ﬂ +_r,£ 2+
- 6 o2 6

bty 0.6 x 0.01
= +

_ IHH +
6 2 6

big 74 hig
A= — |2+ — |+ — |2+
’ 6( m) 6(

+mﬁ_n.ﬁx(}.m
6 2 6

(73 big htg

— ] = —2+1)+ —(2-1

2) = e+ e

1 x 0.01 " y

e =0.006m =60 x 107* m?

77 big hitg

— ] = — 2+ 1)+ —(2-1

m) %24 1)+ (21

1 x 0.01 " y
+ x,} = 0.006 m*> = 60 x 10™* m?

-




big 73 hig 7y big htg
Ag=— |24+ —= |+ —(2+—] = —(2+1)+ —(2-1
! -:3( m) 6( m) g 2t D+ 2=

hty bty 0.6 x 0.01 1 x 0.01]
= + = +
6 2 6 2

—

Assuch,A;=A,=4;=4,=60x10"*m?

=0.006m> =60 x 107*m’

For the box section with the angles, the area of angles must be added to the
corresponding stringer areas.

As such,
bt 5 ht )
A= 224 2) s 2R 24 )+ (0.04 x0.01 +0.05 % 0.01) =69 x 1074 m?
6 ) 6 7

It can be easily shown that A; =4, = A3 =4, = 69 x 10™* m?.

-




EXAMPLE 5.3

The cross-section of a single-cell box beam with four stringers is shown in
Figure 5.14. The contribution of the thin sheets to bending is assumed to
be negligible. Thus, only the areas of the stringers are considered in the
bending analysis. Using structural idealization method, the areas of the

stringers are estimatedas A; =6 x 107 m? A4, =5x10"*m? A3 =4, =4 x
10~* m2. Find the bending stress distributions.

Z

A

0.4m

Az

0.5m

Fig. 5.14 Single-cell box beam with four stringers.

First, the centroid of the effective cross-sectional areas (i.e. those of the
stringers) must be determined. Denoting the coordinates of the stringers
by (}T‘ is E;}with respect to the ¥ — Z system, we have the coordinates of the

centroid:




Y vA; 0A; +0A5 + 0545 +0.54;, 4 x 107° 021
. - - = ). m
YA Al + Ay + Az + Ay 19 x 107*

|

_ EE,—A; _ []4.141 +|::'H-'lj +Ur'-'!; +ﬂ.3A_; _ 36 ~0.19
e ZA,- a f-'l|+.»‘ig +A_1, +A4 a l‘}_ . m

Thus, the location of the centroid is (0.21, 0.19) in the ¥ — Z system.

This cross-section consisting of four stringers is not symmetric with
respect to either the y- or the z-axis. Hence, the general bending equations
must be used. The moments of inertia of the effective cross-sectional area
of the box beam with respect to the coordinate system y-z are calculated
according to Eq. (5.29). Denoting the coordinates of each stringer by (y;, z;)

with respect to the y-z system, we have

=Y AZ
= A1 (04-0.19)7 + (Ay + A3)(0.19)° + A;(0.3-0.19)
=063x107* m*

=) Ay}

= (A +4)(021)" + (A3 +44)(0.29) = 116 x 107" m"

I, = ZA,-;‘,-:,-

= Ay(=0.20)(0.21) + (Ay(=0.21)(=0.19) + A5(0.29)(~ 0.19) + A;(0.29)(0.11) = =0.15x 10~* m*

Consider the loading M, = 0 and M,, # 0. The neutral plane is given by

I.M, 0.15x107*
LM, 1.16x107*

which yields a = 7° measured clockwise from the y-axis.

=0.13

tlana = =

The bending stresses in the stringers can be calculated easily using Eq.
(2.30), if M, and M, are given.




EXAMPLE 5.4

A beam of the thin-walled Z-section shown in Figure 5.15 is subjected to a
positive bending moment M,. Find the distribution of bending stresses.

In this case, the centroid is easy to locate to be at the midpoint of the
vertical web as shown in Figure 5.15.

The moment of inertia of the cross-section is the sum of the moments of
inertia of the three rectangular sections of the web and two flanges. For
each section it is most convenient to calculate Iy, I, and Iyz using the

parallel axis method. For example, consider the upper flange 3-4. Let the y
and z' axes be local coordinates with the origin at the centroid C’ of the
upper flange. According to the parallel axis theorem, the moment of inertia
I, of the cross-section of the upper flange is

/
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Fig. 5.15 Thin-walled Z-section.

h\ 2 5.40
fﬁ'=f1'3-1 ('21) ""l";.j ( )

in which A3, is the cross-sectional area of the upper flange and /,/ is the
moment of inertia about y’-axis. For the upper flange, we have




bt
_.flll, — }_
12

Similarly, the moment of inertia about the z-axis can be obtained in a
similar manner.

The product of inertia of the upper flange can be written as

hb 5.41
1{.-,._-: =AE4§§ +1’.-L-f:" ( )
and Iy~ = 0 because of symmetry with respect to the local coordinate
system.

For the entire Z-section, we obtain

2 s 3 5.42
I, =2bt E + —JH o i ( )
- 2 12 12
I oy b\ 2 . 2tb? N h (5.43)
.= 2hil — — —
‘ 2 | 12
/ l J bl 5.44
;;;;()(2)_ (5.44)

For thin-walled sections, the terms with t3 are small and are neglected in
the following calculations.

The orientation of the neutral axis can be calculated using Eq. (5.31) with
M, =0. Then

Iy, 3/
tana= — 2 = - — (5.45)
4b

Thus, a = -tan”'(3h/4b). Note that a negative value of @ means that the
neutral axis is oriented at a counterclockwise rotation of an angle —a from
the y-axis as shown in Figure 5.10. Since the bending stress distribution is
linear with respect to the distance (positive above and negative below the
neutral axis) from the neutral axis, the distribution on the Z-section must
be antisymmetric with respect to the neutral axis.

Let us consider the case with h = 2b, which leads to « = -tan™! 1.5 = -56.3°.
Note that in this case, points 3 and 4 on the upper flange are on opposite




sides of the neutral axis, and the corresponding bending stresses must be
of opposite signs. At the free edge of the upper flange (point 4 in Figure
5.15) the bending stress is calculated using Eq. (5.34a) together with y =
h/2,z=h/2. We have, for a positive bending moment,

1.713M,
th*
Similarly, at point 3 (y =0, z= h/2), we obtain

Opr = (compression)

3.426M, ,
o, = ———— (tension)
th-




5.4 TRANSVERSE SHEAR STRESS DUE TO
TRANSVERSE FORCE IN SYMMETRIC SECTIONS

In deriving the Bernoulli-Euler beam equation, the transverse shear strain y,,
was neglected while the transverse shear stress t,, (and, thus, the transverse
shear force V,) was kept in the equilibrium equation. Such contradictions are
often found in simplified structural theories. The assumption y,, = 0 is quite

good for slender beams (i.e. the depth is small compared with the span). In
fact, it is exact if the loading is a pure bending moment. However, for short
beams under transverse loads, significant shear stress (strain) may result.

The exact distribution of t,, on the cross-section of a beam subjected to

transverse forces is generally not easy to analyze. An exception is the narrow
rectangular section as shown in Figure 5.16. If h > b, the plane stress
assumption adopted in the derivation of the simple beam theory is valid. In
other words, 7,, can be assumed to be uniform across the width of the section.

Otherwise, t,, is a function of y.

5.4.1 Narrow Rectangular Cross-Section

Consider a beam with a narrow rectangular cross-section as shown in Figure
5.16. The resultant transverse shear force V, is

z
7Y
h/2
X — Y
h/2
v
P
b

Fig. 5.16 Narrow rectangular section.



h/2
V,= h[ T.-dz
-h/2
This definition alone is not sufficient to recover the distribution of t,, in the

vertical (z) direction. We resort to the equilibrium equation for a state of plane
stress parallel to the x-z plane (see Eq. (3.110)):

A0 N r?i =0 (5:46)
dx Jz
Substituting Eq. (5.22) into Eq. (5.46), we obtain
zdM, dr,.
oMy | O (547)
I. dx dz
Using the relation
M,
dx ~ °
in Eq. (5.47) we have
dr,, V.
dz

Integrating the above equation from z = -h/2 to z, we obtain

(2) R _ Vif, W (5.48)
T TR ) T T\t T s

Equation (5.48) reduces to

N AT (5.49)
X = 21.1' 2

where



From Eq. (5.49), it is evident that 7, has a parabolic distribution over z, and
the maximum value that occurs atz=0is
1.;_{.2

21,

{ Txz }mu y —

5.4.2 General Symmetric Sections

For uniform beams with general symmetric (with respect to the z-axis) cross-
sections, the simple beam results are valid, i.e.

o = M,z (5.50)
AN Ef,l.
M.z
G = — (2:51)
I,
V. o dM, (5.52)
) dx

However, the transverse shear stress 7,, distribution over the cross-section is
difficult to analyze. For symmetrical sections under a transverse shear force V,,
the only thing we know is that the distribution of t,, is symmetrical with
respect to the z-axis.

Since the variation of t,, in the y-direction is unknown, it is more convenient to
consider the transverse shear flow g, defined as

q. (z) = J r,.dy (5.53)
If T, is uniform across the width ¢, then
q. = 1T (5.54)

If 7, is not uniform in the y-direction, the average value is introduced as



7. = & (5.55)

Here, the positive direction of g, is taken to coincide with that of 7.

The transverse shear flow g, can be determined from the equilibrium of a

differential beam element as shown in Figure 5.17. In Figure 5.17a, the side
view of the beam element of length Ax is shown with the bending stresses
acting on the two neighboring cross-sections. Consider the free body of the
beam element above the B-B plane (i.e. z > z{) as shown in Figure 5.17b. The

shear flow g, on the cross-section at z = z; is equal to the shear force acting on

the bottom face of the free body as depicted in Figure 5.18a. For the free body
above z = z;, equilibrium equation ) F, = 0 is given by

(a) (b)

Fig. 5.17 Differential beam element with bending stresses: (a) longitudinal
section; (b) cross-section.
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Fig. 5.18 (a) Wide-flange beam; (b) distribution of 7,-; (c) distribution of shear
flow q,.

[ [aa_l._l{m = g.Ax (5.56)
A

where A is the cross-sectional area above z = z;. Dividing both sides of Eq.

(5.53) by Ax and taking the limit Ax — 0, we have

l. [dnﬂ- dA =g, (5.57)

dx
A

By using Eq. (5.51) in Eq. (5.57), we obtain the transverse shear flow as

[dM, z
q. = I Jf ~-—dA (5.58)

where

o= [ [-a 5559



is the first moment of the area A;. If the centroid of A; isatz = z,, then Q can
also be expressed as

Q=AZ (5.60)

5.4.3 Thin-Walled Sections

Consider the wide-flange beam shown in Figure 5.18a. The transverse shear
stress is usually represented by the average value 7,. as shown in Figure 5.18b.
Ajump in 7,. is noted at plane CDEF due to the sudden change of width. If the
transverse shear flow g, is plotted as shown in Figure 5.18c, then no such jump

exists.

c___ D E F

Txz

Fig. 5.19 Distribution of 7,, in a wide-flange beam.
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Fig. 5.20 Concentration area for a wide flange.

In the free-hung portion of the wide flange (e.g. the portions CD and EF), the
actual transverse shear stress t,, is much smaller than the average value 7,.. It

is noted that t,, must vanish along AB, CD, and EF. If the thickness of the flange
is small, then 7,, cannot build up significantly except for the portion connected
to the vertical web. A more accurate distribution of t,, along C'D'E'F' is
depicted in Figure 5.19.

From Figure 5.18, it is seen that for wide-flange beams, the transverse shear
stress is small in the flange and that the web carries the majority of the
transverse shear load. An approximate model for such a wide-flange beam is
obtained by lumping the total area of the flange into a concentrated area as

shown in Figure 5.20. In addition, we may assume that the web does not
contribute to resisting bending. Thus, for the web section we have

Q=Ac
which remains unchanged with location. As a result, g, is constant along the
web.

In aircraft structures, stringers are often used to provide bending stiffness, and
thin webs are used to carry shear flows. To maximize the bending capacity of
the structure, we place stringers at the greatest distance from the neutral axis.
The thin web is usually assumed ineffective in bending. Consequently, the
shear flow in the web between two adjacent stringers is constant.



It should be noted that although the transverse shear stress 7,, is very small in

the flanges, the in-plane shear stress t,,, is significantly large, as discussed in

this chapter. However, the existence of the in-plane shear stress does not affect
the simplified calculation above of the transverse shear flow in the web.

5.4.4 Shear Deformation in Thin-Walled Sections

In developing the simple beam theory in Section 5.2, the transverse shear
strains are neglected, leading to the well-known assumptions in the simple
beam theory that plane sections remain plane and normal to the neutral axis
after deformation. However, this simplification may lead to substantial errors
in estimating the deflection of thin-walled beam members unless they are long
or they are under pure bending moments.

Consider the thin-walled beam loaded as shown in Figure 5.21a. Note that at
the free end no shear stress is applied. We assume that the web can only take
shearing stresses, and bending is taken by the two stringers. The bending
moment is M = Ph and is uniform over the entire length of the beam. From the
free body diagram in Figure 5.21b, at any section B-B, there is no transverse
shear stress (and thus no transverse shear strain) in the web based on the
equilibrium condition ) F, = 0. Hence, we conclude that the axial forces in the

stringers also remain constant over the length of the beam. The assumptions
adopted by the simple beam theory are thus valid in this case.

Consider now the beam of Figure 5.21 subjected to a shear load (a constant
shear flow q;) at the free end as shown in Figure 5.22a. From the force and

moment balance conditions of the free body shown in Figure 5.22b, we have a
constant transverse shear flow g, = q, and linearly varying axial force P =
qohx/h = qgx over the beam length. The corresponding moment along the beam
is M = Ph = gqyhx.

The deflection of the beam consists of two parts; one part results from the
bending moment and the other from the transverse shear deformation. The

deflection due to bending moment is obtained from the simple beam Eq.
(5.15):
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Fig. 5.21 Stringer-web beam under pure bending.
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Fig. 5.22 Stringer-web beam subjected to a transverse shear force.
dwo _ My __qoh (5:61)
d  El,  El

Integrating Eq. (5.61) twice, we obtain

qoh
6EI,

where C; and C, are arbitrary constants. From the boundary conditions

.ICJ +Cix+ C, (5.62)

Wp = —



dwy
wg=0and — =0atx=L
dx

C { and C, are determined to be

_ gohlL* Co = — gohl?
2El, ) 3EI,

Then the deflection at the free end (x = 0) due to bending deformation is
obtained as

WhB = ﬁ'nhfﬁ (5.63)
O 3EI,

The shear deformation in the web contributes to the beam deflection in
addition to the bending moment. The constant shear strain in the web is

e _ % (5.64)
G G

in which t is the thickness of the web. Recall that in deriving the simple beam
theory, we set y,, = 0. Now we relax the condition and allow the transverse

shear strain to occur and use the relation

;!_'l.' rl =

)= ow  du (5.65)

r:'].t' r?:

to calculate the transverse displacement. At the fixed end (x = L), du/dz = 0,
which is true over the entire beam length because y,, is constant. Since y,, is

uniform in the web, we have

o ow _dwy g
Yoz = dx  dx G
along the entire beam. Subsequently, we obtain by integration
o
wp= —x+C
=G

The integration constant C can be determined by the boundary condition w, =
0 atx = L. The resultis



gL (5.66)
1G

Thus, the deflection at the free end (x = 0) due to shear deformation in the web

is

C=

s _ gL (5.67)
"=~ G
Consider the ratio
Wi _ 3El,
wh  GAL?

where A = th is the cross-sectional area of the web. It is evident that a long
beam (L >> h) with either a high shear rigidity (GA) or small bending rigidity
(E1,) would fit the description of the simple beam theory.



5.5 TIMOSHENKO BEAM THEORY

A beam theory that accounts for transverse shear deformation can be
developed following the procedure presented in Section 5.1 for the simple
beam theory. The displacement expansions of Egs. (5.3) and (5.4) are adopted,
but the zero transverse shear strain condition Eg. (5.9) is not imposed. If,
again, we assumed that the axial force N, is absent, then only transverse

deflection w, and rotation of cross-section 1, are kept in the formulation. The
only nontrivial strains are

dy, (5.68)
Exy =L
dx
ihl'u. 5.69
Yw=— 1, ( )
dx

Since the transverse shear strain y,, exists, the transverse shear stress 7,, can
be calculated directly from y,, using the stress-strain relations. The resultant

shear force acting on the cross-section can be calculated directly from the
shear strain as

:' !
V. = [[rwrf.ﬂ. - [[G}‘_“fh’t = [ [G([:“ " u:_,_)fm 70
A A

=GA (ﬁ + L-‘ﬁ)
dx :

where 4 is the area of the cross-section that carries transverse shear loads.

The bending moment is defined by Eg. (5.8). Using o,, = E¢,, together with Eq.
(5.68) in Eq. (5.8), we have

dy, (5.71)
“ dx

M, =

The equilibrium conditions Egs. (5.17) and (5.18), which are obtained from the
balance of vertical forces and balance of moments of a differential beam
element (see Figure 5.3), remain valid. Substituting Egs. (5.70) and (5.71) in
Egs. (5.18) and (5.17), we obtain



Py, n (5.72)
E1L“"2 —Ga (’: 0 +:,uﬁ_) =0 (>.72)

dx* dx
2w { .
GA (rl.’.lF H_,“ + ( iff_ﬁ.) +p.=0 (5.73)
dx” ax )
(@) (b)

. . v

Fig. 5.23 Curved and inclined thin-walled sections with stiffeners.

These are the two equilibrium equations of the Timoshenko beam theory.
The two equilibrium equations may be combined into one by eliminating i,

This can be performed by first solving Eq. (5.73) for di,/dx and then
substituting it in Eq. (5.72) after differentiating it once. The result is

d'w El, d*w (5.74)
ET. =p, = -——:
" dxt ) GA dx-

The boundary conditions at the ends of a Timoshenko beam are specified as
follows.

e For a hinged end, wy = 0, and My is prescribed.
e Fora clamped end, wy =1, = 0.

e Forafree end, V, and M, are prescribed.



Note that at a clamped end, the rotation of the cross-section vanishes while the
slope of deflection dw/dx is not zero unless the transverse shear strain

vanishes at that location.

A Timoshenko beam theory for bidirectional bending can be derived in a
similar manner.



EXAMPLE 5.5

Solve the problem of the two-stringer beam shown in Figure 5.22a using
the Timoshenko beam theory.

Two solution procedures may be used. The first one is to solve the
combined equilibrium equation (5.74). Since p, =0, Eg. (5.74) reduces to

frl\'l'u

Ef,—— =10
Uy

for which the general solution is readily obtained as

3 ¥
wop=Cix + Cox™ + Cax + Cy

From Eq. (5.71), we have

dyr, B d*wy

dx dx*
which is then substituted in Eg. (5.70) to yield

dwy  EI, n’ﬁn'[.
dx  GA dx’
Thus, the function i, also contains the same integration constants, Cy, (3,

C3, and C5 Boundary conditions are used to determine these four
constants.

w.'L:_

An alternative approach is to take advantage of the fact that the shear
loading at the free end produces a constant shear force along the beam, i.e.

l.' '
V. =qgyh = GA ({;j . {,,L-'_n.) = constant

ax

(2.75)

Substitution of Eq. (5.75) in Eq. (5.73) yields

“':!.Ffa- _ ij'”h
1.‘4“."l.'1 - 'E"'r'l

and after integration of the differential equation above,




qoh
y, = fo "['E + B[I + Bg (ﬂ)
2EI,
where B; and B, are integration constants.
From Eq. (5.71), we have
2w dyr,
( H-,” W, ~0
dx” dx
Thus,
ﬂl:“'u _ {Iw}. _ qoh B (5.77)
doe ~  de  EIL
Integrate Eq. (5.77) twice to obtain
gh 5 1, 5 (5.78)
W= — X =—=Bx "+ Bix+ B R
0 6EI 57l 3 4
The boundary conditions are
dy
M, =El,~2 =0atx=0
' ©odx
L fdw : -
V.=gyh = GA (f - wr) at x = 0 (this condition has already been used)
X :
wp=0atx=L
wy,=0atx=L

Solving the four equations above with the general solutions given by Egs.
(5.76) and (5.78), we obtain




H: —

B; =

and thus, the deflection curve

qoh | 3 3 -
n = — x =L")+Biy(x-L
Wo 6EI, (x ) slx=L)

(5.79)

The maximum deflection occurs at the free end (x = 0):

gohL’  gohL (5.80)
3EI, GA

wo(0) = -

It is evident that the first term in the solution above is the deflection
associated with bending given by Eq. (5.63) and the second term is
associated with transverse shear deformation given by Eq. (5.67).

In the derivation of the Timoshenko beam theory, two terms in the
displacement expansion Eq. (5.1) are kept, resulting in a constant transverse
shear strain over the entire cross-section (see Eq. (5.6)). To compensate for
such an oversimplification, it is customary to introduce a shear correction
factor k to modify the shear rigidity GA of the cross-section into kGA. For a
rectangular solid cross-section, the shear correction factor is often taken as k =
5/6 for static cases and k = /12 for dynamic cases. For thin-walled sections
with stiffeners, the wall that bears the shear load is often assumed to take no
bending and the shear stress and strain in the thin-walled section become
constant between two adjacent stiffeners as discussed in Example 5.5. Then
setting k = 1 is consistent with the constant shear assumption. It should be
noted that for curved or inclined walls, the shear flow direction follows that of
the centerline of the wall. This type of shear flow is discussed in Chapter 6.
Since the Timoshenko beam theory assumes that the resultant shear force acts
in the z-direction, only the z-component of the shear flow should be taken into
account in calculating the shear force V,. Using the concept provided by Eq.

(4.49), this effect of inclined shear flow can be accounted for by redefining the



area A in the shear rigidity GA as the projection of the area of the inclined
cross-section on the z-axis. For example, for both sections shown in Figure

5.23, A = th, rather than the actual cross-sectional area, should be used in the
Timoshenko beam equations.



5.6 SAINT-VENANT'S PRINCIPLE

It is a common practice to adopt the resultant force and resultant moment
rather than the actual traction in structural analyses. An example of a
cantilever beam subjected to a shear force Vis shown in Figure 2.5. The actual
application of the force could be quite different; namely, it could be the
resultant of a distributed shear stress over the cross-section at the loading end
or the sum of two concentrated forces applied at any two locations on the
vertical centerline of the cross-section. We do not have any doubt about the
consistency between the solutions obtained utilizing this simplifying approach.
Indeed, such an idealization of loading conditions is justified by Saint-
Venant's principle. According to Saint-Venant's principle, the stresses or
strains at a point sufficiently far from the locations of two sets of applied loads
do not differ significantly if these loads have the same resultant force and
moment. These two sets of loads are said to be statically equivalent. An
example of two statically equivalent tractions in a two-dimensional problem is
given in Figure 5.24. It is obvious that these two traction distributions have the
same resultant force and resultant moment. Saint-Venant's principle asserts
that the stresses or strains at a distant point in the body produced by these two
loads, respectively, do not differ significantly. In general, the distance at which
Saint-Venant's principle works is considered several times the size of the
region of load application (the length b in this example). In fact, it also depends
on the configuration of the body of interest.

Many solutions to structural mechanics problems are obtained by neglecting
the boundary layer region in which the stress and strain fields are affected by
the actual local load distribution. It is of interest to know the size of this
boundary layer in which these solutions are not accurate. In general, solutions
for the boundary layer region are not easy to obtain analytically. Here, for
illustration purposes, we use an idealized structure as an example.

Consider a three-stringer thin-walled panel symmetrically loaded by a system
of self-balanced forces as shown in Figure 5.25a. The middle stringer has a
cross-sectional area of A, and the upper and lower stringers have A, each. The

webs are assumed to be capable of taking only shear stresses. That is, normal
stresses in the webs are neglected.
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Fig. 5.24 Elastic half-space subjected to (a) uniform traction and (b) statically
equivalent triangular traction.



Pie—r———— P+ AP,
—

(b) A

[ x »l
o A

—_—

2Pg —» — P, P,—C—1—>» P+ AP,

B —

Prg . P D\:t

m——

P,¢—C—J1—> P;+AP;

Fig. 5.25 Load distribution in a three-stringer structure.

From the free body diagram of Figure 5.25b, we conclude that the forces in the
stringers at section position x must satisfy

P, = 2P, (5.81)

in which a negative sign means that the direction of P, is opposite to the

assumed direction in Figure 5.25b. Consider the free body diagram of a small
segment Ax of the upper stringer at position x shown in Figure 5.25c. The
balance of forces in the axial direction yields

{PJ+ﬂP|}—P[—ﬂﬂLY=U (5.82)

in which t is the thickness of the web. By taking Ax — 0, the equation above
leads to



_ 1dP, (5.83)
1 dx

Now take a strip of the upper web of length Ax at position x as shown in Figure
5.26a before deformation. After the application of loads at the left end, shear
strain occurs in the web and axial strains £;(x) and &,(x) occur in the upper and

middle stringers, respectively (see Figure 5.26b). The increment of shear strain
is

|
Ay = p () Ax—e7 Ax)

from which we obtain
d | 5 84
dr _ 1o e (584)
dy h

Since stringers are treated as axial members and webs are treated as shear
panels, we have

._Pl ._PE _I‘
“O9TAE TAE TG

Substituting the relations above in Eq. (5.84), we obtain

{J'rI' G (F| Fg) (SLS)

dx ~ Eh

A Al
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Fig. 5.26 Free body diagrams of a strip of the upper web before and after

deformation.

Substitution of Egs. (5.83) and (5.81) in Eqg. (5.85) yields

TP p
dx”

Aj_Gr 1 N 2
T ER\A, A

where

The general solution for the second-order differential equation (5.86) is

P, = Ce™* + D™

(2.86)

(5.87)

(2.88)

Since the resultant of the applied forces is zero, it is expected that no force
would be felt at a sufficiently large distance from the left end. Let L be large
enough so that P; —» 0 as x — L. This condition requires that D = 0. The other



boundary condition is P; = Py at x = 0, which leads to C = P,. To make Eq. (5.88)
the solution, the shear stress 7 applied at the free end must be consistent with
that given by Eqg. (5.83), i.e.

1 dP, — APy
= =

t dx t

The negative sign indicates that the actual direction of the shear stress must be
opposite to that shown in Figure 5.25.

For the case A; = A, = 4, the solution of Eg. (5.88) can be written as

Pi _ i (5.89)
P[i

where
[3Gt 1 [3Ghit (5.90)

" VEAR TV EA
The distance x, from the free end at which P;/P,=0.01 can be obtained from
solving Eq. (5.89) for x. We have

. _ 69 (5.91)

X=xp=—
A

If the stringers and webs are made of aluminum 2024 with E =70 GPa, G = 27

Gpa, t=2mm, h=200mm, A, =4,=4=100 mm?, then A = 0.0108/mm. Thus,

from Eq. (5.91) we obtain x, = 639 mm. This says that Saint-Venant's principle

is approximately valid beyond a distance that is three times the height h of the
three-stringer panel from the load application end. Of course, this conclusion is
affected by geometry of the structure. In general, thin-walled structures have
small wall thicknesses and tend to make the value of X small, resulting in a
significant boundary layer in which Saint-Venant's principle is not valid.



5.7 SHEAR LAG

Shear lag is a phenomenon of load distribution. Saint-Venant's principle is a
good example of shear lag. Consider the stringer-sheet panel of Figure 5.25a
with three stringers loaded at the left end. At a distance from the loading end,
the loads in the stringers all approach zero. The analysis presented in Section
5.5 indicates that this load redistribution is accomplished by the load transfer
in the shear panels through a distance x,. The exponential decay of the load in
the two outside stringers is given by Eq. (5.89). The decay index A given by Eq.
(5.90) depends on the axial rigidity EA of the stringer and shear rigidity Ght of
the sheet. A very rigid sheet makes the shear lag region small, while rigid
stringers require a long distance to accomplish load redistribution.

In aircraft structures, there are many locations where shear lags occur. The
most notable ones are (i) cutouts where some stringers are discontinuous, and
(ii) sites of load application, which can be illustrated by the example of Figure
5.26a. In essence, the mechanics of shear lag in the two situations above are
basically the same.

Figure 5.27 shows a three stringer-web panel with a cutout. The loads carried
by the stringers at the free end are the same. Due to the discontinuity, the load
in stringer 5-6 drops to zero at the cutout, while the load in each of the two
side stringers increases to 1.5 P in the region. Load redistribution takes place
again through shear lag beyond the cutout; the load in stringer 3-4 increases
from zero and approaches P if length L, is large enough. The size of the shear

lag zone near a cutout depends on the geometry of the structure and material
properties of the stringer and the web. If stringers and webs are made of the
same material, the shear lag zone is often taken as an approximation to be
three times the cutout size b (see Figure 5.27).
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Fig. 5.27 Cutout in a stringer sheet panel.
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EXAMPLE 5.6

A stringer-sheet cantilever I-beam is built in at one end and loaded by a
moment at the free end as shown in Figure 5.28a. Through the shear lag
action, the axial stresses in the stringers at a distance from the loading end
can be calculated using the beam theory. Find the distance of the shear lag.

Since there is no transverse shear loading, the moment produced by the
pair of forces of opposite directions applied at the mid-stringers is pure
bending and no shear stress is present in the vertical web. As a result, the
top and bottom flanges can be analyzed separately. To simplify the analysis,
we assume that sheets are ineffective in carrying normal stresses. The
procedure of the analysis follows that used in Section 5.5 in the discussion
of Saint-Venant's principle.

If the simple beam theory is employed to solve this bending problem, we
find that the axial force in the three upper stringers is equal to P,. This

contradicts the actual loading condition at the free end of the structure.

Consider the free body diagram for the upper flange panel (see Figure
5.28b). The balance of forces in the x-direction yields

Py =3Py - 2P, (5.92)

3P,

Fig. 5.28 Shear lag in a stringer-sheet I-beam under pure bending.




Using a free body diagram similar to Figure 5.25c, equations in the form of
Egs. (5.83) and (5.85) are obtained, i.e.

_ 1dP, (5.93)
1 dx
dt G (P, P\ 3G (5.94)
E‘E<E I)-Em;.“’] Po)

where T is the shear stress in the flange. Substitution of Eq. (5.93) in Eq.
(5.94) leads to

e, , 5.95
: 1] —A"Py = = A"Py ( )
dx”
where
» 3Gt
"~ EAb

The general solution to the second-order differential equation is readily
obtained as

Py = Ce ™ + D™ + P (5.96)

in which the arbitrary constants C and D are to be determined by boundary
conditions. Atx =0, P; = 0. Then

D=-C-Py (5.97),
At x = L (the built-in end), T = 0. In view of (5.93), this condition is
equivalent to

{.HJ|

dx
which leads to

~Che™ 4 DA™ =0 (5.98)
Solving Egs. (5.97) and (5.98), we obtain




Py Py

C=-————and D= - ——
I + E.:‘E-‘.L I + E,._..-'!f.
The force in the side stringer is then given by
P _| e~ .\ e (5.99)
Py | +e-2L 7 | + 2L
Atx=1,
Po_ e et | 2 (5.100)
Py | +e-2L " | 4e¥l ] il g e-il

It is evident that as L — oo, P; = Py, and P, — P,. Then the beam solution is
obtained.

It is of interest to know the value of L at which P; = 0.99P,,. This value can
be obtained by solving the following equation derived from Eq. (5.100):

2
099=1~———

The result is

coshAL=10o0r AL=5.5 (5.101)
For a material with E=70GPa, G =27 GPa, t=2mm, b =200 mm, and 4 =
100 mm?2, we have A = 0.0108/mm, and then the value of L at which P =
0.99P; is L =490 mm. This length is about 2.5 times the width b of the

flange. At this location, the bending stresses in the stringers obtained from
the simple beam theory are accurate.




PROBLEMS

5.1 A uniform beam of a thin-walled angle section as shown in Figure 5.29
is subjected to the bending M, (M, = 0). Find the neutral axis and bending

stress distribution over the cross-section.

5.2 Rotate the angle section of Figure 5.29 counterclockwise for 45°. Find
the neutral axis and the maximum bending stress. Compare the load
capacity with that of the original section given by Figure 5.29.

*

) ; *

Fig. 5.29 Thin-walled angle section.

5.3 Idealize the C-channel section shown in Figure 5.30 considering the
section will be subjected to (a) axial force only, (b) a bending moment M,,

and (c) bending moment M,,.
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Fig. 5.30 Thin-walled C-channel section.

5.4 Compare the section properties (i.e. [, and I) of the C-channel section

shown in Figure 5.30 with the corresponding section properties for the
idealized structure obtained in Problems 5.3b, c.

5.5 Compare the bending stress distributions between the actual section
shown in Figure 5.30 and the idealized section found in Problem 5.3b if My

=100 kN.m and M, = 0.

5.6 In the idealized structure, section properties such as centroid and
moment of inertia calculations are obtained based on the areas and
locations of the stringers. For each section shown in Figure 5.31, obtain
the centroid and moment of inertia if A = 2 cm?.

5.7 Idealize the following sections (i.e. sketch out the equivalent idealized
section and find the areas for the stringers) shown in Figure 5.32
assuming both sections are subjected to bending moment with respect to
the horizontal axis. Both sections have uniform thickness = t.



a. Find section properties in terms of h, b, and ¢ for the actual and
idealized sections. In your calculation, consider thickness t to be very
small compared to the other dimensions b or h. As such, all higher-
order terms of t can be ignored.

b. Compare the maximum bending stresses in the actual and idealized
two-cell box section. It is given that h =20 cm, b =30 cm, and t =1 cm.

N

Fig. 5.31 Idealized sections with different stringer areas and skin
configurations.

(@) (b)
b b
—— : +
1
—

Fig. 5.32 (a) An unsymmetric open section and (b) two-cell symmetric
closed box section.



5.8 Obtain section properties and bending stresses for the idealized
sections shown in Example 5.2. Compare your results with the actual
sections shown in Example 5.1.

5.9 The stringer-web sections shown in Figures 5.33-5.35 are subjected
to the shear force V, # 0, while Vy = 0. Find the bending stresses in the

stringers for the same bending moment M,. Which section is most
effective in bending?

2A

®

2h

.L
2A

Fig. 5.33 Stringer-web section.



Fig. 5.34 Stringer-web section.
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Fig. 5.35 Stringer-web section.

5.10 Compare the bending capabilities of the two sections of Figures 5.34
and 5.35if M, =0, M, #0.

5.11 Figure 5.36 shows the cross-section of a four-stringer box beam.
Assume that the thin walls are ineffective in bending and the applied
bending moments are

M, = =50 000N cm
M.=20 000N cm

Find the bending stresses in all stringers.
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Fig. 5.36 Thin-walled section.

5.12 Find the neutral axis in the thin-walled section of Figure 5.36 for the
loading given in Problem 5.5.

5.13 Find the bending stresses in the stringers at the fixed end of the box
beam loaded as shown in Figure 5.35. Assume that the thin sheets are
negligible in bending. Find the neutral axis.

5.14 Find the deflection of the box beam of Figure 5.37 using the simple
beam theory.



80cm .I
Fig. 5.37 Loaded box beam.

5.15 Find the bending stresses in the stringers of the box beam in Figure
5.37 for the bending moments given in Problem 5.5.

5.16 A cantilever beam of a solid rectangular cross-section is loaded as
shown in Figure 5.38. Assume that the material is isotropic. Find the
deflections of the beam using the simple beam theory and Timoshenko
beam theory, respectively. Plot the ratio of the maximum deflections of the
two iolutions (at the free end) versus L/h. Use the shear correction factor
k

:'{—1_
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ig. 5.38 Cantilever beam subjected to a shear force P.

5.17 A thin-walled beam of length 5 m long has one end built into a rigid
wall, and the other end is subjected to a shear force V, = 5000 N. The

cross-section is given by Figure 5.30 with h = 0.2 m and the wall thickness
= 0.002 m. The material is aluminum 2024-T3 with E = 70 GPa, G = 27 GPa,
and cross-sectional area of the stringer A = 80 mm?. Assume that thin
walls carry only shear stresses. Find the deflections at the free end using
the simple beam theory and the Timoshenko beam theory. Compare the
transverse shear stresses in the vertical web obtained from the two
theories.

5.18 A 2024-T3 aluminum box beam with a thin-walled section is shown
in Figure 5.39. Assume that thin walls (thickness t) are ineffective in
bending. Find the deflections at the free end using the simple beam theory
for shear loads V, = 5000 N and V,, = 5000 N separately. Solve the same

problem using the Timoshenko beam theory. In which loading case is the
simple beam theory more accurate in predicting the deflection? Explain.



60cm

Fig. 5.39 Box beam with a triangular thin-walled section.

5.19 Consider the structure with a cutout as shown in Figure 5.27. Find
the axial force distribution in stringers 3-4 and 5-6. Assume that both
stringers and webs have the same material properties of E = 70 GPa and G
=27 GPa. Also assume that b = 200 mm, the thickness of the web t = 2 mm,
and the cross-sectional area of the stringer A = 64 mm?. Hint: The zero-
stress condition in the web at the cutout cannot be enforced because of
the simplified assumption that shear stress and strain are uniform across
the width of the web. Use the known condition that the force in the side
stringers is 1.5 P at the cutout.
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6
Flexural Shear Flow in Thin-Walled Sections



6.1 INTRODUCTION

Shear flows in thin-walled sections can be generated by torques or
transverse shear forces. The presence of shear strains along the wall gives
rise to primary warping (in the longitudinal direction), and end constraints
of the structure have significant effects on its structural behavior as
discussed in Chapter 4 and Chapter 5. In this chapter, the shear flow
produced by combined torsional and transverse loads is studied. To avoid
mathematical complexities, the end-constraining effect is neglected in the
analysis presented in this chapter.



6.2 FLEXURAL SHEAR FLOW IN OPEN THIN-
WALLED SECTIONS

Bending stresses in beams with open thin-walled sections subjected to
bending loads can be analyzed using the beam equations derived in previous
sections with excellent accuracy if the beam span-to-depth ratio is large. In
contrast, the transverse shear stresses t,, and t,, are very difficult to obtain.

In fact, for a thin-walled section, t,, and t,,, in general, are not the most

convenient stress components to consider. For instance, it is more
advantageous to set up the s-n coordinate system for the thin-walled section
shown in Figure 6.1. The s-axis follows the center line of the wall, and the n-
axis is perpendicular to the s-axis. Referring to the s-n coordinate system, the
shear stresses can be represented by t,,, and t,,, as shown in Figure 6.1.

Again, using the argument that the wall section is thin and that 7,,, vanishes
on the boundary, we conclude that t,,, must be small, and we may set 7,,, = 0

over the entire wall section as an approximation. Thus, the only nonvanishing
shear stress component is 7, (or simply 7), and a great simplification is

achieved.

6.2.1 Symmetric Thin-Walled Sections

If the cross-section is symmetrical about the y- or z-axis, then [, = 0. For one-
way bending, say V,# 0 and V, = 0, beam equations (3.50)-(2.52) are to be

used. Consider the beam section given by Figure 6.2, which is symmetrical
about the y-axis. We set up the s-n coordinate system as shown in Figure 6.1.
The shear stress 7, is assumed to vanish along the longitudinal edges.

Take a free body cut from the beam as shown in Figure 6.2. The balance of
forces in the x-direction of this free body requires that

[ [ﬂﬁl-_,-rffi = —-q,Ax

‘1
where g, = tt,, is the flexural shear flow on the thin-walled section and A4, is
the cross-sectional area of the free body. Taking limit Ax — 0, we have
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Fig. 6.1 Thin-walled section symmetrical with respect to the y-axis.

(6.1)




Noting that

M.z M
6y = —— and adi V.
Iy dx )
we derive the following expression from Eq. (6.1):
V.
g, = — — [ [:(M (62)
Iy},
a1
V.o
- A

where

Q= [ [Zn"d = A2,
]

is the first moment of area A, and z, is the vertical distance from the centroid
of A, to the y-axis.

Comparing Eq. (6.2) with Eq. (5.55), we note that g, and g, differ by a sign.
This is because the assumed positive directions (g, is positive in the positive

s-direction) of the two shear flows are opposite. The shear flow calculated
according to Eq. (6.2) is the flexural shear flow because it is induced solely by
the bending stress. The resultant force of the shear flow is equal to the
applied shear force V,.

Note that in the foregoing derivation of the flexural shear flow, the horizontal
position of V, is never specified. This is because bending moment M, does not

depend on the horizontal position of the shear force V,. However, this does
not imply that V, can be applied at any arbitrary position if torsional shear
stresses are to be avoided. This subject is discussed further in Section 6.2.



Example 6.1

The beam with the channel section shown in Figure 6.3a is loaded with a
constant shear force V, (V) = 0). The wall thickness is ¢. Find the flexural

shear flow on this section.

Since the section is symmetrical about the y-axis, the flexural shear flow
can be calculated using Eq. (6.2).

Consider an arbitrary section m-m in the upper flange. For this section,
we have

Thus,

V.ths

q, = — ND<s<h

.II.
This indicates that the shear flow is linearly distributed along the upper
flange, and the negative sign means that its direction is opposite that of
the contour s, as shown in Figure 6.3b. The maximum value occurs at s =
b, i.e.
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Fig. 6.3 Beam with channel section symmetrical with respect to the y-
axis.

V.thh
Iy

In a similar manner, the shear flow on the vertical web is obtained as

(q.t';lmnx == = —4q

V.[thh + ts'(h—5"/2)]
I,

g, =

where s’ is measured starting from the top end of the web. The second
term in the numerator in the equation above is the first moment of the
cross-sectional area of the vertical web up to the point s’. At the top of the
web, s’ = 0 and

V.tbh
/,

At the midsection of the web, s’ = h, and

q, = = =4,




V.th(b + h/2) V.th*
= ; =-q- = —q
.

_ 21,
At the bottom of the web, s’ = 2h, and

q; =

q4, = —4q
Again, the negative value of g, indicates that the actual direction of g, is
opposite that of s’
The shear flow on the lower flange can be calculated using the same

counterclockwise shear flow contour. Alternatively, we may choose a new
clockwise contour s” as shown in Figure 6.3a. We have

and

~ V.ths"

q, = 0<s"<b

¥

The shear flow along the lower flange given by the preceding equation is
positive, indicating that its direction is the same as contour s".

It can be verified that the resultant force of the shear flow is equal to V,,.

. J

6.2.1.1 Stringer—Web Sections

For stringer-web constructions such as the one with the cross-section shown
in Figure 6.4, stringers are used to take bending. Often, the web can be
assumed to be ineffective in bending, and its area neglected in the calculation
of Q. As a result, the shear flow between two adjacent stringers becomes
constant.



Example 6.2

Consider a four-stringer thin-walled channel beam with cross-section
shown in Figure 6.4. Find the shear flow distribution on the section.
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Fig. 6.4 Stringer-web section symmetrical with respect to the y-axis.




Assume that A3 = A, and A4 = A;; then the section is symmetric about y-
axis, and the shear flow Eq. (6.2) can be used. Thus, shear flow g;
produced by a vertical shear force V, is obtained as

V.0,

;=
where

i

Qr‘ = Z Ak

k=1
I, =2h"(A; + Ay)
and z,, is the vertical position of stringer 4.

For q,, we have

Q[ —~ A E;I
and thus

V.Ah
C2hE(A, + A,)
V.A,

" 2h(A; + Ay)

Similarly, we have

V.(Ay +A)h V.
T 2h(A, +A;) 2k
V(A b+ Ash=Asxh)

2h° (A, + Ad)
V.A,
T 2h(A, +4y)

Note that the actual direction of the shear flow is opposite that shown in
Figure 6.4.

ifj —

iy = —




It is easy to show that the shear flow can also be expressed as

V.
iv1 =4~ —Zi+1Ai+1
L
where z;,; is the z-coordinate of area 4,, ;.

The preceding result indicates that

V.= -2hg,

and

Z F,=bgy-bg, =0

that is, the vertical resultant of the shear flow must be equal to the
applied transverse shear force V,, and the horizontal resultant force must

vanish as there is no horizontally applied force.

. J

6.2.2 Unsymmetric Thin-Walled Sections

For unsymmetric thin-walled sections under bidirectional bending, the
equilibrium Eg. (6.1) is still valid. However, the bending stress o,, must be

calculated from Eg. (5.30). For convenience, we rewrite Eq. (5.30) in the form

Ty = (-Il H-M; - .IE.'}-:M_\-]‘_T + [:L'M'. - R_'l:M: j: (ﬁ)

where

Iy L. [y (6.4)
1. -1 1.~

- |' » :
¥z

= — yr -

LI.-F. "

-II '

Substituting Eq. (6.3) together with Egs. (5.35b) and (5.35d) into Eq. (6.1),
we obtain

g, = - (kVy =k V.) Q. = (k- Vo= ky2V) O, (6.5)

where



Q.= [ [_nm. 0, = [ [ dA (6.6)
A, A

are the first moments of the area A, about the z and y axes, respectively.



Example 6.3

Consider the stringer-web beam shown in Figure 6.5. Find the shear flow
distribution on this section.

The shear flow produced by combined vertical load V, and horizontal
load V), can be solved by considering these two loads separately. Consider
the applied load V, # 0 and V), = 0. The direction of the shear flow s is

indicated in the figure. The positive direction of the shear flow is
assumed to be the same as that of the contour s. The moments of inertia
and product of inertia of the section are first calculated as
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Fig. 6.5 Stringer-web beam with an unsymmetrical section.

I, =4AR*, I.=2AK, I, = -2Ak

Subsequently, we calculate k, k,, and k,,, according to Eq. (6.4) with the

result
I | L 1
AR T 24RYT T 24K
For shear flow g4, only one stringer is involved. We have

¥

Q,=Ah, Q.= —Ah




and the shear flow is obtained from Eq. (6.5) as

q) = k_x V.0. -k V, Q_m-
=0

For gq,, we have

and

~ 2h

In the same manner, we obtain

g, =0

Of course, in this case, constant shear flow g, can be obtained from the
fact that the resultant transverse shear force must be equal to V,,, i.e.

2hg, = -V,

Again, the negative sign in the equation above indicates that the actual
direction of the shear flow is opposite that assumed in Figure 6.5.

. J/

6.2.3 Multiple Shear Flow Junctions

In multicell thin-walled sections, there are junctions where three or more
shear flows meet. For example, consider the junction of three walls as shown
in Figure 6.6. We have shown that for shear flows produced by a torque,

q3=q,—q, Or g, =g + g, (6.7)

This relation is valid for flexural shear flows produced by transverse forces
for sections without concentrated areas. Relation (6.7) is obvious from the

consideration of balance of force (in x-direction) for the free body of Figure
6.6.



For sections consisting of stringers and thin sheets, the Relation (6.7) is not
valid. Consider the junction of three sheets and a stringer as shown in Figure
6.7. The equilibrium equation in the x-direction is

Z Fy=0:(6g+ Aoy )A—6uA + ¢ Ax— g, Ax—g;4x =0
g3 /

. ds

0/ Y.

g1 op)

Fig. 6.6 Junction of three walls.
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Fig. 6.7 Junction of three sheets and a stringer.

Taking Ax = 0, we have

doy, (6.8)
dx

For example, consider a symmetrical section subjected to transverse force V,,.
We have

gy =¢, +g;—A

M Z. dM, (6.9)

where z,. is the vertical position of the stringer. Substitution of Eq. (6.9) into
Eq. (6.8) yields

V Az (6.10)
Iy

qy =4, + 43—
which is different from Eq. (6.7).

6.2.4 Selection of Shear Flow Contour



In using Eq. to calculate flexural shear flows, it is important to specify the
shear flow contour s since it indicates the assumed direction of the shear
flow. Other than the requirement that a contour must begin from a free edge,
the choice can be arbitrary. For simple sections, such as those shown in
Figures 6.4 and 6.5, a single contour is sufficient, and we may select the
contour to start from either the top free edge or the bottom free edge.

For some sections, it is convenient to set up different shear flow contours for
different portions of the section. For example, consider the wide flange beam
as shown in Figure 6.8. Five contours are selected (see Figure 6.8). Contours
S1, S9, S4, and s5 can be used to calculate the shear flows in the flanges

independently. Contour s; should be considered as the combined contour of
s; and s,. When calculating the shear flow in the vertical web (along s3), the
areas of both top flanges must be included. Using the relation g3 = g4 + g, at

the junction, the shear flow along the vertical web can be calculated by
adding the contribution of the additional area of the vertical web to the shear
flows g4 and g, in the top flanges at the junction.



6.3 SHEAR CENTER IN OPEN SECTIONS

In calculating the shear flow in an open section produced by shear forces,
only the magnitude of the shear force is used. The position of the applied
force in the y-z plane is not specified. However, the flexural shear flow
resulting from the shear force has a definite resultant force location. This
location is called the shear center of the cross-section. The shear center is
sometimes called the center of twist. If a torque is applied about the shear
center, the beam will twist without bending. Conversely, if the shear force is
applied through the shear center, the beam will bend without twisting.

——— S So<
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Fig. 6.8 Five possible contours for shear flow.
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Fig. 6.9 Thin-walled bar with two heavy flanges.

To illustrate the procedure of finding the location of shear center; let us
consider a thin-walled bar with two heavy flanges as shown in Figure 6.9.
Assume that the curved web is ineffective in bending. Consequently, the
shear flow is constant between the flanges, and is obtained as

Y. (6.11)
h

Using Egs. (4.40) and (6.11), it can be easily verified that the resultant R of
the shear flow is gh, which is equal to the applied shear force V,. In fact, shear

flows calculated from the shear flow formulas (6.2) and (6.5) always give the
applied shear forces.

g =



The location of the resultant force R(=V,) of the shear flow g is also the
location of the shear center. The applied shear force V, must be applied
through this location in order to avoid additional torsional deformation.
Assuming that the shear center is at a distance e to the left of the top flange
(see Figure 6.9), and requiring that the moment produced by R(=V,) about
the top flange be the same as by the shear flow, we have

V.e= ﬂq =24 E (6.12)
' h
where
— 1 (h\* 1, 6.13
.-‘-Il_ = EJI’(EI) p— gﬂ'h‘ ( )

is the area enclosed by the curved web and the straight line connecting the
two flanges. From Eq. (6.12), we obtain

24 zh (6.14)

g= — =
h 4
The positive sign of e indicates that the location of the shear center is to the
left of the flanges. Also note that the shear center location does not depend
on the magnitude of the shear force.

In general, the location of a shear center is determined by its horizontal
position and vertical position. The horizontal position is obtained from the
loading condition V, # 0 and V), = 0, and the vertical position is determined

using V,#0 and V, = 0.



Example 6.4

The four-stringer thin-walled channel section of Figure 6.10 is a special
case of the section given in Figure 6.4. Find the horizontal and vertical
positions of its shear center.

To determine the horizontal position of its shear center, we consider the
loading of V, # 0 and V), = 0. The resulting shear flow has been obtained in

Example 6.2. We have

_ V.A,
N = oA, +A,)
_ V.
Ili': = ﬂ
B V.A,
B= A, +A,)

Note that the shear flow direction in Figure 6.10 is the actual direction.

Let the resultant force of the shear flow be R,, which is obviously equal to
V, in magnitude and should pass through the shear center (see Figure
6.10).

The resultant force R, must also produce the same moment about the x-
axis (or any other axis) as does the shear flow, i.e.

R.yse = =y (1) (h) = q2(2h) (y,) = g3 (h) () (6.15)

where

o A|-‘il'
Ye = Al + A

is the horizontal distance between the centroid and the vertical web.
Using R, = V, and the expressions for g4, q,, and g3, we obtain the

distance y.. from Eqg. (6.15) as

o = 2k (6.16)
o A + As




The location y =y, is the horizontal position of the shear center for this

section for the shear force applied in the vertical (z) direction. The
negative sign of y..in Eq. (6.16) indicates that the actual shear center is

to the left of the centroid.
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Fig. 6.10 Shear-flow direction.
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Fig. 6.11 Location of shear force: (a) actual location; (b) shifted to shear
center.

If the shear force V, is applied through the shear center, this shear flow is
the complete response of the structure. If the shear force V, is not applied
through the shear center as shown in Figure 6.11a, then it results in an
additional torque load. As shown in Figure 6.11b, the shear force V, can
be translated to the shear center, resulting in a torque V,d. In such cases,
the shear stresses produced by the torque must be added to the flexural

shear stresses. Since open thin-walled sections are generally weak in
torsion, it is desirable to apply the shear force through the shear center.

To find the vertical position z,. of the shear center, we consider the
section of Figure 6.10 subjected to loading V, # 0 and V, = 0. For this
section kyZ =0, and from Eq. (6.5) we have

g, = —k,V,0. (6.17)
The location of the centroid is indicated in Figure 6.16 with
.."'ll] h
V. = ——————
(A +Ay)
The shear flow is easily obtained from Eq. (6.17):




A;Al-’i’

q = —-kV,A(h-y.) = —kr‘.ﬁ.m = —qq
g, = ¢, —k,V,A2(-y.) =0
A A'ﬁh
43 =42~ Ii;~1.."J.'-f"J"I{ __1|"¢-.‘-| = "E"_'rl"fr it = =4 =4y

' .'r".| +.f".1

The shear flow, after adjusting the sign for direction, is shown in Figure
6.12. The shear flow is seen to be symmetrical with respect to the y-axis.
The resultant R, thus coincides with the y-axis and, consequently, the

vertical location of the shear center is z,. = 0.

A

Simple Rule for Determining the Shear Center

The following rule can be used to locate the shear center for sections
possessing symmetries. If a section (including both stringers and thin webs)
is symmetric about an axis, then the shear center lies on this axis. For
example, the sections of Figure 6.13a, b are symmetrical with respect to the
y-axis and thus z,. = 0.
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Fig. 6.13 Symmetric sections.
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Fig. 6.14 Unsymmetric section.

This cannot be said about the section of Figure 6.14. Although it is considered
a symmetrical section for bending when the thin webs are assumed ineffective
in bending, the shear flow cannot be symmetric about the y-axis because of the
unsymmetric webs.

For sections such as the angle section in Figure 6.13a, the T-section in Figure
4.10a, and cruciform sections in which all walls meet at a single location, the
shear center coincides with the intersection point. This conclusion is easily
reached in view of the fact that all shear flows are straight and meet at one
point.
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Fig. 6.15 Reproduction of shear flow in Example 6.3.




Example 6.5

Find the shear center for the beam with a channel section shown in
Figure 6.3.

The beam is symmetrical about the y-axis. Thus, z.. = 0. To determine the
horizontal position of the shear center, we consider the loading case V, #
0, V, =0 for which the shear flow has already been obtained in Example
6.1 and is reproduced in Figure 6.15b.

Assume that V, passes through the shear center, which is assumed to be
at e, to the right of the vertical wall. Then the moment produced by V,

and the shear flow about any axis (that is parallel to the x-axis) must be
equal. By selecting the axis location at the lower left corner of the
channel, the shear flows on the vertical wall and the lower flange
produce no moment and only the shear flow on the upper flange does.
The shear flow on the upper flange can be written in the form

\]

i = ;fh

The moment of this shear flow about the axis selected is clockwise and is
given by

b 2
hi
2hgds = |
Jo 4

= hbg,

For the assumed loading position (see Figure 6.15), the moment
produced by V, about the same axis is V,e,, which is counterclockwise.

z=y
Hence,
V.e, = —hbgq,
Noting that
_ V.ibh
4 = I,

we obtain




th*h?
l,

i.].'l.' =

The minus sign indicates that the actual location of the shear center is to
the left of the vertical wall. Thus, a fitting sticking out from the vertical
wall may be necessary to facilitate such loading.

-




6.4 CLOSED THIN-WALLED SECTIONS AND

COMBINED FLEXURAL AND TORSIONAL
SHEAR FLOW

Closed thin-walled sections are capable of taking both shear forces and
torques. Shear flows can result from simultaneous applications of shear
forces and torques. In the derivation of flexural shear flows in open sections,
the flexural shear stress t,, (and thus, g,) is zero at the free edges (see Figure

6.16). For closed sections, such as shown in Figure 6.17a, there are no free
edges. We assume that at point O the value of the shear flow is q, (see Figure

6.17b). Thus, the closed section can be regarded as an open section with a
nonzero shear flow at point O. Starting contour s from this point (see Figure
6.17b), we obtain the shear flow g, as

qs = ffi + gy (6.18)

where ¢/ is the shear flow calculated assuming a free edge at point 0. Hence,
the actual shear flow can be considered as the superposition of ¢ (s) and the
unknown constant shear flow g, as depicted in Figure 6.18. The flexural

shear flow q' can be regarded as the shear flow produced by the shear force
in the open section obtained by cutting the wall longitudinally at point O.

(@)

(b)
e, & &,

«

Fig. 6.16 Flexural shear flows in open sections.
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Fig. 6.17 Flexural shear flows in a closed section: (a) closed section; (b)
section with a fictitious cut.

qs(s) q’s(s) do

Fig. 6.18 Superposition of shear flows.

The shear flow g, can be viewed from the front section (positive x-face) or

the back section (negative x-face). Viewed from the front section, the shear
flow g, should produce the resultant shear force equal to V,. It should also

generate the same moment as V, about any axis parallel to the x-axis. Using

the closed section and loading of Figure 6.17 as an example, it is easy to show
that the shear flow g, calculated from Eg. (6.18) yields the resultant force V,

automatically. In fact, it is the shear flow ¢/ that produces the shear force
since the resultant force of the closed constant shear flow g, vanishes. The
remaining condition is the moment equation. Taking moment about the x-

axis, we have
V.-d = 2Aq, + moment produced by ¢/ about the x-axis (6.19)
where 4 is the area enclosed by the shear flow.

Equation (6.19) ensures that the resulting shear flow must produce the same
moment as the applied shear force V,. This equation is used to determine q,.



6.4.1 Shear Center

The shear flow given by Eq. (6.18) may contain flexural shear and torsional
shear if V, is applied at an arbitrary location. If the applied shear force V,

passes through the shear center, i.e. d = y, then the resulting shear flow is
pure flexural shear, which should produce no twist angle, i.e.

|

0=0= — .i}_r’ Js (6.20)
206A )1

Equation (6.19) is used to determine g, in terms of y... The location (y,.) of

the shear center; if not given, is subsequently obtained from solving Eq.
(6.20) by replacing d with y,..

An equivalent problem to that of Figure 6.17 can be obtained by translating
the shear force V, from y = d to y = y. (the shear center) and adding a torque

T=V,(d-y,.) as shown in Figure 6.19. The shear flow resulting from this

torque must be added to the shear flow produced by the shear force that
passes through the shear center.




Fig. 6.19 Added torque due to shifting of the shear force.
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Fig. 6.20 Four-stringer box beam.
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Example 6.6

A four-stringer box beam is loaded as shown in Figure 6.20. Find the
shear center.

Assume the thin sheets to be ineffective in bending. The centroid is easily
identified and is shown in the figure.

As far as bending is concerned, this cross-section is symmetrical with
respect to the y-axis. Thus, I, = 0. The other properties of the cross-

section are given by

3

Iy = SAR
4,
Is = j;‘”i‘"

We first calculate the shear flow ¢’ by assuming a cut (see Figure 6.21) in
the wall between stringers 1 and 2, i.e. ff;tz = (0. The shear flows on other

walls are calculated according to Eq. (6.2) for symmetrical sections. We
obtain

I V:A”“.r J l|r'rr:
a3 = — 1—1 = = Th
Ef’”F
q34 =0
/= V.(2A)(-h/2) _ 2V,
41 = = 3 R -
—Ah~ 3h




2 1 1

< 4
Q12 0 }I I
q'12=0
A [ . A
Q23 Q41 = v -+ v Q23 q41
iy Q34
B o

3 4
Fig. 6.21 Superposition of shear flows.

The resulting moment of the total shear flow q = q’ + g, must be equal to
the moment produced by V,. Taking moment about stringer 1 and using

Equation (6.19), we obtain

V.0 = gyhhh + 2Aq, (6.21)
Thus,
_ | V.
o= — E 23 = ﬁ
The total shear flows are
' V.
di2 =912 t4p = oh
’ .lr"":_
3 =4y t 4y = — 6h
' V.
q3a =4y T4y = 6h
SV.

=EF + gy = —
a1 =y {0 6h

To determine the horizontal location of the shear center, we assume that
the shear force V, is applied through the shear center (assumed to be at




distance e from stringer 1 as shown in Figure 6.22). Then the moment Eq.
(6.21) is replaced by

V.e = ¢h,h* + 2h*q,

Thus,
Vee 4y _ Ve : (6.22)
fm—z’ﬂ 5 —mz(h«r:’m}
A
2 d12 1
) > o V,
« >
7 e
A
q41
qa3y C vy
h
- — >
3
@ - ©
3 Q34 4

Fig. 6.22 Assuming shear force passes through the shear center.

and




V. |
gin=¢qp = E{h + 3e)
V.

i '|-':I = = _.h + 3("]'
3= a
V.
= —(h+ 3e
a1 6h- { )

: (5h + 3e)
4 = 5 |21+ 2é
= 62

Since V, passes through the shear center, the twist angle is equal to zero.
Using Eq. (6.17), we have

9 I h N h N h N h 0
= — [ Giv— +Grr— FGuy— + Gy — | =
5GA h-; fj.’-f 134 ” 141 7

This equation reduces to

G2+ 3 + Q3 + Guy =0

Solving the above equation for e, we obtain

I
.J-=__F
& 2.’

The negative sign indicates that the shear center is located to the left of
the vertical wall between stringers 1 and 5. It is obvious from Figure 6.14
that

._h+ _ h
Ye=3T€=7%

The vertical location z,, of the shear center can be determined in a
similar manner by applying a horizontal shear force V,. The result is zy, =
0, i.e. the shear center lies on the axis of symmetry of the cross-section.

.

6.4.2 Statically Determinate Shear Flow

At any cross-section of a thin-walled beam, the shear flow must result in the
same resultant forces and moment as the applied ones, i.e.



Z F,=V, (6.23a)
Y F.=V, (6.23b)

D M=Vye. +Vee, (6.23¢)

where e, and e, are the distances of V, and V, from the axis about which the

moments are taken. For some sections, the shear flow can be determined
from these equations alone. This type of shear flow is statically determinate.
In this case, the sectional properties (I, I,, and ;) are not involved.



Ve

Example 6.7

Consider a three-stringer single-cell section loaded as shown in Figure
6.23. Obtain the shear flow and vertical location of the shear center.

The three equations on the equivalent resultants are given by
Y Fy=0: hg—hg,=0 (6.24)
Z F.=V.: 2hgy,—hg,—hg, =V, (6.25)

S Mi=Vee,: xhq, = Veey g = g from (a) is used]  (6.26)

Solving the equations above, we obtain

V.e,
gy =y = 3
{1 =12 ah
{H.’i’ + 2{.1.) V.
43 = 3
2rh

If V, passes through the shear center, then the twist angle 6 =0, i.e.

q,(7h/2) + q>(nh/2) + q3(2h)
I I [

=)
This leads to

mh
2+

The negative sign indicates that the shear center is located to the left of
the vertical web.

E’_Il. =




-

1 vz
A
ey h
2 X
h
Y
3

Fig. 6.23 Three-stringer single-cell section.

Thickness of
all sheets=t




Example 6.8

The cross-section of a three-stringer thin-walled beam and the applied
loads are shown in Figure 6.24a. Find the shear flow.

This problem can be solved by first converting the loads into the
resultant shear forces as shown in Figure 6.24b and then using the
method of cutting the closed cell into an open cell to find ¢f.

Alternatively, by recognizing that the shear flow is statically determinate,
we can use Eq. (6.23) to determine the shear flow. Assuming constant
shear flows in the thin-wall segments as shown in Figure 6.25, we have

3Py, = bg,3 — bgj, (6.27)
3P, = —hq, + hg;, (6.28)
2Ph + Pob = 2A,q,, + 2A5q5, (6.29)

The left-hand side and right-hand side of (6.29) represent moments of
the applied forces and the shear flow about stringer 1, respectively. In
deriving the equations above, the relation given by Eq. (4.50) has been
used. Also, the areas A, and A, are

The shear flows q1,, 53, and g3 are obtained by solving the three Eqs
(6.27)-(6.29).
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V,=3P,

Fig. 6.24 Resultant shear forces.

Fig. 6.25 Assumed shear flows.
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Example 6.9

Find the unknown shear flow in the section shown in Figure 6.26 for V, =
10 kN. Given that h =100 cm, area A of each stringers =10 cm?, and Iy =
Ah?,

This is a closed single-cell section. As such, the problem can be solved
using the method shown in Example 6.7. As the shear flow, since g,3 is

already provided, there is no need to make a cut and start solving the
problem as an open section. The shear flow on the remaining skins can
be obtained directly as

VA + Ve + 3V: 5000 + 1458 3542 N/
- — _— e — — L = — 3. -'_ -ITl
N2 I, T T T 42+ o) ’
V. V. 3V. N
Gy = —— —— + ——— = — 10000 + 1458 = —8542 —
- 2h 2h 42+ m)h m
V. V. 3V. N
Gy = — - — 4+ ———— = =5000 + 1458 = - 3542 —
' 2} h 42+ m)h m

Recall that shear flow on any skin depends on the shear flow on the
preceding skin. When a section is open, then the shear flow is zero at the
free end. On a close section, shear flow on any section is not known. For
such a section, Eg. (6.2) cannot be directly applied, and a cut is usually
necessary. In this case, the shear flow g,4is known.




6.5 CLOSED MULTICELL SECTIONS

As discussed in Section 6.4, the shear flow in a single-cell beam can be
analyzed by making a fictitious cut so that it can be treated as an open
section with an existing constant shear flow q. The shear flow q’ is

unambiguously obtained from Eq. for the “open section” subjected to the
applied shear forces. The unknown shear flow g is determined from the

requirement that the moment produced by the total shear flow q’ + g, must
be equal to the moment produced by the applied shear forces.

3V,
N 4@ +x)h

3

Fig. 6.26 Four stringer single-cell closed section.

h 4
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Fig. 6.27 A few possible ways to cut a three-cell box beam section.

The aforementioned procedure can be employed for the analysis of shear
flows in beams with multicell thin-walled cross-sections. For instance,
consider an «-cell section. Make a “cut” in the wall in each cell to make the
entire section “open.” For each cell, a constant shear flow q; (i=1, 2,..., n)

must be added to the shear flow g’ calculated for the open section. It requires
n equations to solve for the n unknowns g;. These n equations are provided

by the n - 1 compatibility equations,

0,=0,=---=0, (6.30)

where 6; is the twist angle per unit length of the ith cell. An additional

equation is provided by equating the moment of the applied shear forces to
the total resultant moment of all the shear flows in the cells.

In making the cuts, no part of the section should be completely cut off. In
setting up the shear flow contours for the resulting open section, it is more
convenient to begin each contour from the cut location where g’ = 0.
Moreover, each wall can be covered by only a single contour. Figure 6.27
shows a few possible ways to cut a three-cell box beam section. Apparently,
the cut depicted in Figure 6.27c is the most convenient because a single
contour is sufficient.



Example 6.10

The two-cell box beam section shown in Figure 6.28 is symmetrical about
the y-axis. Find the shear flow and shear center.

Assume that the sheets are ineffective in bending. The pertinent cross-
sectional property is

I, =2(1 +2+3)(20)" = 4800 cm*
Cut the sheets between stringers 1 and 6 and between 5 and 6, and set up

the contours s; and s, as shown in Figure 6.28. Each contour must start

from the cut (the free edge). The positive shear flow direction is assumed
to be in the contour direction. In the following, g; is used to denote the

shear flow between stringers i and j.

A Vz=4800N
z ty=0.1cm
1 | t1 6 Ilt2 S
[ I ® T @ t2=0.2cm
S 1
0 @ *2 20em A=A =1cm?
t, | — ¢
C d - Ay=Ag=2cm?
S4 20 cm ,
N — —
® > ® ® Ay=Ag=3cm
2 t 3 to 4
Ll
40 cm 40 cm

Fig. 6.28 Assumed cuts and shear flow contours.

Cell 1:




de1 =0 (6.31)
4800

gy = — m{l){i{]) = —20N/cm
Gy = G2~ %“H—EU) =0
Cell 2:
se =0 (6.32)
Gz = — :gﬂm{i{’l}{ﬁﬂ} = —40N/cm
dha = s + s = 300 ()(=20) =0

4800

Ga5 = Gz — M(BJ[ —-20) =60N/cm

The shear flows are completed by adding the constant shear flows g; and
q, (see Figure 6.29) in the individual cells, respectively. The equations
needed for determining g4 and g, are obtained from the moment
equation and the compatibility equation.

Moment Equation

The in-plane moment produced by V, about any axis must be equal to the

in-plane moment about the same axis resulting from the shear flows.
Taking the moment about stringer 1, we have

~ _ (6.33)
V-0 = 24,4, + 22, + ¢y (40)(40) + ¢, (40)(40) + ¢,5(40)(80) — g4 (40)(40)

where

A, = A, = (40)(40) = 1600 cm’

Substituting the numerical values of q:-j- given by Egs. (6.31) and (6.32)
into Eqg. (6.33), we obtain

q) + ¢, = —80N/cm (6.34)
Compatibility Equation
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Fig. 6.29 Constant shear flows to be added to the total shear flow.

The compatibility condition requires that the twist angle of cell 1 must be
equal to that of cell 2. Using Eq. (4.65), we have

40‘![:
[

40q,
' 413
[

_ 40g53
l

_l 40qg +
A,G

_)=

(6.35)

4[}{; 4.;)

I

40g,;
Il

, Hgs4

I

| (40gs,
TG

where El and EE are the areas enclosed by the centerlines of the thin
walls in cells 1 and 2, respectively, and

de1 =4

g =41, +q, =q,—20

G = Gr + 4, = q

o3 =dg3— G + 4 = —40-q, + ¢,
G =G+ 42 =4

Gys = f,l'flﬁ + g, =60+ g,

ds6 =456 + 42 = G

Equation (6.35) is simplified to




10g, =79, = =60 (6.36)
Solving Egs. (6.34) and (6.36), we obtain

g = =-3647N/cm, ¢, = -43.53N/cm
Shear Center

To find the shear center, we assume that the applied force passes through
the shear center as shown in Figure 6.30 The resultant torque of the
shear flow and the torque produced by V, must be equal. Taking the

moment about stringer 1, we have

Viey= Y M,

where )M is the same as the right-hand side of (6.33). Explicitly, the
equation above is given by

V.e, = 3200(q, + q,) + 256 000 (6.37)

AVZ

Fig. 6.30 Applied force passing through a shear center.

By the definition of shear center, we require that




01 =0=gqg + g2 + G233 —Ge3 (6.38)

0, =0= 9s6 , 963 , 934 945 (6.39)
I I I 2

These three equations are sufficient to solve for q4, q,, and the shear
center location e,. The solutions are

g, = —4.44N/cm
g, = —2.22N/cm

ey =51.85¢cm




PROBLEMS

6.1 Find the flexural shear flow produced by the transverse shear force
V,=1000 N in the beam with the thin-walled section given by Figure

6.31.

100 mm
| >
v
vy
+
t
> [ (=2mm
-
g > |
()
(a\|
»> [+t
t
N .

+

Fig. 6.31 Thin-walled section with a side cut.

6.2 Find the shear flow of the wide-flange beam (Figure 6.32) subjected
to V,=1000 N.




100 mm

— 3mm

<+«— 3 mm

100 mm
I

3mm

Fig. 6.32 Section of an [-beam.

6.3 Find the shear center y,,. for the sections of Figures 6.31 and 6.33.

For the four-stringer section (Figure 6.33), assume that the thin sheets
are ineffective in bending.
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Fig. 6.33 Open four-stringer section.

6.4 Find the flexural shear flow in the section of Figure 6.33 for V, =
5000 N.

6.5 Find the shear flow for the three-stringer section shown in Figure
6.34 for V,=5000 N and Vy = 0. Given shear modulus G = 27 GPa, find the

twist angle per unit length. Also determine the shear center. Is the shear
flow statically determinate?

Vz
I=0.1¢m
A-| =A2=A3=100m2
20cm 3
g
VJ/
« -

80cm
Fig. 6.34 Single-cell closed section.
6.6 Do Problem 6.5 for V, = 5000 N and V,, =10 000 N.




6.7 Find the shear flow on the four-stringer section (Figure 6.35)
subjected to V, = 5000 N. Assume that the thin sheets are ineffective in

bending.

—- @1
40cm 4
20cm

P 2 3

80cm

t=0.1cm
A1 =A2= 150m2
A3=A4= 10 Cm2

Fig. 6.35 Unsymmetric open section.

6.8 Find the shear center (y,,, z,.) for the open section in Figure 6.36.



A
A;=A,=10cm?
i=0.1em
h=40cm

Ao

Fig. 6.36 Two-cell closed section.
6.9 Find the shear center of the Z-section given by Figure 5.15.

6.10 Find the shear flow in the two-cell section loaded as shown in
Figure 6.36 for VV,= 5000 N. Given G = 27 GPa, find the twist angle 6.

6.11 Find the shear flow of the structure with the cross-section given in
Figure 6.36 if the vertical force V, is applied at 20 cm to the right of the

stringers. Also find the corresponding angle of twist 6.

6.12 Solve Example 6.9 by assuming cuts on the webs between stringers
1 and 2 and stringers 6 and 3.

6.13 A thin-walled box beam is obtained by welding the cut of the
section shown in Figure 6.31. Find the shear flow produced by a vertical
shear force V, = 1000 N applied at 100 mm to the right of the vertical

wall that contains the original cut.




6.14 Show that the shear center for the section of Figure 6.37 is ata
distance

ala + ab)
(a+b)(1 +a)

e=

to the left of stringer 1.

+ ¢ @
3
« -

Fig. 6.37 Four-stringer thin-walled section.

6.15 Find the shear flow in the two-cell thin-walled section for V, =

5000 N shown in Figure 6.38. Also determine the shear center. Assume
thin sheets to be ineffective in bending.




A=10cm?

sheet thickness=0.1cm

>

20cm

40cm

Fig. 6.38 Two-cell closed section.

6.16 Find the shear flow in the five-stringer thin-walled section
produced by the loads shown in Figure 6.39.

A=10cm?
sheet thickness=0.1cm
h=40cm

5000 N 3000 N
A A
ry
A A
h
Il A Al
4 h :I:

Fig. 6.39 Three-cell closed section.

6.17 A four flange beam section is shown in Figure 6.40. The cross-
sectional area of each flange is shown adjacent to the flange. The
external shear load V=141.14 kN acts in a direction as shown. Find the
vertical and horizontal location of the shear center.



15¢cm 4

) -|

40cm

Fig. 6.40 Unsymmetric four stringer thin-walled open section.

6.18 Find the shear flows in the webs of the beam shown in Figure 6.41.

Each of the four flanges has an area of 6.5 cm?. Find the shear center for
the area.




|- 30cm .IT

Fig. 6.41 Symmetric four stringer thin-walled open section.

6.19 Find the shear flows in the closed single-cell section for ¥V, =5000 N

as shown in Figure 6.42. The area for each stringer is 10 cm? and
thickness of each panel is 0.1 cm. It is given that Iy = 2667 cm?, 1,=10

667 cm*, [, = -2667 cm*,

N Vv,

20cm

L, 40cm J

Fig. 6.42 Unsymmetric three stringer thin-walled closed section.



6.20 Find the shear center Y, for the following open cell section shown
in Figure 6.43. Given that A = 20 cm?, h = 40 cm, I,= 1.54h% cm* I, =
6Ah? cm*,

4

2h

2A

Fig. 6.43 Four stringer thin-walled open section.






7
Failure Criteria for Isotropic Materials



7.1 INTRODUCTION

The modes of failure of a structure can be put in two general categories,
structural failure and material failure. The former is characterized by the loss
of ability to perform the intended structural function. Examples of structural
failure include elastic buckling and flutter. In general, a structural failure may
be attributed to excessive deflections of the structure and may not
necessarily involve breakage of the structure. On the other hand, material
failure usually involves excessive permanent deformation or fracture of the
material. In this chapter, we address the latter category of failure. For
convenience, a state of plane stress is assumed. In addition, only isotropic
materials are considered.



7.2 STRENGTH CRITERIA FOR BRITTLE
MATERIALS

In general, brittle materials exhibit linear stress-strain curves and have small
strains to failure. Their uniaxial strengths can be determined by simple
tension and compression tests. However, to predict failure in the material
under a state of combined stresses, strength (or failure) criteria are needed
in conjunction with these uniaxial strength data.

Many stress criteria for brittle materials have been proposed based on the
phenomenological approach, which is basically an educated curve-fitting
approach. Presented next are two criteria often employed to predict failure in
brittle materials.

7.2.1 Maximum Principal Stress Criterion

Suppose that from simple tension and compression tests, one obtains
ultimate strengths o, and oy (0 is negative), respectively. Now consider a

solid in a state of plane stress, and let o, and o, (05 = 0) be the principal

stresses in the plane. The maximum principal stress criterion states that
failure would occur if

oy = ayr for a6, >0 (7.1a)
0| = Oye for o) < 0

or
oy 2 oyr for o, >0 (7.1b)

01 2 Oye for 07 < 0

This failure criterion basically states that if any of the principal stresses
reaches the ultimate strength, failure in the material would occur.

This failure criterion is presented graphically in Figure 7.1. The line forming
the square box in the 0,-0, plane is called the failure envelope. Any stress

state within the envelope would not produce failure.

7.2.2 Coulomb—-Mohr Criterion

The maximum normal stress criterion does not allow interaction of oy and
0,. However, many experiments have suggested that the presence of o, could



reduce the ultimate value of ;. The Coulomb-Mohr criterion is among
many criteria that attempt to account for the effect of stress interaction.

The Coulomb-Mohr failure envelope for a state of plane stress (o3 = 0) is
shown in Figure 7.2. The envelope is given by the following equations.

First quadrant () > 0,6, >0): &, =6yr, 62 =6yr (7.2a)
Third quadrant (), < 0,6, <0): 6:=6yc, 62=06yc (7.2b)
0
our
ouc out
01
oyc

Fig. 7.1 Failure envelope for the maximum principal stress criterion.
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ucC uTt o4
Fig. 7.2 Coulomb-Mohr failure envelope.
02 o)
Second quadrant () < 0,6, >0) : + — =] (7.2¢)
our  Ouc
- o2 7.2d)
Fourth quadrant(e, > 0,0, <0) : — + =1 (Z.2d)
our OuUC

For a pure shear produced by 0, = -0, (assume that o, > 0), the maximum
shear stressis 7;; = l.,|ﬂ'] — 2| = 7 From Eg. (7Z.2d), we have



_ _ Ourouc
y=0= ————
Suc —ouT

which is the shear stress at failure under pure shear loading.



Example 7.1

A thin-walled tube is made of a brittle material having o, =200 MPa and
oyc = -500 MPa. The mean radius is a = 0.2 m and the wall thickness t =
0.004 m. Find the maximum torque T that the tube can carry.

Under a torque, the state of the stress in the tube is pure shear. The shear
stress T can be obtained from the shear flow g, which is related to the
torque.

We have

T = 2Aq = 2Atr = 2rna’tr (Z.3)

= 27(0.2)* x (0.004) x 7 = 0.0017

It is easy to show that for pure shear, the principal stresses are 0, = -0, =
7. Without loss of generality, we assume that 7 > 0.

According to the maximum principal stress criterion, there are two
possible failure loads, i.e.

T=0|=0yur = 200 MPa

and

T==0)==0yc = 5{-]” r\-"[Pd

It is obvious that

fmax = 200 MPa

Thus, the maximum torque is, from Eq. (7.3),

Tonax = 0.001 70 = 200kN m (7.4)

If the Coulomb-Mohr criterion is used, then the maximum shear stress is
obtained from Eq. (7.2d). We have

fo = = 143 MPa

and the corresponding maximum torque




T = 143kN m (7.5)

The significant discrepancy between the predictions of these two
strength criteria in this example serves to emphasize that the
applicability of these strength criteria may vary from material to material
and that great caution must be exercised in using these criteria.




7.3 YIELD CRITERIA FOR DUCTILE MATERIALS

Many materials exhibit substantial strain before fracture. When stressed
beyond a level called yield stress, the material may exhibit inelastic behavior
as shown in Figure 7.3. Part of the strain produced beyond the yield stress oy

will remain even after stress is removed. This permanent strain ¢, is called

plastic strain. Yielding can be considered a form of failure if no permanent
deformation is allowed in the structure.

For uniaxial loading, the yield stress can be determined from the uniaxial
stress-strain curve, i.e. yielding occurs if o 2 oy. For a state of more complex

stresses, yield criteria are needed to determine whether permanent strains
have been produced.

7.3.1 Maximum Shear Stress Criterion (Tresca Yield Criterion)
in Plane Stress

At the atomic scale, plastic deformation is associated with sliding of adjacent
layers of atoms. This slip action is referred to as dislocation, which is
produced by shearing of the solid. The Tresca yield criterion is proposed
based on the assumption that if the shear stress exceeds the critical value,
then dislocation, and thus yielding, would occur.

Consider a state of plane stress parallel to the x-y plane. Denote 0, and o, as

the principal stresses in the x-y plane, and o3 = g,, = 0. From Chapter 2, we
note that the three local maximum shear stresses are given by

| o |
;|ﬁl—t’f:|- ;|ﬁl—ﬁ3|- §|t’f:—f?3

i i

Let the critical value of shear stress be ty. Then, noting that o3 = 0 from plane
stress, the yield criterion can be expressed as

|61 =02 2 21y (Z.6a)
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Fig. 7.3 Inelastic behavior.
loy| = 21y (Z.6b)
62| > 21y (7.6¢)

Yielding occurs if any of the inequalities above is satisfied.

For simple tension, o, # 0, 0, = 0, we know that yielding occurs at g4 = oy
Substituting o, = oy into Eq.(Z.6a) or (Z.6b), we obtain

Jy = 2!’].*

Thus, the Tresca yield criterion can also be written as

61 = 02| > 0y (7.72)



61| = oy (7.7b)

2| > oy (7.7¢)

The yield surface (envelope) shown in Figure 7.4 is constructed by the
minimum values of the left-hand side of Eq. (7.7). Stresses inside the
envelope produce no plastic strains.

7.3.2 Maximum Distortion Energy Criterion (von Mises Yield
Criterion)

In an isotropic material, deformation can be separated into two parts, i.e.
dilatation (or volume change) and distortion (or shape change). Plastic
deformation resulting from dislocation accompanies distortion but not
dilatation.

From Problem 3.13, we note that dilatation is given by

AV
€)= Ex + '-‘-'-_1.1 + E.. = ? (&]



Fig. 7.4 Yield surface for the Tresca yield criterion.

expressed in terms of stress components as

g0 = JU=2) 29
0= E 0

where

(0. + 0y, + 0.) (Z.10)

fad | —

) =



is the average stress. Equation (7.9) can be written in terms of the bulk
modulus K as

oy = Keg (7.11)
where
E
K=——7—
3(1-2v)
For a state of plane stress, we have

ﬁ:: = U- ['._':: = ""l'.-"'(l.‘_'"_[-,; + l'.-'hl,'lll} (7'12)
Thus, Egs. (7.8) and (7.10) reduce to

g=(1-v) [f.'_m. + E_H.}.)
|
3
The strain energy density (energy per unit volume) associated with the
volume dilatation is given by

o) = (ﬂ".r.'r + ”ﬁ'_r}

l 7.13
W, = —apeg ( )
2
L,
= 5K 0
| 2
= m (n.u' + *'T_t"r)
The total strain energy density for plane stress is
l 7.14a
W= ; (ﬁ.u"-"_r_r + TyyEyy + T.'I"I'T1,_r) ( )

Using the stress—strain relations Eq. (3.102), we have

1 75 5 I, (7.14b)
W=— (.:1“_. + 05 - EMTH.m.T) + —T
2FE X ¥y ALY 2G 0

The strain energy associated with distortional deformation is obtained as



W,=W-W, (2.15)

After some manipulations, Eq. (7.15) can be expressed explicitly in the form

1 (7.16)
W,=—J-
i ZG 2
where
1= g (oum0n) + 4 623 717)

If x and y axes are chosen parallel to the principal directions of stress, then
T,, =0 and J, can be expressed in terms of the principal stresses as

(7.18)

.f3= |:|:!'F|—ﬁ:}l3+ﬁ]l+ﬂ'§j|

o | = | =

(n’f - 0102 + ng)

The maximum distortion energy criterion states that yielding begins if the
distortion energy reaches a critical value W, i.e.

| (Z.19)
Wy=—Jr=W 2
i 26 2 ]

This critical value W, can be determined from substituting the known
yielding condition in simple tension, o,, = oy, into Eq. (7.19). We have

| |
— e !".r'z- = H-"r“
2G 3!
Since W, is a material constant, it can be used in the yield criterion for more
general states of stress. Thus, yield criterion Eq. (7.19) becomes

I, (Z.20)
gy = 3 oy ===
This is also known as the von Mises yield criterion for isotropic materials.

The yield surface is represented graphically in Figure 7.5.

The von Mises yield criterion for isotropic solids in a state of plane strain can
be derived in a similar manner. It can be expressed in the form of Eq. (7.20),



with

l o] ¥ A
Ja=3 [(' v+ )(o1-062) +(1-2w) 010,
Since the Poisson ratios for most isotropic solids are within the bounds of 0
and 0.5, it is not difficult to see from comparing Egs. (7.20) and (Z.21) that

the plane stress J, is larger than the plane strain /, if both o, and o, are

positive (tensile). This implies that it is easier to produce yielding in a solid
under plane stress than under plane strain.

(Z.21)
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Example 7.2

A thin-walled hollow cylinder is subjected to an axial force N, a torque T,
and an internal pressure p,, as shown in Figure 7.6. It is assumed that the

yield stress is oy = 280 MPa, the radius is a =1 m, and wall thickness is t =

5 x 1073 m. Find critical pressure if N = T = 0. Will the critical pressure
change if T =0 but N=5MN.

02

Fig. 7.5 von Mises yield criterion.
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Fig. 7.6 Thin-walled hollow cylinder.

The stresses produced by these loads are uniform over the entire
cylinder. We use a local x-y coordinate system as shown in Figure 7.6 to
describe the stress field. The axial stress o,, is obtained by dividing the

axial force N with the cross-sectional area of the thin wall 2mrat:

" ‘;l‘.lr
Axial stress : o, =
2rat

The shear stress is produced by the torque T. First, calculate the shear
flow in the thin wall. We have

T T
q‘ = ._J—_ = 3 =
2A 2ra-
Then we obtain
i T
Shear stress : 7,, = 1 - ~
: ! 2ma-t

The hoop stress 0, can be obtained by cutting the cylinder into two half-

shells along the longitudinal direction and considering balance of forces.
We have




Pod
Hoop stress : o, = —
v »

If the cylinder is subjected to internal pressure alone, then N =T =0, and,
thus o,, = 7,, = 0. The hoop stress produced by the internal pressure is

P
——— =200p,

II"'r'|"l.'=
. 5x 10

This is a uniaxial stress, and yielding is given by o,,, = 0y. Thus, the value
of po that would cause yielding is

200 p, = oy

from which the maximum internal pressure is obtained.

y = 1.4 MPa

Py =

e (T
200
If N=5MN is also present, then, in addition to the hoop stress, we have
axial stress o, given by

o 5x10°
2z x 1 % 0.005

At the onset of yielding, the stresses o,, = 159 MPa, 0, = 200 p, and 7, =
0 must satisfy the von Mises yield criterion Eq. (7.20), i.e.

= 159 MPa

I'.'r'l.'l.

L, oo , I,
5 (1597 + 40 000p; - 200 x 159 pp) = >0}

or, after simplification,

pi=0.795p,-1.33=0

There are two possible solutions for the equation above, i.e.

f]” i 1.62 MPH, - ﬁ.gz Mpi'.l

We pick the first one because the second solution (-0.82 MPa) represents
a pressure applied from the outside surface. Comparison of this solution
with the solution for the case N = 0 indicates that a tensile axial force
would raise the allowable internal pressure. On the other hand, it can




easily be shown that axial compression would reduce the amount of
internal pressure that is allowed if yielding is to be avoided.




Example 7.3

A round shaft of diameter 1.5 in. loaded by a bending moment M =5000
Ib-in. and a torque T =8000 lb-in, and an axial tensile force, N = 6000 Ibs.
If the material is ductile with a yield strength oy =40 Ksi, determine the

safety factor corresponding to yield using

a. the maximum shear failure criterion

b. the von Mises failure criterion

The factor of safety (F.S.) can be obtained by taking the ratio of the
maximum allowed principal stress and the corresponding principal
stress developed due to loading. In other words,

:'TT”““ ed n.':l]qm ed
ES. = developed = 1I.;1.'c]uputl
:"II'| vl!Tl

Based on the given information related to the shaft geometry and
loading: d = 1.5in, M = 5000 lb-in, T'=8000 lb-in, N =60001b, and o), = 40

Ksi, the developed axial and shear stresses are

N M}.J" _ 6000 N 5000 x 0.75

Oy = — + _ i T = 18.48 Kasi
A l, x(0.75)° 74(0.75)

Tr 8000 x 0.75
fy = o = — 12 = 12,072 Ksi
I 24(0.75)
18.48 I’E.{]?} |
Ksi

12.07 0
The principal stresses are o4 = 24.44 - Ksio, = - 5.96 - Ksi

The state of stress gives s = {

a. Maximum Shear Failure Criterion We have

allowed A
I'Tﬂ l"T' 24.‘4"‘1’ all all
; = -41  o'=-4.1.65

ﬂ-i‘lrl]ﬂ‘-\--.'i.l - o7 - _5{:]{:. -




40

o -6 = o, oy = 51° ~7.84 Ksi
Fs.= % = 185
ey =596 7

b. Von Mises Failure Criterion

(") + (03')* = (o) (@") = (&)’

(=4.1:03") + (63")% = (- 4.1:63") (63") = (o,)°

Fa

rf;" = - ?.TT = —8.54 Ksi Take “~” value since o0, I is a negative value.

ol —8.54
FS.= = = = 1.43
62 —5.96




7.4 FRACTURE MECHANICS

7.4.1 Stress Concentration

Consider a large panel with an elliptical hole as shown in Figure 7.7a. A
remote uniform normal stress o, is applied. If the panel is thin, this problem

can be treated as a plane stress problem. The solution for this problem,
which was obtained by Inglis in 1928, can be found in many books on
elasticity. Of interest is the location where the material is most severely
stressed. From the solution for the stress field, we find that the normal stress
o,, has the maximum value at the ends of the major axis (x = xa):

&l
= d (7.22)
Ty fT{}(l <+ 2{})

The distributions of 0,,, and o,, along the x-axis are shown in Figure 7.7b.

The stress concentration factor K, is defined as

Ko=22=1+2% (7:23)
) .‘1?

For a circular hole, a =b and

K, =3

Apparently, for elliptical holes with a > b, the stress concentration factor is
larger than 3. In fact, theoretically, K, — o0 as b/a — 0.

The presence of stress concentrations in a material may cause premature
failure. If the material contains defects such as elliptical holes, its strength
definitely would depend on the magnitude of stress concentration resulting
from the defects. Our ability to predict failure of the material evidently relies
on our understanding of the results of these defects.
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Fig. 7.7 (a) Large panel with elliptical hole; (b) stress distributions along the
X-axis.

7.4.2 Concept of Cracks and Strain Energy Release Rate

Many defects and damage in materials and structures have the form of a
crack. An ideal crack (or Griffith crack) can be viewed as the limiting case of
an elliptic hole with the minor axis b — 0. This limiting case results in
unbounded stresses at the crack tip. As a result, stress-based failure criteria
such as the maximum principal stress criterion and the Coulomb-Mohr
criterion are not suitable for failure prediction for structures containing ideal
cracks because of the singular stresses.

Griffith was the first researcher to propose an energy balance concept to
determine whether a crack would grow or not. The growth of the crack
signifies the onset of failure.

According to Griffith's argument, new crack surfaces are formed during crack
extension; the creation of crack surfaces requires a supply of energy from the
system (applied forces and the material). When the supply meets the
demand, crack growth is realized.



In order to put Griffith's energy concept in mathematical terms, let us
consider a panel of thickness t with a crack at an edge as shown in Figure 7.8.
Assume that the crack extends the amount da after the load reaches P.
During the crack extension, the load is kept at the constant value of P and
thus the deflection increases by dé. In the load-deflection curve, this process
is represented by the line segments AR and B in Figure 7.9. Subsequently,
the load is gradually removed as indicated by the line (4. Thus, during the
cycle of loading-crack extension-unloading, the energy released from the
structural system is represented by the area enclosed by ABCA. The amount
of energy released, denoted by dW,, can be expressed as

(2.24)

I
dW, = 3Pd€5 = —Plo-6;)

Fé

Fod |

Fig. 7.8 Panel with an edge crack loaded in tension.
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Fig. 7.9 Load-deflection curve of Figure 7.8.

The energy released from the structural system (including the applied loads)
provides the energy needed to form the newly created crack surfaces during
the crack extension. Note that the strain energies stored in the panel before
and after crack extension are given by

U, = =Pé

o | —

and

|
U1= —P{iﬁ
7 2

i

respectively. The increase in strain energy in the structure after crack
extension is



1
dU = U,-U, = =P(6,-4) (2.25)

i

Comparing Egs. (7.24) and (7.25), we have

dW. =dU

This says that the amount of energy released, dW,, during crack extension of
da is equal to the gain of strain energy in the panel.

It is more convenient to quantify the energy released by normalizing with
respect to the crack surface created by da, i.e.

G= dW, _ 1 dU (7.26)
tda 1 da

where t is the thickness of the panel and G is called the strain energy
release rate (energy/area) per crack tip.

7.4.3 Fracture Criterion

It is our interest to determine whether the crack would grow (or extend)
under a given loading condition. A crack growth criterion is derived based on
the energy balance concept (the Griffith criterion), which states that if

G > G, (2.27)

then the crack would grow. The critical value G, is called the fracture

toughness of the material and is a material constant. The fracture toughness
G, can be regarded as the energy per unit area (per crack tip) needed to form
fracture surfaces. If the applied load produces a G that is always larger or

equal to G, then crack growth would not stop and catastrophic failure would

occur in the structure member. The fracture criterion Eq. (7.27) is different
from the strength criterion in that it assumes the presence of a crack.

7.4.3.1 Strain Energy in Structural Members

From Eq. (7.26), we note that the strain energy release rate of a crack in a
structure is related to the rate of change of the total strain energy in the
structure with respect to crack length. It is then useful to review some of the
strain energy expressions in structural members.

7.4.3.2 Axial Element



In an axial element of a uniform cross-section, the axial stress is o,, = P/A

where P is the total applied axial force, and A is the cross-sectional area.
From the strain energy density function Eq. (3.96), we have

1 | o> (7.28a)
W= Eﬁ.r.rf.r.r = E?
= -N m/m’
2EA-
The total strain energy stored in an axial member of length L is
o v
P-L (Z.28b)
U= | WAdx = e
Ji EEA
7.4.3.3 Beam Element

For beams of a symmetric section subjected to a bending moment M about
the y-axis, the bending stress is given by

Mz
{

The strain energy density can be expressed in the form

Oy =

3

o _ M 2

2E  2EP

The strain energy per unit length of the beam is obtained from integrating
the strain energy density over the cross-section, i.e.

M* [ 7.29
[ [W dA = — [ [ dA (229)
J. 2EI° ),
A A
ME
2E]
Since bending moment M may be a function of x, the total strain energy
stored in the beam is obtained by integrating Eq. (7.29) over the entire
length. We have

W=




T m? (7.30)
dx

U= :
Jo 2EI

7.4.3.4 Torsion Member

For a bar of a solid circular section, the shear stress 1 is related to the torque
T as

Using the shear stress-strain relation

r =Gy
the strain energy density is obtained from Eq. (7.14) as
| T (7.31)
V==17= = 5
2 26 2GJ-

in which G is the shear modulus. The total strain energy stored in the bar of a
circular cross-section and length L is

(7.32)

o [frave (| fpe)

Vv

= [ [[: dA | dx
2GJ°

-

T“L
2GJ

For a thin-walled bar of single closed section, the strain energy stored in the
bar of unit length is given by Eq. (4.66). For a bar of length L, the total strain
energy is

L k’;ql (7.33)

=356¢T



where the contour integration is along the center line of the wall.



Example 7.4

Consider an equally split beam loaded as shown in Figure 7.10. Find the

expression for the energy release rate.

There are three beam segments, among which segment 3 is not loaded
and has no strain energy stored. Because of symmetry, beams 1 and 2

have the same amount of strain energy.

P A

&
RO

Fig. 7.10 Loaded split beam.

Consider beam 1. The bending moment is

M = Px
and the strain energy stored in the beam is
a Aq? a p2,2 P23
U = — f_\‘,’ — j'_-r [ J——
| .L. 2EI ,L. 261 T 6l

where




th’
j= "
12

is the moment of inertia of beam 1 (and beam 2). The total strain energy
stored in the entire split beam is

P a? B Pa’
6EI ~ 3EI

from which we obtain the strain energy release rate

L‘r=U|+L'r:=2

ldU  Pa?
G _ _-E _ il
t da tEl

Suppose that the crack would start to grow at P = P; and a = a;. Thus,

B ,P]lﬂ]l (7.34)
© El
If a, = 2a4, then the P, required to grow the crack is
_Piad APi(ay)’ (2.35)
" GEl  iEl

Note that b = L - a is not a constant. Comparing Egs. (7.34) and (7.35),
we conclude that

|
Pl = ;P[

i

That is, it takes half the load to grow the crack if the initial crack size is
twice as large.

Of course, the conclusion above may not be true for other loading and
structural configurations. For instance, if the transverse loads are
replaced with two constant moments M, the strain energy release rate

can readily be obtained as

_ Mo
tEl
which is obviously independent of crack length.
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Fig. 7.11 Split beam subjected to horizontal forces.
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Example 7.5

Consider the split beam of Figure 7.11. Find the expression for the energy
release rate.

Change the loads to horizontal forces as shown in Figure 7.11. In this
case, segments 1 and 2 are both subjected to an axial force P, and
segment 3 is subjected to a bending moment M = Ph produced by the pair
of axial forces. The strain energy stored in segments 1 and 2 are
computed using Eq. (7.28b), i.e.

P’a Pa (7.36)
U, = . U=
' T 2FA, * 7 2FEA,

The strain energy stored in segment 3 is obtained using Eq. (7.30).

L 2.2

(Ph) P-h~b (7.37)

Us = I =
3 [ 26L T 2EnL

The total strain energy in the split beam is

il

2q  (Ph)’ 7.38
U=U,+ U+ U;= { a + ”h] b (Z.38)
- EA 2E I

where A, = A, = thand I5 = t(2h)3/12.

Before differentiating Eq. (7.38) to obtain the strain energy release rate,
we should recognize the fact that b =L - a is a function of a. In view of

this, we have
G ldu _ 1/ P P’ i’
"Ttda ~ t \EA, 2EL

Consider the case in which the axial forces applied to segments 1 and 2,
respectively, are in the same direction. For such a loading condition,
segment 3 is under an axial force of 2P. The total strain energy in the split
beam becomes

_ Pa {ZP'J:!J _ PPa 2P*(L-a)

U= + = +
EA, 2FEA, EA, E(2A,)




It is easy to verify that

LdU
tda
This implies that the crack cannot be propagated under such loads.

0

.




7.5 STRESS INTENSITY FACTOR

Within the framework of linear elasticity, stresses near the tip of an ideal
crack in a panel subjected to in-plane loads are singular. In fact, the singular
stress field near the crack tip has a known functional form.

7.5.1 Symmetric Loading (Mode | Fracture)

If the loading and geometry of the cracked structure are symmetric with
respect to the crack surface (e.g. Figure 7.12), then the singular stress field
(for both plane stress and plane strain) has the following form:

K I 1 3
Oy = ~L_cos ~0 1 sin ~@sin =0
v 2nmr 2 2 2

(7.39a)

K I 1 .3 |
Gy = J,[_ cos ;H(I + sin ;Hsin ;H) (7.39b)

\ 2nr 2
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Fig. 7.12 Symmetrical loading and geometry of a cracked structure.



= ==

¢ 2a g

Fig. 7.13 Polar coordinates with the origin at the crack tip.

Ky .8 @ 3 (7.39¢)
SIN — COs — cos =0
V2mr 2 2 2
where r, 0 are polar coordinates with the origin at the crack tip (see Figure
7.13). The factor Kj is called the stress intensity factor for mode I fracture

whose value depends on the load and geometry of the cracked structure. The
unit of stress intensity factor is Pa /m.

Tn_r =

For an infinite panel containing a center crack subjected to remote uniform
load o, (replace the load in Figure 7.12 with a uniform load o), the stress

intensity factor is

K= {'Tuy"lﬁ (7.40)

However, if the uniform remote stress o, is applied in the direction parallel to

the crack surfaces (i.e. in the x-direction), then a uniform state of uniaxial
stress o,, = 0 is produced and there is no singular stress field near the crack

tip. Consequently, K; = 0.

For cracked bodies of finite dimensions under arbitrary (but symmetric)
loading, stress analyses must be performed (often numerically) to obtain the
stress intensity factors. For example, for a center-cracked panel of width w
subjected to uniform load o (Figure 7.14), the stress intensity factor is given

by



Ky = Yoo/ ma

where Y is a width correction factor. There are many approximate correction
factors for different loading conditions and geometries of cracked bodies.
They can be found in many books on fracture mechanics or handbooks
dedicated to stress to stress intensity factors. For a long rectangular panel
with a finite width w, a few approximate width correction factors are given
below.

(47
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Fig. 7.14 Center-cracked panel under uniform tension.
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Note that, for w>> a, Y~ 1, and Kj reduces to that of the infinite panel.

Along the crack plane ahead of the crack tip (6 = 0°), the stresses are given by

- K, (7.41a)
Y 2ar

oo = K, (7.41b)
§ v 2mr

Toy = 0 (7.41c)

Of interest is the crack opening displacement v(x) along the crack surface.
For the infinite panel subjected to uniform normal loading o, the

displacements at the upper and lower crack surfaces are symmetrical. Thus,
only the displacement on the upper crack surface needs to be described:

p= KH 'E)L' v Jaoe (2.42)

where

3 —4vfor plane strain (7.43)
k=4 3-v

—— for plane stress

1 +v

Explicitly, the plane stress crack opening displacement at the upper surface is

2
V=200V ar —x? (Z44)



In Egs. (7.42) and (7.44), the origin of the x-axis is located at the center of the
crack as shown in Figure 7.18.

Although the near-tip stresses given by Eq. (7.39) are not the actual stresses
in the cracked structure, they are dominant near the crack tip and thus
control crack growth. Also note that these near-tip stresses are in direct
proportion to the stress intensity factor K;. Intuitively, one would expect K to

be a good parameter for determining onset of crack growth (i.e. fracture).

7.5.2 Antisymmetric Loading (Mode Il Fracture)

Another mode of fracture is mode II fracture associated with loading that is
antisymmetric with respect to the crack surface. Shear loading as shown in
Figure 7.15 is a mode Il fracture problem. In terms of the polar coordinates
shown in Figure 7.13, the singular stress field near the crack tip is obtained
as

O = — \;[?[-" sin g (2 + COos g cos ;H) (7.45a)
To
- . . -
A
{3
y 0
) A
-+ 2al+
3 A\
A
- - ~ ~

Fig. 7.15 Antisymmetric shear loading.



Kn g 0 3 (7.45b)

Oy = sin — cos — cos =0
T N2mr 2 2 2
K 7 .60 3 7.45
Tyy = "1 cos~ [ 1-sin~sin=@ (745¢)
\ 2Ir 2 2

where K|; is the mode II stress intensity factor.

For an infinite cracked panel subjected to a uniform shear 7 as shown in

Figure 7.15, K}, = 7(+/7a. Note that along the x-axis ahead of the crack tip (6
= 0°), we have

Oxx = Oyy = 0 (7.46a)
- K (7.46b)
x . By

where r = 0 is located at the crack tip.

The displacements on the two crack surfaces are antisymmetric with respect
to the x-axis. For the upper crack surface, we have

k+1)(1+v = 7.47
= { j.& j nvda —x ( )

y=10
Thus, under antisymmetric loading, the crack surfaces do not open. Rather,

they slide against each other. This is why mode II fracture is also referred to
as the sliding mode of fracture.

7.5.3 Relation between K and G

Consider an infinite panel of unit thickness subjected to uniform tension.
Figure 7.16a shows the uncracked panel, and Figure 7.16b shows the panel
with a crack of size 2a.

The total strain energy released from crack size 0 to crack size 2a can be
calculated by a reverse process called the crack closure method. The
argument is as follows. Before the crack appears, the stress field is uniform,
and 0, = 0 everywhere in the panel. To return the cracked panel to its

original uncracked configuration, work must be done. The amount of work
necessary to close the crack is equal to the energy released during crack



growth from 0 to 2a. Since the original stress is 0,, = 0y, to return to the

original state of stress (in the uncracked panel), we need to use this stress to
close the crack opening displacement v, which is given by Eq. (7.42). Thus,
the total energy release during crack growth from 0 to 2a is given by

(a) (b)

CEEttrr e

- 2a 22
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0o

Fig. 7.16 (a) Uncracked panel; (b) panel with a crack of size 2a.

{1 ]
Wila) = 2[ Eﬂ-‘m‘c.".t’ (7.48)

where the factor 2 accounts for the two crack surfaces. Since v is an even
function, we can write

v

W,(a) = 4[ Joovd (2.49)
J10)



Substituting Eq. (7.42) into Eq. (7.49), we have

2 V(1 +v) [ . 7.50
Wila) = oolK + ;( +v) va*—=xtdx ( )
Jo
= oy(k + 1)(1+v) X va? -2 + luz sin ' 2 “
E 2 T2 al,
B moga® (k+ 1)(1+v)
- 4E

The strain energy release rate (per crack tip) for mode I is

. _ LW, (2.51)
1= 27 9a
moga(k + 1)(1 +v)
a 4E
K’f{x+ L)1 +v)
N 4E

In Eq. (Z.51), the 1 factor accounts for two crack tips in the panel.

Using the definition of x, we can easily show that for symmetric (mode I)
loading,

Ki 7.52
G = II for plane stress (Z.52)

and

=, : 7.53
Gy = TK,‘ for plane strain (7:53)
Following the same procedure, we can derive the strain energy release rate

for antisymmetric (mode II) loading. We have

ST ane stress
G = T for plane stress

(7.54)

and



-
| —v*

. _ 7.55
Gy = o K; for plane strain (Z.22)

either uniform normal stress o, or shear stress t, they are valid for finite
dimensions and arbitrary loading. Of course, in general cases, K; and K;; must
be solved for the specific problem.

In general, it is difficult to analyze the near-tip singular stress field to obtain
stress intensity factors. On the other hand, for some structures, such as
beams, the energy release rate can be evaluated rather easily using the
simple beam theory. The corresponding stress intensity factor can be
obtained using the G-K relation. The accuracy of such an approach obviously
depends on the accuracy of the simple beam theory used in calculating the
strain energy. For short beams or beams of thin-walled cross-sections, the
Timoshenko beam theory can provide a better description of deformation in
the beam (as discussed in Chapter 4) and, thus, a more accurate strain
energy release rate.

In view of these relations, the fracture toughness of a material can be given
by either G, or K.



Example 7.6

Consider the split beam of Example 7.4. Find the critical load if
K. = 24 MPa,/m.

[t is obvious that the loading is a symmetric (mode I) loading. Assume a
plane strain fracture condition so that

-

| =v~

Gy = — K
E
Since the strain energy release rate for the split beam is
~ !J:H:
' E
we have
3 E P4’ P’
Ki= —" " =~ °
| —v= tE] (1=v )il
Thus,
[
Ki=Pa | ———
‘l‘II [I e 'l"‘“f

Suppose that the split beam has the following dimensions:

h=1x10"2m, r=2x10"" ma=5x10"" m

If the fracture toughness of the material is

K. = 24 MPay/m
then the critical load P, that would cause fracture (crack extension) is
obtained using the fracture criterion, i.e.

|
K= e”t-ru\‘."—
|I {l -

= K.
v :




Solving the equation above for P_. and substituting the numerical values
of the beam dimensions together with v = 0.3, we obtain

K
Py = —% wl—x )il = 2640 N

It is easy to verify that a Spllt beam of a material with K;. =34 MPa ,/m
could withstand the same load with a =7.08 cm.

.




Example 7.7

A box beam of a rectangular thin-walled section is subjected to a
counterclockwise torque as shown in Figure 7.17. Find how much torque
this section will sustain before fracture.

The material is brittle, and the wall material has a toughness equal to K,

=5 MPa \/ﬁ . After a period of service, a through-the-thickness crack

appears in the top panel. The crack makes an angle 45° against the z-axis.
Because of the crack, the torque capacity of the box beam will be
reduced.

Assume a = 0.01 m. Cut out the 1 m x 1 m panel that contains the crack.
This panel is subjected to a pure shear loading as shown in Figure 7.17b.
It is easy to show that the principal stresses are 0, = T and 0, = -7, and

the corresponding principal directions make 45° and —45° against the x-
axis as shown in Figure 7.17c. In terms of 04 and o0, as loading, we

recognize this as a mode I fracture problem.

Since o, is applied parallel to the crack surface, it does not open the crack

surfaces and does not contribute to the near-tip singular stresses. Hence,
o0 is the only loading that is relevant to fracture of the panel.

We note that the size of the isolated panel (Figure 7.17c) is large
compared with the crack size. Thus, the stress intensity factor K; can be

approximated by that for an infinite panel, i.e.

K| = a 1.,;"’H=U.|?TT

The maximum shear stress 7., is reached when K| = K;.. We obtain

Ili"(]:'
Max — e = 28.2 MP:
fmax = 0177 ¢




Wall thickness
0.5m t=0.005m

Fig. 7.17 Box beam of a rectangular thin-walled section subjected to
torque.




The torque capacity of the cracked box beam is

T = Eﬁq = 2A1 T inax
=2x05x0005%x28.2=0.14MN m

. J/

7.5.4 Mixed Mode Fracture

For general crack geometries and loading, both modes of fracture are
present. One way to separate these modes is to separate the loading into the
symmetric part and antisymmetric part. If the cracked body is symmetric
with respect to the crack surface, then the symmetric part of loading
produces K; (or G;) and the antisymmetric part, Kj; (or Gyp). Such

decomposition is illustrated with a split beam subjected to a transverse load
P as shown in Figure 7.18.

Under mixed loading, both K; (G;) and Kj; (Gy) contribute to fracture. There

are a number of mixed mode fracture criteria available, none of which,
however, stands out as the best for all materials with various properties. The
following criterion has been shown to fit test data for many materials quite

well:
(ﬁ)l+(ﬁh)l_ (7.56)
K. K
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Fig. 7.18 Separation of fracture models.



7.6 EFFECT OF CRACK TIP PLASTICITY

A beginner in fracture mechanics is often bothered by the singular stress
field near the crack tip. Of course, the stress singularity exists because of the
use of linear elasticity theory in the stress analysis. In reality, the material
near the crack tip yields at a finite stress. The region in which yielding occurs
is called the crack tip plastic zone. If the plastic zone is small, then the
plastic zone size has a unique relation with the stress intensity factor of the
elastic singular stress field and the corresponding critical stress intensity
factor K, (fracture toughness) can still be used to characterize fracture

toughness with some adjustment of the crack length. Since the value of K_. is

measured experimentally, the influence of plasticity on the resistance of
crack growth in the material is reflected in the value of K,.. This is a simple

extension of linear elastic fracture mechanics for applications in materials of
moderate ductility.

The development of the plastic zone near the crack tip depends on the yield
strength and thickness of the material. In general, the stress field near the
crack tip in thin plates can be approximated with a two-dimensional plane
stress solution, while for sufficiently thick plates, the plane strain solution is
a closer approximation. From Egs. (7.20) and (7.21), it is noted that for the
same in-plane stresses o,,, Oy and Ty yielding conditions under plane stress
can be satisfied more easily than under plane strain. This indicates that the
plastic zone size near the crack tip in thin plates is greater than that in thick
plates. Since a larger plastic zone at the crack tip dissipates more energy as it
moves along with the crack tip during crack growth, a larger crack tip plastic
zone provides a greater resistance to crack growth. Indeed, experimental
results have confirmed that thinner cracked specimens have high fracture
toughnesses than thicker specimens, as depicted in Figure 7.19. The
mechanisms that cause the thickness dependency of fracture toughness are
quite complicated and there is no simple physics-based model that is capable
of predicting this thickness effect. In general, fracture toughness approaches
a constant value as the specimen thickness reaches a certain level. This
constant toughness is the plane strain fracture toughness of a material and
is denoted by K;. Table 7.1 lists values of K. of some metals.



Thickness

Fig. 7.19 Dependence of fracture toughness on specimen thickness.



Table 7.1 Material properties of aluminum and steel alloys.
Source: Data from N. E. Dowling, 1993.

Material Plane strain Yield oy Ultimate Ultimate
toughness K;. (MPa (MPa) stressoyr elongation &y
vm) (MPa) (%)

Al alloys

2024- 24 415 485 13

T651

2024- 34 325 470 20

T351

6061- 34 275 310 11

T651

7075- 29 505 570 12

T651

Steel

AISI 66 540 840 5

1144

AISI 110 1090 1150 14

4130



" Elastic stress

1\\‘/%/: K

X
Effective crack tip

Fig. 7.20 Plastic zone at the crack tip.

When plastic deformation occurs near the crack tip, stress becomes finite
and the elastic singular stress field no longer exists. Consequently, stress
intensity factor is not available for characterizing fracture toughness. New
parameters are thus needed for quantifying fracture toughness for ductile
materials. However, for moderately ductile materials a crack length
adjustment method credited to Irwin et al. (1958) renders the singular
elastic stress field (the K-field) valid beyond the plastic zone. Irwin
considered the elastic-plastic stress field near the crack tip as shown in
Figure 7.20. By shifting the crack tip position to a fictitious position with a
distance r, (see Figure 7.20) and considering the balance of forces for the




free body of the upper half-space above the crack, he estimated the plastic
zone size (2ry) to be

Ki (Z.57)

.
2noy

ff, —

for plane stress states. Following the same procedure, the plastic zone size
under plane strain is

» Ki 7.58
r, = “ _ 21’JL I (Z.58)

-
2noy

Since the values of Poisson's ratio are around 0.3 for most metals, it is
evident that the plastic zone size is much greater under plane stress than
that under plane strain.

Define an effective crack length as

deff =a+1r, (7.59)

Then the elastic singular stress o), along the crack plane associated with this
fictitious crack of length a is able to describe the stress reasonably well
beyond the plastic zone as long as r,/a < 0.1 (Sun and Wang 2002). Thus, the
corresponding stress intensity factor Kj(a.¢) can be employed to characterize
the opening stress 0, near the crack tip, and the critical value K, may be
used to quantify fracture toughness. Since a. depends on r,, which in turn
depends on K; and K; depends on a, the calculation of K; (a.¢) needs a few
iterations. However, for most materials, r, calculated from Eq. (7.57) or
(Z.58) using K; based on the original crack length should be able to yield a

reasonable a ¢ and a K (aq¢)-

In applying the Irwin's plastic zone adjustment method described above for
determining fracture toughness, care must be exercised in making sure that
the crack tip plastic zone does not interact with the boundary of the
specimen. If the plastic zone gets too close to the boundary, its size and shape
are affected by the boundary conditions and the K-field assumption adopted
in the derivation of this method is no longer valid. This is why large
specimens are often required for fracture toughness testing of materials that
exhibit ductility. Without observing this restriction, the values of K,

determined with this method will depend on the specimen size.



e

Example 7.8

A large metallic sheet with a center crack of length 2a is used for testing
fracture toughness K. The yield stress of the metal is 400 MPa, and the

fracture toughness of the sheet is estimated to be about 70 MPa ,/m. Find
the minimum crack length for the test.

The largest plastic zone size occurs when K; = 70 MPa /m. Using Eq.
(7.57), we have

rp = 4.9 mm

Thus, the half physical crack length should be at least 49 mm.

.




7.7 FATIGUE FAILURE

Under repeated (cyclic) loads of magnitudes below the static failure load, a
structure may still fail after a number of cycles of load application. This
failure is called fatigue failure, and the “duration” (or fatigue life) that the
structure endures up to failure point is measured in terms of number of
cycles of load application.

7.7.1 Constant Stress Amplitude

The simplest cyclic loading is one that varies between the maximum stress
Omax and the minimum stress o,,,;,, as shown in Figure 7.21.

The following are terms often used in the study of fatigue behavior.

o

Fig. 7.21 Simple cyclic loading.

Stress range : A6 = Opax — Onmin
| | I

Stress amplitude : oa(orS,) = 5 Ao
Mean stress : O = E {ﬁ:n:l;l.'\ + ‘-‘Tl:nin]

- v o - * — /
Stress ratio : R = Opin/ Omax

. > ife - - " cveles ‘ .
Fatigue life N y = number of cycles to failure

Note that the quantities above are related, i.e.



Omax = O + 04
Fmin = Fm — Oy

Ao = III"-"'rn.-uzu.'{l _R}

Oy = ;”nmx“ + H}

4

Thus, the cyclic load can be given in various ways. For example, the loading as
depicted in Figure 7.21 can be given by specifying o,,., and o,,;,, 0,and o,,,
Omax and R, and so on.

max

7.7.2 S—N Curves

Constant amplitude (with different mean stresses) fatigue tests are often
used to evaluate the fatigue properties of a material. The results are plotted
in stress amplitude (o, or S,) versus cycles to failure Nz This is the S-N

curve. A typical S-N curve is shown in Figure 7.22. Similar curves can be
obtained by plotting o,,,, or Ac versus Np

For some materials, there may exist a stress amplitude below which fatigue
failure does not appear ever to occur. This stress level is called the fatigue
limit or endurance limit. If a structure is designed to last for a specified
number of cycles (Ng), the S-N curve can provide the allowable stress.

7.7.3 Variable Amplitude Loading

Consider a fatigue loading consisting of m stress amplitudes, say, 6,1, 0,7, .-
o,n For each stress amplitude o,; the number of loading cycles is N;. The

Palmgren-Miner rule is often used to estimate fatigue life under such
loading. The Palmgren-Miner rule is based on the assumption that for each
stress amplitude o,; applied for N, cycles, the total fatigue life is depleted by

the amount (percentage of total fatigue life under o,;)

N;
Nii
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Fig. 7.22 Typical S-N curve.

Fatigue failure occurs if 100% of the fatigue life is consumed, i.e.

N N
F2 =
Npg Np

or

i Ny _ | (7.60)

Mainly because of its simplicity, Palmgren-Miner's rule has been widely used
for estimating fatigue life of structures under variable amplitude loading.
However, experimental results indicate that this formula often produces
predictions that are not accurate and are not necessarily on the conservative
side.



7.8 FATIGUE CRACK GROWTH

Fatigue damage often appears in the form of cracks. If the crack reaches a
critical length at which the stress intensity factor or the strain energy release
rate is equal to the critical value K. or G, (the fracture toughness), then

catastrophic failure would occur. Fatigue damage can be considered to have
two parts, namely, the crack initiation part (formation of cracks) and the
crack propagation part. Accordingly, fatigue life is composed of the number of
cycles of load application until a detectable size of crack appears and the
number of cycles of subsequent load application until the crack grows to the
critical length.

Another approach to fatigue failure is to assume the presence of flaws
(cracks) in the structure before it is placed in service. Such flaws could be
produced during manufacture of the material, forming, or machining of the
structural part. With a realistically assumed flaw (crack) size in the structure
at the most critical location, fatigue life can be estimated purely based on
crack growth. We are interested in determining the crack growth per cycle of
load application, da/dN, under mode I loading. Since the singular stress field
at the crack tip is proportional to the stress intensity factor (see Eq. (7.39)), it
is reasonable to assume that the crack growth rate (da/dN) is a function of
the stress intensity factor K;j or the range of stress intensity factor AK; in the

case of cyclic loading, i.e.

i}
- = Jf[ﬁll'-r:h AK = Km:n - Km'm (761)
dN =



Fig. 7.23 Typical experimentally obtained crack growth curve.

where, for simplicity, K is used to denote Kj. A typical experimentally

obtained crack growth curve is shown in Figure 7.23 in a log-log plot. This
indicates that the power law

da (2.62)
- C AK i \£L.04)
dN (AK)
fits the data very well except for the two ends of the AK range. This crack
growth equation is credited to P. C. Paris and is usually called the Paris Law

(or more correctly, the Paris model) of crack growth.

In log-log scale, Eq. (7.62) can be expressed as

1
:{; = log C + mlog (AK) (7.63)

log



Thus, in the log-log plot, the relation between da/dN and AK appears linear.

Equation (7.62) can be integrated to find the relation between crack length
and load cycles. To do this, the relation between K and crack length a must be
obtained first. For example, consider a large panel (treated as an infinite
panel) containing initially a center crack of 2a,,. If the cyclic loading is

uniform normal stress with

then

AK = i/ Tl

From Eq. (7.62), we have

da . "
E =L (i".F[p ﬂ'ﬂ)

or

1 3 vmy2
W c(o2n)"an

am 2
Table 7.2 Values of € and m for K in MPa \/m and da/dN in m/cycle.

Material C m
2024T3 (R=10.1) 1.60 x 10711 3.59
2024T3 (R=0.5) 3.15x 10711 3,59

Martensitic steel (R=0) 1.36 x 10710 2.25
Austenitic steel (R=0) 5.60x 10712 3.25

Integrating the above equation, i.e.

am/2

“ l‘I N 4 mi2
| — = J C{rrﬁ:r) Y
. i

in

we obtain



| o 7 7 w2
(u mi2+ | —ay mi2 + [) — C{ﬂa}r] N
-m/2 + 1

Thus, the current half crack length after N cycles is

f’!‘ : HJI.'I: _"r_.'.: + ]
a= [(_. 5 + I)C(ﬁ“n} N + a,

] 1/ -m/2+1)

In the Paris model, coefficients C and m are independent of AK (or
equivalently, the stress range) but are influenced by the R-ratio. Table 7.2
lists values of C and m for some metals.



PROBLEMS

7.1 Derive the distortional energy expression for plane stress.
7.2 A thin-walled hollow sphere 2 m in diameter is subjected to internal
pressure p,. The wall thickness is 5 mm and the yield stress of the

material is 250 MPa. Use both Tresca and von Mises yield criteria to
determine the maximum internal pressure p, that does not cause

yielding.

7.3 Consider the problem of Example 7.2. Find the maximum p, without
causing yielding if N =50 x 10° N (compression).

7.4 An aluminum alloy 2024-T651 (see Table 7.1) panel is subjected to
biaxial loading as shown in Figure 7.24. Assume that o, =300 MPa and
0, can be either tension or compression. Find the maximum values of |
0,| in tension and compression that the panel can withstand before
yielding according to von Mises yield criterion.

02

)

Fig. 7.24 Material under biaxial stress.



7.5 Find the total strain energy release rate for the split beam loaded as
shown in Figures 7.25 and 7.26.

2h

ot

R TN

Mo + t e

2h

w
RSN

Fig. 7.26 Split beam subjected to extension and bending.

7.6 Consider the split beam with loading shown in Figure 7.27. Loadings
in both Figures 7.14 and 7.27 are antisymmetric, and both are mode II
fracture problems. For the same value of P, which loading is more
efficient in cracking the beam? Assume that the beam dimensions and
the elastic properties are



v ot

2h

NSO NN

Fig. 7.27 Split beam subjected to shear forces.
E=70 GPa, v=0.3
a =10x107%m, t =2x10"* m

L =15%x107"m, h =1%x10"" m

7.7 To further split a beam, a rigid pin of diameter d = 0.5 cm is inserted
as shown in Figure 7.28. How far does one have to drive the cylinder in
order to split the beam? Assume a plane strain fracture condition with

K. =50 MPa \/m.
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Fig. 7.28 Split beam opened by a cylinder.

7.8 Consider a long thin-walled cylinder of a brittle material subjected
to an internal pressure p,. The diameter of the cylinder is 2 m, the wall

thickness is 5 mm, and the mode I fracture toughness of the material (of
the same thickness of the wall) is K|, = 5 MPa ,/m (here, K|, may not be

the plane strain fracture toughness). If there is a through-the-thickness
longitudinal crack of 5 cm in length on the cylinder, estimate the
maximum internal pressure that the cracked cylinder can withstand. If
the cracked cylinder is subjected to a torque and the mode II toughness
of the material is the same as that of mode I, estimate the maximum
torque. Provide justifications of the approach employed in the
estimation.

7.9 Consider the thin-walled box beam in Figure 7.21. The top wall
contains a crack parallel to the x-axis. The crack length is 0.02 m (i.e. a =
0.01 m). Assume that the material is brittle and that modes I and II have
the same toughness value of 5 MPa , /m. If the box beam has already

been subjected to a torque T =100 kN m, estimate the maximum
additional axial force N by using the mixed mode fracture criterion.

7.10 Derive the strain energy (bending and shear together) per unit
length of a Timoshenko beam with a solid rectangular cross-section. The
counterpart of the simple beam theory is given by Eq. (7.29). Use this
expression to derive the mode I strain energy release rate for the split
beam of Figure 7.13. Compare the Timoshenko beam solution with the
simple beam solution. How long (in terms of a/h) does the crack length



have to be for the simple beam solution to be within 5% of the
Timoshenko beam solution?

7.11 Compare the plastic zone sizes for plane strain mode I fracture at
failure in Al 2024-T651 and Al 7075-T651.

7.12 A center-cracked thin Al 2024-T651 flat panel with a very large
width-to-crack length ratio is subjected to uniform remote tensile stress.
The initial crack length is 50 mm and it grows to 55 mm when the
applied load reaches the maximum value of 136 MPa. Determine the
fracture toughness using Irwin's plastic zone adjustment method. Is the
crack length valid for this method?

7.13 The split beam of Figure 7.13 is subjected to a pair of cyclic
opening forces P with

Pnax = 2000N, P =0
The initial crack length ag is 40 mm. The material is 2024-T651 Al, and
t=2x10"2m, h = 1 x 1072 m. The crack growth rate is given by
da _11 159
— =1.6x 107 ' (AK})"" m/cycle
dN

in which K; is in MPa ,/m. Find the number of cycles to failure (at which

the crack becomes unstable under the load P,,,).

7.14 Consider Example 7.7. Instead of a static torque, a cyclic torque
with

Thax =0.1 MN m, Ty =0

is applied. The Paris law for the material is

da _ 5 10" (AK,)® m/cycle
dN '
Find the number of cycles for the crack of initial length ag = 0.01m to
grow to a length a = 0.02 m.
7.15 Consider the split beam with the loading shown in Figure 7.29.

a. Find the expression for energy release rate.



b. If the critical energy release rate for the beam to fracture is 32 500
N/m, E=70GPa,t=1cm,h=5cm,a =15cm, and L =45 cm, find the
maximum safe applicable force P.

ANNNN NN

Fig. 7.29 A split beam with inclined loading.

7.16 An infinite thin plate with a 10-cm crack is subjected to a uniform
loading 300 MPa, as shown in Figure 7.30. The material properties of the
plate is given as

E=200GPa, v=03, o0y =18GPa
oy = 1.5GPa, K, =50 MPay,/m

The plate is subjected to a fatigue loading with o
0.5. The plate has a crack growth law as

=275MPaandR =

max

I i o ‘
% =]l.6x 10" '—I{&_ﬁ{}4 where AK is in terms of MPay/'m
¢



300 MPa

"l \’

- 100m ]

300 MPa

Fig. 7.30 A large thin plate with a center crack.
Determine

a. the crack growth life of the plate

b. the residual strength of the plate after being subjected to a 20 x 103
fatigue life.
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8
Elastic Buckling



8.1 INTRODUCTION

Failure in a structure can be classified in two general categories, material failure and structural failure.
The former includes plastic yielding, rupture, fatigue, and unstable crack growth (fracture). In the
latter category, examples include flutter (excessive dynamic deflection of a structure in airflow) and
buckling. Structural failure results in the loss of the designed structural functions and may lead to
eventual material failure. In this chapter, we study an important mode of structural failure - buckling.
For the sake of brevity, the transverse displacements of the bar are denoted by w and v instead of the
wg and v, used in Chapter 4.



8.2 ECCENTRICALLY LOADED BEAM-COLUMN

A bar is called a beam-column if it is subjected to bending moments and compressive axial forces. An
example is the cantilever bar subjected to an eccentrical load as shown in Figure 8.1. The vertical arm
attached to the free end is assumed to be rigid.

Referring to the deformed configuration shown in Figure 8.1, the bending moment at section x is

M=-Pld+e—-w)

where w(x) is the transverse deflection of the bar and § is the deflection at the free end. Using the
bending Eq. (4.14), we have

. d*w .
El—s =-M=Pléd+e—-w)
dx”
which can be expressed as
w o, 5 8.1
‘ ‘: +ktw=k"(6+e) &l
dx”
where
‘- [P (82)
“VE

The general solution for the nonhomogeneous linear ordinary differential Eq. (8.1) is easily obtained as

w(x)=C,sinkx + Cocoskx+d + e (8.3)
Z
-

A |
e+o-w > ¢

/

-~ ¥ ' P P
_ -7 Twk
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Fig. 8.1 Cantilever bar subjected to an eccentric load.

The three unknowns Cj, €, and § are determined using the boundary conditions, i.e.



atx=0w=0: Cr=-d-¢e

dw

—=0: C; =0
dx :

and

atx=Lw=46: CisinklL+ CrcosklL+d+e=6

Solving the three equations above, we obtain

with which we have the deflection as

w(x) = e | = cos kx
vix) =é cos kL

(8.4)

(8.5)

(8.6)

(8.7)

(8.8)

(8.9)

From Eq. (8.8) we see that the tip deflection § is proportional to the eccentricity e, and that § = o as kL

— /2 no matter how small e(#0) is. The compressive force corresponding to kL = /2 is

rEl

T

(8.10)

At this load, a straight bar under axial compression would suffer excessive deflection (or buckling).

This critical load as given by Eq. (8.10), which is independent of the eccentricity e, is called the

buckling load for a “straight” bar with one end clamped and the other free.



8.3 ELASTIC BUCKLING OF STRAIGHT BARS

For the eccentrically compressed bar discussed in Section 8.2, the deflection given by Eg. (8.9) vanishes
ife=0and P<P_. Thatis, no transverse deflection can be produced by the compressive force. However,
when e =0 and P = P, (or equivalently, cos kL = 0), the solution (8.9) for the deflection is not
determined. Hence, to consider the axially loaded (e = 0) bar, a different formulation of the problem is
needed. Consider a centrically (e = 0) compressed straight bar. The boundary conditions at the two
ends are arbitrary. We want to examine for a given P whether it is possible to maintain a transverse
deflection w(x). If such deflection is possible, then it must satisfy the equilibrium equation and the
specified boundary conditions.

V+adV

M+dM

M

Fig. 8.2 Compressed bar in the buckled position.

Take a differential element from the compressed bar in the (assumed) buckled position as shown in
Figure 8.2. The equilibrium equations for this free body are

ZF.=0: (V+dV)-V=0

or
av _ (8.11)
dx
. dw
IM=0: (V+dV)de+ PFd'x = dM
dx
or
Ve dM Pdu' (8.12)

A dx
Substituting Eq. (8.12) into Eq. (8.11), we obtain the equilibrium equation for the assumed deflection
d*M d*w (8.13)
— —P— =0 (8.13)
dx” dx”
Substituting the relation



2w 8.14
M = —E."d l: ( )
dx”

into Eq. (8.13), we obtain the equilibrium equation in terms of deflection as

ﬂf + Ad—“ =0 8L
dx dx”

where k is defined by Eq. (8.2). The general solution for Eq. (8.15) is readily obtained as

w=0C)sinkx + Cacoskx + Cix + Cy (8.16)

The four arbitrary constants C;-C, are to be determined by using the boundary conditions.

Z

55

Fig. 8.3 Straight bar with pinned ends.
8.3.1 Pinned-Pinned Bar

Consider a straight bar with pinned ends as shown in Figure 8.3. The boundary conditions are

atx=0: w=0, (8.17a)
“w 8.17b
m=—ertY —g (8.17b)

dx~

and

atx=L: w=0, (8.17¢)
M= -a _g (8.17d)

dx

Substitution of Eq. (8.16) into Eq. (8.17) yields

Cg + C4 =0 (8.18a)
Cy =0 (8.18b)
CysinkL + CycoskL+ C3L+Cy =0 (8.18¢)

C k> sinkL + C;cos*kL =0 (8.18d)



From Egs. (8.18a) and (8.18b), we have C, = 4 = 0. Thus, the four equations reduce to

CysinkL+ Cy3L =0 (8.19a)
CysinklL.=10 (8.19b)

from which we obtain C3 = 0 and
Cysinkl.=10 (8.20)

Since C; # 0 (otherwise, we have a trivial solution, i.e. w = 0 everywhere), we must require that

sinkL =0 (8.21)
Equation (8.21) is satisfied if

ki=nm, n=12.73,.... (8.22)
The corresponding P’s that satisfy (8.22) are

 ntalEl 8.23
PO = =123, (8.23)

The deflection (buckling mode shape) for each critical load pi_’r“ (also called buckling load) is

w" (x) = Cysink'"™x (8.24)
where
fll',PT.’” (8.25)
KU?, = V !:j

Hence, there are infinitely many possible deformed configurations given by Eq. (8.24) that are
associated with the axial loads given by Eq. (8.23). In other words, at the compressive load P;? |, besides
the straight position, the bar can also assume a deformed position given by Eg. (8.24), for any value of
C;. These values of P, the critical loads, are also called bifurcation points.

Among all the critical loads, the lowest one with n = 1 is of particular importance because as
compression is applied to the bar the lowest buckling load is reached first. The lowest buckling load
(for the first buckling mode with n = 1) is

)  *°El 8.26
Po =Pl = = (826)
L_
which is known as Euler’s formula for column buckling. The corresponding mode shape is

w(x) = C) sin ? (8.27)

To produce the second buckling mode, the first mode must be suppressed. This can be realized by
adding a support at the midspan of the bar as shown in Figure 8.4. In view of the buckling mode shape
(Eg.(8.27)), we must set C; = 0 for the first mode to satisfy the condition w = 0 at x = L/2. Thus, the first

buckling mode is suppressed.

Consider the second buckling mode (n = 2), for which the buckling load is



) _ 4rEl (8.28)

and the corresponding buckling mode shape is given by

2mx
w(x) = C, sin — (8.29)
L
which satisfies the condition w = 0 at the midspan. Thus, the lowest compressive load that can cause

buckling of the bar of Figure 8.4 is that given by Eq. (8.28). This load is four times the buckling load for
the bar without support at the midspan.

The discussion above indicates that the buckling load of a bar can be increased significantly by
reducing the span between supports. This is a common practice in aircraft structures to increase the
compressive load capability of stringers without changing their bending stiffness by decreasing the
spacing between adjacent ribs or frames.

- -

P - P

I | > N = ‘ | I
|‘

L/2

Fig. 8.4 Added support at the midspan of a bar.



Example 8.1

An AISI4340 steel box beam has a length of 5 m and is pinned at both ends. If the cross-sectional
area has the dimensions shown, determine the critical compressive load (Figure 8.5).

This is a pinned-pinned bar. As such, the critical buckling load will be given by Eq. (8.26).
1 1
Inorizoniat = 1 (0.1 )(0.05%) - 15 (0.08) (0.03') =0.861617 x 10™°m*

| [
Lertical = F((J.(}S}((}.]-‘) - E(n.m )(0.08%) = 2.88667 x 10™° m*

It is obvious that the critical compressive load will be minimum when the I is minimum.

As such,

_ 7*(200)(10%)(0.86167) (107°)

: 5 =68 kN
r 5..

P 68000

A~ (0.1)(0.05) - (0.08)(0.03)

The compressive strength of AISI4340 steel is 1483 MPa. As such, the structure will buckle when
the compressive load exceeds 68 kN.

= 26.25 MPa

Ocr =

1cm

5cm

- A

e

Fig. 8.5 The cross-section of an AISI4340 steel box beam subjected to compressive load.

8.3.2 Clamped-Free Bar

The clamped-free bar shown in Figure 8.1 is assumed to be centrically compressed (e = 0). The
boundary conditions are

atx=0: w=0 (8.30a)



dw

dx
(4"2 i
atx=L: M=-E[“% =0
dx”
dM dw
l',-' = s — R =t
dx dx
The last equation can be written as
Pw L dw
d’w Sdw 0

+ kT — =
dx’ dx

Substituting the general solution (8.16) into Eq. (8.30), we obtain
C:+Cs=0
Cik+Cy=0
Cik* sinkL + C2k* cos kL = 0

C3k* =0
From Egs. (8.31b) and (8.31d), we have C; = C3 = 0. From Eg. (8.31c), we obtain

CocosklL =0

For a nontrivial solution C; # 0, and we require that

nr
os kL = (= —, =1,3,5,...
coskl.=0ork 3L n=1 5

which yields the buckling loads

]
v on ekl
P';-': — . n=13,5,...
4r-
The lowest buckling load is
mEl
TS

which is only one-fourth that for the pinned-pinned bar.

The lowest buckling mode shape is

w(x) = Cycoskx + Cy = Ca( coskx—1)

which is identical to that of the eccentrically loaded bar (see Figure 8.1) except for the constant

amplitude.

8.3.3 Clamped-Pinned Bar

The boundary conditions for the clamped-pinned ends (see Figure 8.6) are

(8.30b)

(8.30¢)

(8.30d)

(8.31a)

(8.31b)

(8.31¢)

(8.31d)

(8.32)

(8.33)

(8.34)

(8.35)

(8.36)



f s
atx=0: w=0, — =0 (8.37a)

dx
2w 8.37b
atx=L: w=0, a L::0 ( )

dx”

which yield the following four equations:

Cg + C4 =0 (8383)
Cik+C3=0 (8.38b)
CysinkL + CycoskL + C3L+ Cy =0 (8.38¢)
CisinklL + CycosklL. =0 (8.38d)

Eliminating C; and C, from Egs. (8.38c) and (8.38d) using Egs. (8.38a) and (8.38b), we obtain

Ci(sinkL—kL) + Cy(coskL—-1)=0 (8.39a)

Cysinkl + CocoskL =0 (8.39b)
It is easy to verify that neither sin kL = 0 nor cos kL = 0 can satisfy Eg. (8.39b) simultaneously.
From Eg. (8.39b), we have

_ _ SinkL (8.40)
coskL '
Substituting Eq. (8.40) into Eq.(8.39a) yields
Ci(tankL—-kL)=0 (8.41)
Z
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Fig. 8.6 Bar with clamped-pinned ends.

For a nontrivial solution, we require that



tankL—-kL =0 (842)

The solution for kL to Eq. (8.42) can only be solved numerically. The lowest value that satisfies Eq.
(8.42) is approximately

kL = 4.49 (8:43)
from which the lowest buckling load is obtained as
b (4.49)°EI _ 20.16EI (8.44)
L 12 - 12
From Egs., we have
C, = -4.49C,
Ci= —kC: = 4.49 C
3= 1= .l
Cy =4.49C,

Thus, the buckling shape is not a pure sinusoid. The buckling load is about twice that for the pinned-
pinned bar.

8.3.4 Clamped-Clamped Bar

The boundary (end) conditions for the clamped-clamped bar (Figure 8.7) are w = 0, and dw/dx = 0 at
both ends (x = 0, L). Using the general solution (8.16), these boundary conditions become

C:+Cy=0 (8:453a),
Cik+C3=0 (8.45b)
CysinkL + CycoskL + C3L+ Cy =0 (8.45¢)
C ik coskL—CoksinkL + C3 = 0 (8.45d)
Z
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Fig. 8.7 Clamped-clamped bar.
Eliminating C3 and C, from Egs. (8.45¢c) and (8.45d) using Egs. (8.45a) and (8.45b), we obtain




Ci(sinkL—=kL) + C3(coskL—=1)=0 (846a)

Ci(cosklL—=1)=CysinkL =0 (8.46b)
Consider the possible solution
sinklL=0, kL=mr, m=1,2,3,... (8.47)
Form=1,3,5,..., we have
coskl = — 1 (8.48)

From Egs. (8.46a) and (8.46b), the conditions (8.47) and (8.48) require that C; = 0 and C, = 0. Thus, we
have a trivial solution.

Form=2,4,6,..(orm=2n,n=1,2,3,..), we have

sinkL=0 and coskL =1 (8:49)
Substitution of Eq. (8.49) into Eq. (8.46) yields C; = 0 (thus, C3 = 0) and C; # 0. Thus, the buckling mode
shape is

w(x) = Cycoskx + Cy = Ca(coskx—1) (8.50)
with
2
k= E n=1,2,3
L
Thus, the buckling loads are
At lEl 51
L N (851)
(S L_
The lowest buckling load
_ 4x’El (8.52)
cr — Ll

is four times the buckling load for the pinned-pinned bar.
8.3.5 Effective Length of Buckling
One common feature among all buckling loads is that they can be expressed in a single form as

7 El (8.53)

P = Lf.

where L, is the effective length of buckling whose value depends on the boundary conditions. For
example, for the pinned-pinned bar, L, = L; for the clamped-pinned bar, L, = 0.7L; for the clamped-free
bar, L, = 2L; and for the clamped-clamped bar, L, = 0.5L.

The buckling load is directly proportional to the bending stiffness and inversely proportional to the
square of the effective length. It is thus more efficient to increase the buckling strength of a bar by
reducing its effective length of buckling.



Since the moment of inertia I of the bar cross-section is, like L., a geometric quantity, (Eq. (8.53)) is
often expressed as

nEA (8.54)
-Pur = - —
(Le/p)”
where p is the radius of gyration defined by
I=p*A (A = cross-sectional area) (8.55)

The quantity L,/p is referred to as the effective slenderness ratio of the bar.



8.4 INITIAL IMPERFECTION

In Section 8.2, the bar was assumed to be initially straight. If the bar is slightly bent, possibly due to
forced fitting, then the equilibrium Eq. (8.12) must be modified. Assume that the initially deformed
shape of the bar is given by wy(x), (see Figure 8.8) and the additional perturbed deflection is denoted

by w(x). Then the total deflection is given by

Wi(x) = w(x) + wolx) (8.56)
The equilibrium Eg. (8.12) becomes
dM dw  dM dw  dwy (8.57)
V=e—-P—=—-P| — + —
dx dx dx (d_r dx )

This leads to the equilibrium equation for the bent bar as
) d*w 5 d*wo (8.58)

ﬂ:" + k ~ = —k -
dx dx dx-

The complementary solution for Eq. (8.58) is given by Eq. (8.16). The particular solution requires a
specific form of w,

For illustrative purposes, consider a pinned-pinned bar with the initial bent shape given by

X
Wwp = fin sin '}:‘* (8_59)

) g

Fig. 8.8 Initially deformed bar.
Substituting Eq. (8.59) into Eq. (8.58), the equilibrium equation becomes

tw L d*w S . mx 8.60
—— + k2 = Gok? = sin = (8.60)
dx dx” - L
It is easy to verify that
k>80 X (8.61)
Wp = ———— sin —

/) -e "

is a particular solution. The complete solution is the sum of the complementary and the particular
solutions, i.e.



w=Csinkx+ Cycoskx + Cix + Cy + w), (8.62)

K5, . oax (8.63)

for which the maximum deflection w(L/2) is

" (E) K& P& P& (8:64)
2) " (2/LY) -k~ (REIJL*)=P ~ Py-P
_ 2
" (Ps/P)-1

In Eq. (8.64), P, =m2El/L? is the lowest buckling load of the straight pinned-pinned bar.

Figure 8.9 depicts the maximum deflection w(L/2) as a function of P/P_,. for various values of the initial
deflection &;,. The deflection becomes unbounded as P approaches the buckling load P,,. Thus, the

amount of initial imperfection of the bar influences only the amplitude of the deflection but not the
limiting (buckling) load.

Increasing o,

W(L/2)

Fig. 8.9 Load-deflection curves for different initial imperfections.



8.5 POSTBUCKLING BEHAVIOR

In the previous sections, we found that when a bar is subjected to the buckling load, its deflection
would become unbounded. This is the result of using small deflection beam theory. In reality, the
compressive load can be increased beyond the buckling load if the large deflection effect is included in
the formulation of the equilibrium equation.

For a small deflection, we have used the approximate relation
L dw (8:65)

M=-EI“"
dx”

If the exact curvature d6/ds is used, the relation above becomes

., dd (8.66)

where s is the contour along the deformed beam and 6 is the slope of the deflection curve (see Eigure
8.10).

If the deflection is very small so that the slope 6 is very small and ds = dx, then we adopt the
approximate expressions

dw do  de (8.67)

a:

and thus the relation given by Eq. (8.65). For a beam undergoing large deflection, Eg. (8.66) must be
used.

]

ds  dx

Consider a buckled bar with pinned-pinned end conditions as shown in Figure 8.11. Take the contour s
to coincide with the deformed bar, which has a length of L. The initial slope of the deflection at the left
end is denoted by a. From Figure 8.11, it is easy to see that the bending moment along the deformed
bar is

M(s) = Pw(s) (8.68)

and from Figure 8.10 we have

W _ ino (8.69)
ds



AW _tang
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Fig. 8.10 Bar in large deflection.

Fig. 8.11 Buckled bar with a pinned-pinned end.
Substituting Egs. (8.68) and (8.69) into Eq. (8.66) leads to

4O _ ke, =L 870)
ds” El

To solve Eq. (8.70), we multiply both sides of the equation by d8/ds, i.e.

d*0do , . do (8.71)
—— = —k“sinfl—
ds= ds ds
which can be written as
ld [do\* . (8.22)
3 ds (E) ds = =k~ sin@do

Integrating Eq. (8.72) from s =0 to s and the corresponding range 6 = « to 8, we obtain



0
sin@df = k*( cos 0 - cos a)

o

(8.73)

1 /do\’ ,
— — = -mk"
2 (dﬂ;) )

10
& = £kv2V cos0- cosa (8.74)

ds
From Figure 8.11, we note that d6/ds is negative for the entire bar. Thus, the negative sign is taken.
From Eg. (8.74), we have

Thus,

do (8.75)
ds= = ‘ |
kv/2v/ cos@ - cosa

Since the deflection is symmetrical about the midspan at which 6 = 0, we can integrate over half of the
bar and obtain

b | =

_ l" do (8.76)
Jakv/2v/ cos @ - cosa
1 I'” do
h V2k Jo cos@— cosa
| [” de
1o\ /sin*(a/2) - sin?(6/2)
in which cos 6 = 1 - 2 sin? (8/2) has been used.

Define the new variable ¢ as

t-ii]']{,':i = '{l}' sin (-_} (8.77)

where

f = sin

2R

From the relation (8.77), it is seen that when 0 varies from 0 to @, the quantity sin ¢ varies from 0 to 1;
hence ¢ varies from 0 to /2. Differentiate Eq. (8.77) to obtain

1 7} | 1%
cos¢pdp = — cos —dﬁ' = 1 - sln‘—dﬁ'

28 28V

1
2,l’i \/ 1= sin’p do

Thus,

40 = 2p cos ¢p dep (8.78)
V1= sin’¢p

Using Eq. (8.78) together with Eq. (8.77), the integral Eq. (8.76) takes the form



L 1 r

2 kJo 1-fsin’gp Kk
The integral F(f) is the elliptic integral of the first kind. For a given value of f3, the value of F can be
found in many mathematical tables.
Recalling the definition of k and the buckling load P, for the pinned-pinned bar, we rewrite Eg. (8.79)
in the form

P (8.80a)
15 =FW)
Pa
or
P4 , (8.80b)
— = —F(p 8.0V}
PI.-T - {]‘::I
The numerical solution for P/P,,. is given in Table 8.1 for a range of value a.
From Egs. (8.69) and (8.75), we have
sind df
dw = sinfds = - - (8:81)
kv/2v/cos 8- cosa
Table 8.1 Numerical solutions for P/P.. and w(L/2)/L.
a 0°10° 20° 30° 40° 60° 80° 100° 120° 140°
P/P .. 1 1.004 1.015 1.035 1.064 1.152 1.293 1.518 1.884 2.541
w(L/2)/L 0 0.055 0.110 0.162 0.211 0.297 0.360 0.396 0.402 0.375
The deflection at the midspan w(L/2) is
w(L/2) = J"“’ (8.82)
1 " sin@de
V2k Ja v/ cos - cosa
1 J" sin@ de
T
#Jo\ [sin*(a/2) - sin?(0/2)
| r sin @ df
2k Jo pr/1 - sin¢p

From Eq. (8.77), we have

0
sin 5 = fsing

'{j . 2() J . 2
cos§= /1= sin 5= | =" sin“¢h

Thus,

and



. ) o
sin = 2 sin 5 Ccos 2

———

= 2Bsin g/ 1 - sin¢p
Using the relation above together with Eq. (8.78) in Eq. (8.82), we obtain

28 72 3 8.83
u'% = Tf singgdgp = 4 (8.83a)

Normalizing P with the Euler buckling load P, = m*EI/L? we have

w(L/2)  2sin(a/2) (8.83b)
L N

For a given value of a, the corresponding value of P/P,,. is obtained first using Eq. (8.80b), and then

from Eq. (8.83b) the midspan deflection is obtained. Some numerical solutions are given in Table 8.1.
The load-deflection curve is plotted in Figure 8.12 using the values in Table 8.1.

This load-deflection curve exhibits the postbuckling behavior of the pinned-pinned bar using the large
deflection theory. It indicates that the compressive load can be increased beyond the buckling load.
However, the load stays basically at the buckling load level until very large deflections (corresponding
to large a angles) are produced.

In general, buckling is considered a form of structural failure, and design loads usually do not exceed
buckling loads. In aircraft structures that consist of structural elements with different buckling
strengths, it is not unusual to allow part of the thin or slender elements to undergo elastic postbuckling
without incurring permanent deformation. Such practice would enhance the allowable compressive
load for the structure.



3T a=140°
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Fig. 8.12 Postbuckling load-deflection curve.



Example 8.2

A structure consisting of four aluminum square bars rigidly connected to two heavy walls, as
shown in Figure 8.13, is designed to carry compressive load F. The cross-sections for bars 1 and 4
are 2 x 2 cm and for bars 2 and 3, 1 x 1 cm. Find whether the load F will cause buckling

considering the presence and absence of postbuckling.

The moments of inertia of the bars are readily obtained as

0.02 x 0.02°

12

0.01 x 0.01°
!3:! e
2 3 ]2

The buckling loads for the bars are

[= 1|=

8.3

=1.33x 10" % m*

x 107" m?

Ar’El,  4x* x 70 x 10” x 1.33 x 1078
Pcri = Pn:r-l - z 3 L = X X X x =9189N
L- 4
A 9 3 =10
Py =P = dr- x 70 x 107 x 8.3 x 10 = 573N
4
F F
— @ +-
|4 &l
I~ il

2m

Fig. 8.13 Compression of four aluminum square bars rigidly connected to walls.

Before buckling occurs, the compressive strains in the bars are equal and their loads are
proportional to their respective cross-sectional areas. Thus, the loads carried by bars 1 and 4

when bars 2 and 3 have just buckled are

A
Py=Py= Ipcrl = 0012

0022

At this stage the total load F is

5 X573 =2202N

F=P +Py+ Py + Py3 =5730N

If postbuckling in bars 2 and 3 is allowed, then the load is increased to the level at which bars 1
and 4 would buckle. Recall that in the postbuckled state, the loads carried by bars 2 and 3 are
basically equal to P, and P, respectively. Thus, the total load capacity of this structure is




F:Pcrl+P¢r2+P::r}+Pc|'4:]gS42N

which is more than three times the total load if no postbuckling is allowed.




8.6 BAR OF UNSYMMETRIC SECTION

Consider a straight bar of unsymmetric section under compression. The assumed perturbed deflection

consists of displacement components v(x) in the y-direction and w(x) in the z-direction.

Take a free body of a small bar element similar to that of Figure 8.2. The consideration of balance of

forces in the y and z directions yields

dv, B
dy

0

and

dv.
—i=0
dx

respectively. The balance of moments yields
dM. dv

V,= — —P—

: dx dx

dM dw
E— j'.] S

dx dx

V.=

Substituting the following relations [see Egs. (5.27) and (5.28)]

F , F s

M= -El, "5 -E,~
dx” S dy

Jr: . F ,
M,=-E1,“Y —Er, <Y
dx” dx”

into Eq. (8.85) and then Eq. (8.84), we obtain the equilibrium equations as

Iy tw dv
ELE S B2 Pl =0
dx dx dx”

r-l , Jr-l \ .‘(1 ,
ELSY v B 5+ PSS =0
dx dx dx”

For illustration, we consider a pinned-pinned bar. It is easy to show that the displacements

. ;X
v={C, sin A

. TX
w= C;sin —
L

(8.84a)

(8.84b)

(8.85a)

(8.85b)

(8.86a)

(8.86b)

(8.87a)

(8.87b)

satisfy the boundary conditions. Thus, they represent a possible buckling mode. Substitution of Eq.

(8.87) into Eq. (8.86) yields

4 2
C (Ef,_ T P”—) + CoEIL,

A

4

7

4
_-I.=U

(8.88a)



J'l'*

CiEly: P

A 2 8.88b
+C(ELE -PE ) =0 (8.88b)
L L‘_

Eliminating C, from these equations, we obtain

. E?P. 7
C (E.’:—.,uf’ — s D = )
L? El,(z2/L*)-P L

For a nontrivial solution, C; # 0, and we have.
2 2 4
ELZ -P)(ELE -P)-E2R5 =0
L- S L L

, TE(L+1)  o'E (.' ; .'3) (8.89)
- ylz T iy

Which can be rewritten as

P 3 P+
L* L

Two solutions for P are obtained:

’E

I I 2 )
P="F [5 (1, +1) %3 \/(f.,. +1.)" -4(11. mf_;___)]
The buckling load is the smaller of the two solutions, i.e.

_ ©°El, (8.90)

where

(8.91)

The quantity [, is readily recognized as the smaller moment of inertia about the principal axes of the
cross-sectional area. In fact, Ip is the minimum value of the moment of inertia of the cross-section about

any axis passing through the centroid. This indicates that buckling deflection takes place in the
direction perpendicular to the principal axis about which the moment of inertia is the minimum.



8.7 TORSIONAL-FLEXURAL BUCKLING OF THIN-WALLED BARS

In the previous sections, we considered only lateral deflection (flexure) for possible buckling modes.
For bars with low torsional rigidities, buckling may also occur by twisting, or by combined twisting and
bending. This type of buckling failure is very important to aircraft structures because they often consist
of thin-walled bars with open sections.

A full treatment of torsional-flexural buckling is beyond the scope of this book. In this section, we will
adopt governing equations without detailed derivations and use them to perform some buckling
analyses of thin-walled structures. For additional details, the reader is referred to the book by S. P.
Timoshenko and J. M. Gere, Theory of Elastic Stability, 2nd edition, McGraw-Hill, New York, 1961.

8.7.1 Nonuniform Torsion

In Chapter 3, we discussed pure torsion, i.e. the torque is applied at the end of a bar, the ends of which
are free to warp. The torque T is related to the twist angle per unit length 6 as

de

T=0G10=G1"" (8.92)
dx

where G is the shear modulus, J is the torsion constant, and « is the total twist angle. Since 0 (and thus

T also) is constant, we have the differential equation

d*a _ (8.93)

=0

d’
which implies that the twist angle « is a linear function of x.

In pure torsion, only shearing stresses on cross-sections are produced, and the torque is the resultant
couple of these shearing stresses. If the cross-sections are not free to rotate (e.g. a built-in end), then
warping would be completely or partially suppressed, resulting in normal axial stresses (o,,)
distributed over the cross-section. Additional shearing stresses are induced by the normal stresses in
order to satisfy equilibrium equations. These shearing stresses produce an additional torque T, which
can be related to the twist angle a as

T =-EC, ”;—” (8.94)
ax

where C,, is called the warping constant. Thus, the total torque is
/ r 8.95
T=6I"-EC, %= (8.95)
dx dx
If no external torques are applied between the two ends, then T is constant, and
dTl d*a . d'a (8.96)

S eI Sk, S5 =0
dx ’ dx " dx?
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Fig. 8.14 Cross-sections of thin rectangular elements with a single intersection.

The differential equation above is solved in conjunction with prescribed end conditions to obtain the
torsional deformation (the twist angle a). Two of the most commonly encountered end conditions are
stated as follows:

d
Built-in end : = aa _ 0 (8.97)
dx
, i (8.98)
Simply supportedend : a= {! ‘f =0 (8.98)
dx”

Equation (8.98) implies that the end is not allowed to rotate about the x-axis but is free to warp.

The warping constant C,, depends on the geometry of the cross-section. For cross-sections consisting of
thin rectangular elements that intersect at a common point (see Figure 8.14), the warping constant C,,,
is very small and can practically be taken equal to zero. Additional values of C,, for other thin-walled
sections are given by Timoshenko and Gere, which are reproduced in Table 8.2.

8.7.2 Torsional Buckling of Doubly Symmetric Section

Consider a straight bar under a pair of compressive forces P applied at both ends. This is the initial
state from which buckling will be examined. The method follows that of Section 8.3, i.e. a possible
buckled shape (given by flexural deflections w and v, and twisting «) is assumed and then examined
with the equilibrium equations and end conditions. If the buckled shape satisfies the equilibrium
equations and end conditions for a given compressive force P, then buckling would occur.

If the cross-section of a bar is symmetric about the y and z axes, then its centroid and shear center
coincide. An example is the bar of a cruciform cross-section with four identical flanges as shown in
Figure 8.15.

For bars of doubly symmetric cross-sections, the equilibrium equations for the buckled shape are

4 2
: » 8.99
et (8.99)
X dx-
4 2
. : 8.100
Ef‘.d—‘: L (8.100)
dx dx-
1 | I 8.101
EC, '% + —”P—GJ) 9 0 8101
¢lx A dx=

where 4 is the area of the cross-section, and /; is the polar moment of inertia about the shear center. If
the shear center coincides with the centroid of the cross-section, then [, = I, + I,. It is evident that the

three equations above are not coupled, the first two equations are equilibrium equations for flexural
(bending) buckling in the y and z directions, respectively, and the torsional buckling governed by Eq.
(8.101) is independent of flexural buckling. These three differential equations can be solved



independently to obtain their respective critical compressive loads. The lowest value among the three
critical loads is of interest in practical applications.



Table 8.2 Sectional properties for thin-walled sections.
Source: S. P. Timoshenko and . M. Gere, Theory of Elastic Stability, 2nd ed., McGraw-Hill, New York, 1961.
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"];}éeyfﬂi fum Eq. (8.A01) for torsional buckling is of the same form as that for flexural buckling.
<

a =0

04 ,  (Lhy/A)P-GJ (8.102)
‘ P=""kc,
¢
e — Z
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— L

b .

Fig. 8.15 Bar of a cruciform cross-section with four identical flanges.

we can rewrite Eq. (8.101) in the form

d*a ,d*a

- + P = 0

dx dx”
which is, in form, identical to Eq. (8.15). Thus, for a simply supported bar, the critical load for torsional
buckling satisfies [see Eq. (8.22)]

(8.103)

pL = nn, n=1,2.3,...
The corresponding torsional buckling load (for n = 1) is given by
A ? 8.104
Pl =261+ ZEc, (8.104)
Iy L-

Similarly, for a bar with built-in ends, the torsional buckling load is
A 4 8.105
P, = T (GJ’ + 77 EC”.) (8.105)
0 .

Using the concept of effective length of buckling, L, torsional buckling loads for different end
conditions can be expressed in the form

-

-



2 ) (8.106)

where

_ Iy (8.107)
k= x/;

is the polar radius of gyration of the cross-section.

Example 8.3

Buckling of a thin-walled bar with a cruciform cross-section as shown in Figure 8.15 is studied.
Assume that b > t. Analyze the possibility of torsional buckling in this structure.

The following properties are easily obtained:

A=2bt
| =l = h’
P
2
J-im‘
3
!l'”:lf‘__*_.j"_:ﬂ
: ) 6
2 .l’{} h‘l
= A 12

From the discussion in Section 8.7.1, we have C,, = 0 for this cross-section if b > t. For simply
supported ends, the torsional buckling load is obtained from Eq,. (8.104):
o o GJ _ 8°G (8.108)
cr R: b
The torsional buckling load is noted to be independent of the length of the bar.

Since the bending rigidities of the cross-section of the bar are identical about both y and z axes,
the flexural buckling load for the simply supported bar is obtained from Eq. (8.26) by recognizing
I,=1,=1 We have

p - TE_ x’ Etb’ (8.109)
T T

For the torsional buckling to occur preceding the flexural buckling, we require

~Eh:  8°G
5 2
1212 b

L b [E
- < — 4 —
b~ @ VeG

The result above indicates that torsional buckling occurs in stubby bars.

. J

or




8.7.3 Torsional-Flexural Buckling

Buckling of bars with arbitrary thin-walled cross-sections usually involves coupled torsion and
bending. For an arbitrary cross-section, the centroid and the shear center usually do not coincide (see
Figure 8.16).

Set up the coordinate system so that the y and z axes are the principal centroidal axes of the cross-
section for which I,,, = 0. The location of the shear center is denoted by (yy, zy). The equilibrium

equations for the buckled deflections and twist are

E.fzir +P (d—‘ + 2 d—”) =0 (2.110)
dx dx” dx”
7
Yo
& »e S.C.
A

O¢

Fig. 8.16 Arbitrary thin-walled cross-section.

4 2 2
' ’ 8.111
£l d :1 P (n‘ r: . d a) —0 ( )
dx dx” dx”
4 2 2 2
' ' 8.112
ec, T4 4 (P& --GJ') T p (a,d—: —yo Y ‘:) =0 (8.112)
dx A dx” dx dx”

It should be noted that the polar moment of inertia /;, is about the axis passing through the shear
center. Thus,

In=1,+1. +/‘.(_‘.ﬁ + :ﬁ)

end conditions. For simply supported ends, we have

v=w=a=0 (8.113)



d*v B d*w B d’a —0 (8.114)
de>  dy dY’
and for built-in ends we have
v=w=ag=10 (8.115)
dv dw da _ (8.116)

dv  dx  dx

Consider the case of a bar of length L with simply supported ends. It can readily be verified that the
following buckling shape functions

X X X
v=_Cysin—, w=Csin—, a=(C;sin— (8.117)
UL UL UL

satisfy the end conditions (8.113) and (8.114). Substituting the buckling shape functions of Eq. (8.117),

2 8.118
(P_Ef:'}r'::')cl + P7oC3; =0 ( )
’ 8.119
(P— El, ;f-) Cr—PyyCy =0 (8.119)
’ ! 8.120
Pz Cy — PyyCs — ECH.i, +GJ-—2p C;=0 ( )
L- A
The equations above can be expressed in the form
(P=P;)C, + P5C3 =0 (8.121)
(P=Py)Ca=PyyC3=0 (8.122)
I
P2Cy=PyoCa + - (P=Pa)C3 =0 (8.123)
where
p. = Jrji;]'.,. . p.- Jzzlf.'_._ _
' L- L=
A 2 .
Po= - (GJ +EC, "_L) (8124)
] =

Itis noted that P, and P, are the Euler critical loads for buckling about the y and z axes, respectively,
and P, is the critical load for pure torsional buckling.

the determinant of the coefficient matrix vanishes, i.e.



P-P, 0 Pz (8.125)
0 P- 'P." - P_‘-'n =0
Pz - Pyy I[J'(P"-Pr:)jfﬂ

Expanding the determinant of Eq. (8.125), we obtain a cubic equation for P, which yields three possible
roots. These are the critical loads of buckling. The lowest value is of practical interest.




Example 8.4

An aluminum bar of length L =1 m is subjected to axial compression. The cross-section of the bar
is shown in Figure 8.17. The ends of the bar are simply supported. The material properties are
given by E =70 GPa and G = 30 GPa; the dimensions are t =2 mm, h =0.05m, and b = 0.1 m. Find
the critical buckling load.

Since the cross-section is symmetrical about the y-axis, the centroid must lie on the y-axis. The
horizontal distance ¥ of the centroid from the vertical wall is determined by taking moments of
the cross-sectional area about the vertical wall, i.e.

Ay =2(0.002 x 0.1 x 0.05) =2 x 1077

where

A=3x0002x0.1=6x10"*m’

(,VO:ZO)
= wl y C

t » | v

*
——— b ——|

Fig. 8.17 Cross-section of a bar subjected to axial compression.

is the total cross-sectional area. Thus,

$=0.0333m

From the result of Example 6.5, we obtain the horizontal position, y, of the shear center as

2,;2
Yo = - (”’ L T) = —0.076m

.\I

in which Iy is

3

t(2h)
12

I, = +2tbl* = 1.17 x 107 m*




Other sectional properties are

3
1. =2thv’ + 2(%) +2th(0.05-7)" = 0.67 x 10~% m*

9

Ip=1,+1.+A(y; +25) =532%x 10" m"

3(b+2h+ b
J= mfl” =8x 107" m*

The warping constant C,, is found from Table 8.2. We have

Cy=119x10""m°
From Eg. (8.124), we have

Py=808x 10°N, P.=4.63x10°N, P,=9.54x 10N (8.126)

Noting that y, = -0.076 m and z, = 0, we see that the three equilibrium equations, Egs. (8.121)-
(8.123), become

(P=P.)C, =0 (8.127)
(P=P,)Cy + 0.076PC3 = 0 (8.128)
0.076PC, + 0.0089(P-P,)C3 =0 (8.129)

It is evident that Eq. (8.137) is not coupled with the other two equations. The solution for Eq.
(8.137) is

Pe=P.=463x10°N (8.130)

In order to have a nontrivial solution for Egs. (8.138) and (8.139), we require that

P-P, 0.076 P
0.076 P 0.0089(P-P,)|

After expanding the determinant, we obtain

PP -2574x 10°P +21.97x 10" = 0 (8.131)
The two possible roots for P are
Py =089 x 10°N (8.132)
and
Pe=248x10°N (8.133)

Among the three critical loads, the lowest value is P, = 0.89 x 10° N, which is lower than any of

the uncoupled buckling loads given by Eq. (8.136). Thus, the buckling load of the bar is reduced by
the coupling of torsion and bending.




8.8 ELASTIC BUCKLING OF FLAT PLATES

Thin panels under compression would also buckle. Since aircraft structures are composed of thin-
walled components, buckling of thin sheets is an important subject of study to aeronautical engineers.
Unlike buckling of slender bars, buckling analysis of thin sheets requires knowledge of advanced
structural mechanics such as theories of plates and shells as well as advanced mathematics. These
subjects are usually covered in graduate-level courses and are thus beyond the scope of this book.

The objective of this section is to provide the student with some exposure to the subject of buckling of
thin plates. To achieve this without requiring an advanced background of the student, many derivations
of the equations and formulas will be skipped. Whenever possible, the column buckling results
discussed in previous sections will be used to provide some qualitative explanations.

8.8.1 Governing Equation for Flat Plates

Consider a flat plate of thickness h under in-plane line loads (force/length) as shown in Figure 8.18.
This is considered the initial state of the flat plate. If additional deformation is produced in terms of
transverse deflection w, then transverse shear forces @, and Q, (force/length), bending moments M,
and M), and twisting moment M,,, (moment/length) are induced in the plate. The positive directions of
these plate resultant forces and moments are shown in Figure 8.19. These induced plate resultant
shear forces and moments together with the existing in-plane resultant forces N,, N, and N,

(force/length) must satisfy the equilibrium equations. Since the initial state under in-plane forces is
already in a state of equilibrium, the only equilibrium equation to be satisfied is the balance of forces in
the z-direction. Following a procedure similar to that used in Section 8.3 for straight bars, we obtain
the equilibrium equation for the differential plate element of Figure 8.19 as

z
b A pad

7

dx

Fig. 8.18 Flat plate under in-plane loads.

Hw I*w Iw _ | (V I w Fw {}lll') (8.134)
) D

where

Eh’ (8.135)

is the bending rigidity of the plate.

8.8.1.1 Boundary Conditions



The general solution to the differential Eq. (8.134) contains arbitrary constants that are to be
determined from the boundary conditions of the plate. For illustration, we consider the boundary
conditions along the edge x = 0.

M,+dM,
A Ny
M, +dM,,
1 »ny
M, +dM,
M +dM,, | 4 Nyy
- NX
Q,+dQ,
ny < 7 X

v
N, Qy

Fig. 8.19 Resultant forces and moments.

8.8.1.2 Clamped Edge

A clamped edge means that the deflection (w) and rotation (dw/0x) along this edge are not allowed
during plate deformation. Thus, the boundary conditions are given by

: _ aw _ -
W)o0=0, (E)‘ =0 =Y

8.8.1.3 Simply Supported Edge

The deflection along a simply supported edge is zero, but the edge is allowed to rotate freely about the
y-axis; i.e. there are no bending moments M, along this edge. These conditions are expressed in terms

of plate displacement in the form

Fw  PFw (8.137)
(HI).T=1] =0, M,=- l‘:)( = "-: + V= 1:) =0
: r=0

8.8.1.4 Free Edge

If the edge x = 0 is free from external loads, then the shear force and bending moment must vanish
along this edge. Since dM,,,/dy produces an equivalent shear force action, the total shear force acting on

this edge must include Q, and 0M,,/dy. Thus, the conditions for a free edge are

2 > (8.138)
M= -p[2Y W) g (8.138)
r?.%'“ r?\"
. r=10
M ., ,
(Q\__ v ) -0 (8139)
Y Jx=0

By using the relations



Fw
M., =D(l=v)=
XV ( ljd_tc;."

a [Fw Fw
Q.= -Dz (a_ * ?) =0

the condition (8.139) can be written as

3., i .
[a W P ] o (8.140)
x=0

ax *+(2-v dx dy?

and

8.8.2 Cylindrical Bending

In general, buckling of flat plates is a 2-D problem. The deflection surface of a buckled plate is a
function of both x and y coordinates. A special case of a rectangular plate under uniform compression
N"= —N, as shown in Figure 8.20 may be treated approximately as a 1-D problem if b » a. For such a
case, the deflection w can be assumed to be independent of the y-axis. The deformed plate forms a
cylindrical surface about the y-axis and thus the name cylindrical bending. Such an assumption is
good except for the regions near the edges y = 0 and y = b. Neglecting this edge effect and assuming that
w(x) is a function of x only, the governing Eq. (8.134) reduces to

y

_h, ‘_
_’ ‘_
_’ ‘_
_’, 4_
_’. .‘_
_’ ‘_
—)p b —
—_— ‘_
Nx —» «— Nx
_’ ‘_
_.. ‘_
_., ‘_
) a—>__
X
Fig. 8.20 Rectangular plate under uniform compression.
! Y d* ¥ _o (8.141)
dx dx”
Multiplying Eq. (8.141) by b, we have
Db “H—‘j LY o (8142)

"
dx dx”



where p = N[l_',";r is the total compressive force. Comparing Eq. (8.142) with Eqg. (8.15), we note that if

the bending rigidity EI of the bar is replaced by the total bending rigidity Db of the plate, then the
buckling of a plate in cylindrical bending is identical to buckling of a straight bar.

From Eg. (8.135), we note that

ERn’b El (8.143)

Thus the only difference between a bar and a plate in cylindrical bending is a factor of 1 - v2. This is the
result of the assumption that the bending stress in the plate is in a state of plane strain parallel to the
x-z plane while in the bar a state of plane stress is assumed.

8.8.3 Buckling of Rectangular Plates

8.8.3.1 Simply Supported Edges

Consider a rectangular plate compressed by uniform in-plane forces N[l_' along the edgesx=0and x=a

as shown in Figure 8.21. The four edges are assumed to be simply suppbrted. The deflection surface of
the buckled plate is given by

. max . nmy
w = Cyppy SIN — sin 5 mon= 1,2,3,... (8.144)
a )

It is easy to verify that this deflection function satisfies the simply supported boundary conditions
(8.137) along all four edges. It must also satisfy the equilibrium Eq. (8.134). Substitution of Eq. (8.144)
in Eq. (8.134) leads to

y

0 : : 0
_’ 4_
Nx « Nx
_’ ‘_
—» b —
— Pl a p&—
—»7 «— x
Fig. 8.21 Simply supported rectangular plate compressed by uniform in-plane forces.
m'r mn* , n'rt 1 miA’ (8.145)
td—s=Sn +—F ==N,—5
a a* b* b D a*

from which we obtain the critical value of the compressive force.

0 2a?D (m? n?\’ (8.146)
— 5 + __|
m? R

The solution given by Eq. (8.146) represents the buckling force associated with the buckling mode
shape in the form of Eq, (8.144) with a combination of m and n. From Eq. (8.146), it is obvious that
among all the possible values of n, n = 1 will make Ni_' the smallest. Thus, the critical value of the

compressive force becomes



2D z 2D 8.147
N”= ;r:( (,”E_FI_E) :kﬂf ( )

* b* a mb

where

o

( b Iu): (8.148)
k=|m-—+ ——
mb

If b>> a, then N_Er' can be approximated by the expression

D (8.149)
m

0
N = —

X a
which can easily be verified as the solution to the buckling Eq. (8.141) for the cylindrical bending

problem. In such cases, m = 1 yields the lowest critical force; i.e.

D :
(). = = (8.150)

a=

For plates with general aspect ratios, the minimum critical force N[t' depends on the ratio a/b and the

mode number m. If a is smaller than b, the second term in parenthéses in Eq. (8.148) is always smaller
than the first term. Then the minimum value of N[: can be obtained by taking the minimum value of the

first term, i.e. m = 1. Thus, for a < b, we have
(N“} _ ;{-;[J' ? . g = (8.151)
i b* \a b

whose minimum value occurs when a = b for a constant b. This conclusion can easily be obtained by
setting f?(N[l_')w;’f?(u;'h) = (). This result indicates that the buckling load for a plate of a given width is

the smallest if the plate is square and is given by



alb

Fig. 8.22 Plot of k versus aspect ratio for various mode numbers.

_ 4D (8.152)
)cr - az
This is four times the buckling load for plates under cylindrical bending.

(NY

X

To find the minimum critical values of N{: for other aspect ratios a/b, we must minimize the factor k

m. It is interesting to note that the buckling mode number switches fromm=1tom=2ata/b=,/2,
and fromm=2tom=3ata/b= \/E and so on. In fact, a general relation exists; i.e.
a

—=y/mm+1) (8.153)
b

If a > b, m becomes large, and then

m~ (8.154)
b

The corresponding buckled deflection surface is

max oy X oy
w = (Csin — sin — = Csin — sin — (8.155)
a b b b
The preceding buckled shape indicates that a very long plate buckles as if the plate were divided into
many simply supported square plates of size b x b. A sketch illustrating the buckled deflection surface is
shown in Figure 8.23.
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Fig. 8.23 Buckled deflection surface a > b.
Table 8.3 Values of k for simply supported edge along y = 0 and free edge along y = b, v=0.25.

a/b 05010 12 14 16 18 20 25 3.0 40 5.0
k 440 1.440 1.135 0.952 0.835 0.755 0.698 0.610 0.564 0.516 0.506

8.8.3.2 Other Boundary Conditions

Simply Supported Edges along x = 0, x = a, and y = 0, and the Free Edge along y = b We now change the
edge of the plate (see Figure 8.23) along y = b to the free edge condition while keeping all other three
edges simply supported. The lowest critical compressive force N_[t' is given by the general form

=D (8.156)
cr hﬁ

The value of the buckling coefficient k depends on the aspect ratio a/b and Poisson’s ratio v. Table 8.3
lists the values of k for various aspect ratios and v = 0.25. For long plates (i.e. a > b) the value of k can
be calculated using the approximate formula

(NY) o =k

il

b- 8.157

k=0.456 + - (8.157)
a-

Simply Supported Edges Along x = 0, x = a, Clamped Edge y = 0, and the Free Edge y = b For a rectangular

plate with these boundary conditions, the values of k for a/b ratios up to 2.4 are listed in Table 8.4.

8.8.4 Buckling Under Shearing Stresses

Consider a rectangular plate under uniform shear forces N, along all edges that are simply supported
(see Eigure 8.24). The buckling is actually caused by the compressive stresses on the planes at 45°
against the x-axis. The buckled deflection surface should satisfy the equilibrium Eq. (8.134). In this
case, Eq. (8.134) becomes

Table 8.4 Values of k for clamped edge along y = 0 and free edge along y = b, v=0.25.

a/b10 11 12 13 14 15 1.6 1.7 1.8 19 2.0 2.2 2.4
k 1.70 1.56 1.47 1.41 1.36 1.34 1.33 1.33 1.34 1.36 1.38 1.45 1.47
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Fig. 8.24 Rectangular plate under uniform shear forces.

Table 8.5 Values of k for buckling under shearing forces.

a/b1.0 1.2 1.4 1.5 1.6 1.8 2.0 2.5 3.0 4.0 o0
k 93480 83 81 80 68 6.6 6.1 59 5.7 535

Fw o Iw Iw 2N Fw (8.158)
e o Do + = ' =
axt ax* dy*  ay* D dxdy
For this case, a single term such as that given by Eq. (8.144) cannot satisfy Eq. (8.158), although the
simply supported boundary conditions are satisfied. There are approximate methods to find the
solution for the buckling load, which can be given as

o

(Vo). = =k a—bu (8.159)

where k is a constant depending on the ratio a/b. The two signs indicate that the buckling load does not
depend on the direction of the shearing force. In Table 8.5, values of k for various aspect ratios are
listed.



8.9 LOCAL BUCKLING OF OPEN SECTIONS

Thin flat panels are inefficient in carrying compressive loads because their buckling stresses are low.
However, thin-walled sections formed with thin sheets, such as angles and channels, can provide much
improved compressive buckling strengths.

The global buckling of slender bars of thin-walled sections was discussed in Section 8.6. For short
open-section members, local buckling may occur before global buckling. Local buckling often takes the
form of buckling of flat plates.

Let us consider an open section composed of flat sheet elements. It has been found that the buckling
load of the open section can be approximated reasonably well by summing the individual buckling
loads of the sheet elements. The rationale for such an approach is similar to that used in Example 8.1.

Denoting the buckling load for sheet element i by pi_i', the total buckling load of the composite section is
estimated as

Po =PV + P2 4 PO 4 ... (8.160)

The (average) crippling stress o, of the section is

_ Py (8.161)

where A is the total cross-sectional area.

To estimate the local buckling load, boundary conditions for each sheet element must be specified. This
is usually a rather difficult task because restraints from the adjacent sheet elements, in general, do not
fall into the usual category of edge conditions for flat plates. Approximate but conservative boundary
conditions are usually used. For example, the angle section shown in Figure 8.25 has two identical
flanges that would buckle under the same compressive load. In this case, there is no restraint from one
flange on the other. Hence, the edge along the junction can be assumed to be simply supported. For
more general sections, the simply supported edge is often used to approximate the boundary
conditions along the junction of two sheet elements.




B

Fig. 8.25 Angle section with two identical flanges.




Example 8.5

Estimate the crippling load for a channel section shown in Figure 8.26. The material is an
aluminum alloy with E =69 GPa and v=0.3.

The channel is assumed to be the assembly of three flat plate elements. The loading edges (top
and bottom) are simply supported; the edges along the junctions between elements are
approximated as simply supported edges; the free edges in elements 1 and 3 are obvious. The
local buckling load for each element is calculated as follows.

Elements 1 and 3: These two plate elements are simply supported along three sides and free on
one side. The aspect ratio a/b is 5.0, which gives the buckling coefficient k = 0.506 (see Table 8.3).
The bending rigidity of the plate element is given by Eq. (8.135). We have

ER’ 69 10° x (0.002)°

D= =50.5N'm

12(1-v?) ~ 12(1-0.09)
0.2m

0.3m

+

.f!3f.l’ {

e 48

\'

Fig. 8.26 Channel section.

Thus, the buckling (line) load for plate elements 1 and 3 is




o, @D 0506 x 7 x 50.5
(Vo) =k = 0.04

The local buckling load for both elements is

= 6305N/m

PV =P =6305x02=1261N

Element 2: Plate element 2 is simply supported along the four edges. The aspect ratio is a/b = 3.33.
The corresponding buckling coefficient k can be picked up from Figure 8.24. We have k = 4.0.
Thus, the local buckling (line) load for element 2 is

7D 4.0 x% rt % 50.5 ~

(NY),, =k 7 s 22, 155N

v e

The buckling load for element 2 is

P2 =22,155% 0.3 = 6646 N

Using Eq. (8.160), the total crippling load for the channel section is

Po=PY + P2+ P =09168N




PROBLEMS

8.1 The truss structure consists of two bars connected by a pin-joint (which allows free rotation of
the bars). The other ends of the bars are hinged as shown in Figure 8.27. A weight W is hung at the
joint. Find the maximum weight the truss can sustain before buckling occurs.

N
o N
N
N\
0
a \
"y (o 'Q
El \

w

Fig. 8.27 Two-bar truss.

8.2 A bar, as shown in Figure 8.28, is built-in at the left end and supported at the right end by a
linear spring with spring constant a. Find the equation for buckling loads. Hint: The boundary
conditions are w = 0 and dw/dx = 0 at the left end; and M = 0 and V = —aw at the right end.

< L B
< +——P
El

a

Fig. 8.28 A Bar with a built-in end and an elastically supported end.

8.3 The 3-m tall wooden vertical column has the dimensions shown in Figure 8.29. There is a fixed
collar at the middle of the column so that the column cannot deflect at the middle. Properties of
wood are E =11 GPa, oy =40 MPa.

i. Determine the critical buckling load P (produced by the top beam) considering (a) the fixed
collar is absent and (b) the fixed collar is present.



ii. What is the most likely mode of failure, buckling type or compressive type when (a) the fixed
collar is absent and (b) the fixed collar is present? Your answer must be supported by
analysis.

iii. Find the critical length L at which both buckling failure and compressive failure become
equally possible modes of failure.

P

Collar

/ Column section

B

Fig. 8.29 A wooden vertical column.

8.4 An AlSI4340 steel column has a length of 5 m and has the cross-section shown in Figure 8.30.
Determine the critical load if its bottom end is fixed supported and its top is free with respect to
the strong axis and is pinned about the weak axis.



F 10cm

1cm

1cm 10cm

10cm

Fig. 8.30 Cross-section of a long column.

8.5 Two steel bars (E = 210 GPa) are connected by a hinge as shown in Figure 8.31. The square
cross-section of the bar is 5 x 5 cm. Find the buckling load for the bar with a built-in end.

le 3m P

2m

Fig. 8.31 Two-bar structure.

8.6 Find the buckling load equation for the bar with the left end built-in and the right end simply
supported but constrained by a rotational spring (see Figure 8.32). The spring constant f relates
the bending moment M and the rotation 8 = dw/dx by M = f36.

R L /._[: ﬁ

=5 El

Fig. 8.32 Bar with a built-in end and a rotationally constrained end.



8.7 Two steel bars of a 4-cm circular cross-section are rigidly connected into a T-shaped structure.
The diameter of the bars is 4 cm. Three ends are built-in as shown in Figure 8.33. At the joint, a
roller support is provided to prevent vertical deflection of the joint. Compression is applied as
shown in the figure. Find the lowest buckling load.

3m

Fig. 8.33 Structure with two rigidly connected bars.

8.8 For the structure of Problem 8.5, find the buckling load if the roller support at the joint is
removed.

8.9 A simply supported bar has a doubly symmetrical cross-section consisting of a thin web and
thin flanges as shown in Figure 8.34. Find the length of the bar at which the flexural buckling load
is equal to the torsional buckling load.



y v

*
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Fig. 8.34 Cross-section of a simply supported bar.

8.10 A simply supported aluminum (E = 70 GPa, G = 27 GPa) bar 2 m in length has the cross-
section shown in Figure 8.35. Find the lowest three buckling loads.



40 mm

) .

20mm

Fig. 8.35 Cross-section of a thin-walled bar.

8.11 Find the buckling load of a 1-m-long bar having a thin-walled circular cross-section 50 mm in
diameter and wall thickness of 2 mm. If the closed section is made into an open one by cutting a
longitudinal slit over the entire length of the bar, what is the buckling load? Assume that E =70
GPa and G = 27 GPa.






9
Analysis of Composite Laminates



9.1 PLANE STRESS EQUATIONS FOR
COMPOSITE LAMINA

Many structural applications of fiber-reinforced composite materials are
in the form of thin laminates, and a state of plane stress parallel to the
laminate can be assumed with reasonable accuracy. For this reason,
formulations in plane stress are of particular interest for composite
structures.

In this chapter, the x;-axis will be designated as the fiber direction as
shown in Figure 9.1. For a state of plane stress parallel to the x;-x, plane
in an orthotropic solid (i.e. 033 = 013 = 0,3 = 0), the stress-strain relations

are given by (3.107) or (3.109). Symbolically, (3.109) can be expressed in
the form

o] O, Opn 0 £11 (9.1)
62 ¢ = |0y On 0 €22
012 0 0 Qg Y12
where
E) vi2Es 9.2
Q11=—_- Qu:Q:i:f (9:2)
| —vi2v9 | —vi2vay
£y .
Q."E = T Qm =Gp2

= Vi2Va)

Q6= 0% =06 =0 =0
are called reduced stiffnesses, which should not be confused with elastic
constants c;;.

The inverse relations of (9.1) are given by (3.109), which are usually
presented as

£11 5[] 5]3 0 7] (9.3)
£99 — 53] 5:3 0 T3

Yi2 0 0 Sﬁﬁ, F|2



where

Sii=4. Siz=—-—, S16=0 (2.4)

Se1 = 0, Se2 =0, Se6 = G

is a subset of the elastic compliances a;; (i, j = 1, 2,..., 6) in (3.99).

)4

X1

7
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0

X

Fig. 9.1 Fiber direction and coordinate systems.

Note that in the plane stress-strain relations for orthotropic solids in a
state of plane stress, there are four independent material constants. For
fibrous composites, E; (Young's modulus in the fiber direction), E,

(transverse Young's modulus), G, (longitudinal shear modulus), and v;,

(transverse/longitudinal Poisson ratio) are often used to characterize the
composite in a state of plane stress.



In stress analyses, sometimes a coordinate system x-y is set up, which
does not always coincide with the material principal axes, x; and x, as

illustrated in Figure 9.1. The two sets of stress components with respect
to these two coordinates systems are related by the transformation matrix
[T,] [see (3.63)]:

a1 Ty (9.5)
022 = ’Tr.r] Ty
12 Oxy
where
cos 26 sin 2@ 2sinfcosd (9.6).
T, = sin @ cos 26 —2sinfcosd

- a ] a g
—sinfcos@ sinfcosd  cos~@ - sin-d

In the same manner, the strains with respect to the two coordinate
systems are related by

£11 Exx (9.7)
e ¢ =[T:| { €y
712 Yy
where
cos 20 sin @ sin # cos ¢ (9.8).
T, = sin >@ cos ># — sinfcos @

- - | » 3
=2smnfcosf 2sinfcosf  cos<f-sin-¢

Note that the inverses [T,] " and [T.]! can be obtained by replacing 6 in
(9.6) and (9.8) with -6.

Using the transformation matrices [T,] and [T,], we have



(O o) (&)
Qay p»=[Ts]""< om »=[T,]"" [0} €2
[ Oxy a2 ) L Y12

€y

= [To] ' [QI[T.]S &y

Y xy

Thus, the stress-strain relations for the state of plane stress parallel to x-y
(x1-x,) plane become

Oy Exx (9.9)
Oy ¢ = @ Eyy
L }'.l.]'
where
[0] = (1.7 "[Q][T.] (9.10)

The explicit expressions for the elements in [Q] are given by

B (9.11)
0,1 =0y, cos'0+2(Q, +2Q) sin*B cos 0 + Oy, sin '@

012 = 051 = (Q) + 02 —4Q¢s) sin“Gcos @ + Q5 ( sin*0 + cos*H)
Oy = 0y, 5in*0 4+ 2(Qy5 + 20¢¢) sin @ cos >0 + Q5 cos *0
Em = @m

= (Q; = Q1> = 20¢s) sin@cos *0 + (Qy> — 0y + 204 ) sin @ cos O
26 = @ﬁz

= (@11 — Q12— 2Q44) sin*Ocos 0 + (@1, — 0 + 2Qgg) sinf cos 0
06 = (Q1) + Q2 =203 - 204 sin >0 c0s >0 + Qg ( sin 0 + cos *0)

=]



The fact that [(J] is a full matrix indicates that the in-plane shear
deformation y,, is coupled with the normal deformations ¢,, and ¢,,. This

behavior is called shear-extension coupling.

Following a similar procedure, we obtain

Exx Oy (9.12)
Eyy ¢ = m Oy,
l{'l.'_'l.' 'r'r'l.'l
where
[S] = (1.]7"(8][T,] (9.13)
and
(9.14)

Si1 =511 c08%0 + (25 + Sge) sin >0 cos 6 + Sy sin ‘6

Si2 =82 = Si2(sin*@ + cos*@) + (811 + S22 —Ses) sin “@cos 0

S20 = 811 sin"@ + (2812 + Ses) sin “Hcos *0 + Sy cos 0

Si6=Se61 = (2811 = 2812 = Sg6) sin @ cos *0 + (2512 =252 + Seg) sin “Bcos O
Sa6 = Se2 = (2511 = 2512 = Se6) sin "B cos @ + (28,5 — 255, + Sg) sinfcos 0
Se6 = 2(281) + 2520 =482 — S5 sin 20 cos >0 + Sg ( sin ‘@ + cos *0)

By using the definitions of engineering moduli, the stress-strain relations
in an arbitrary coordinate system (x, y) can also be expressed in the form

[ L _ Ve Hxyx | (9.15)
E, Ey Gy
Exx ' ' O xy
; Ve L May,y o
(| E. E G, »
Yy My My xy I Oy
| E, -E_x- G xy




Since the x- or y-axis may not coincide with the principal (fiber) direction,
the engineering moduli £, E), v, G,,, and 1,,, , ... are called the apparent

engineering moduli. Comparing (9.12) and (9.15), we have

_ | — Viy = My x (9.16)
.S‘ - — 5 IS‘ = - — 3 ‘5‘ = — | . |
"SR RTTE TG,
— Viy = I = My y
===, dp=—, & s = ——
u=-g 2= %=
— N — Ry s I
Sh] - S{,: —, Shﬁ =
E, E-. G_rj.

For an orthotropic material, the apparent engineering moduli can be
expressed in terms of the principal engineering moduli through the use of
(9.16), (9.14), and (9.4). The relations are

-1
! 1 2vp\ . 5, o, 1 9.17

Ey=|cos'0+ (——- '12) sin20cos %0 + — sin*0 (5:17)
L G E E

-

I
Vi2 I I 2vy2 1 ) ’)
Vyy = £y E_ =+ = + ,]h - — sin @ cos ¢
' E) Ey,  E; Ey Gy

I. . _1_ I. ?.1-"[’1' , ] N l _1_ -1
E.=|—sin 0+ - — |sin“fcos“€+ —cos" 0
_ [ b | (G]: E] ) 51 b E-, Cos

1 I ] ?.,'l‘[-r | . 4 -1
G.l..r= +4 + + -"'- |11 _H1 -ILH
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2 2v|2 | ,
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E

2 2via |
Ly (-—-—- y 22 -—-—) sin*@ cos @

2 2v2 |
- (E; + ;:'I' - Gu) Hinﬁlu1r~:3t’:i]




Variations of the apparent moduli E,, G,, v, and 1, ,, against fiber

orientation 6 for three composites are given in Figure 9.2.

In the plots, the following material constants were used.
Carbon/epoxy:
E,=140GPa, E.=10 GPa
G2 = 7.0 GPa, vi2 = 0.3
Boron/aluminum:
E, = 235 GPa, E> = 135 GPa
G]] = 45 GPa, Vi2 =0.3
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Fig. 9.2 Variations of apparent moduli against fiber orientation for three
composites.

Glass/epoxy:
Ly = 43 CIPI-.L, L= 9.0 GPa
G[j =45 GPEI, Via = 0.27

Among the three composites, carbon/epoxy is the most anisotropic with
the largest E/E, ratio, and boron/aluminum is the least anisotropic. The



following behaviors are noticed.

e The longitudinal stiffness represented by E, drops sharply as the
loading direction deviates from the fiber direction, especially for
carbon/epoxy. Thus, the fiber orientation in composite structures
must be precisely aligned during manufacturing.

e The shear stiffness represented by G,, attains a maximum value at 6 =
45°. This means that placing fibers in the 45° direction in a composite
can achieve the best in-plane shear property.

¢ The maximum coupling between extension and shear occurs between
6 =10° and 20°. From the results for 1, ,, shown in Figure 9.2, a unit
of axial strain (¢,= 1) applied in the x-direction can induce two units
of shear strain y,, in carbon/epoxy composite if the fiber orientation
is 12°.

y

\ I .
o \
\\46_ //AG X Jh\

Fig. 9.3 Deformation of an off-axis composite under tension.




9.2 OFF-AXIS LOADING

Consider a state of uniform deformation in a composite panel produced by
applying a uniaxial stress o,, = 0 in the x-direction (see Figure 9.3). From
(9.12), the uniform state of deformation is given by the strains

Ex = 51100
Ew = Slzﬂ'u
oy = S1660

It is seen that shear deformation can result from application of a normal
load, except when x and y axes coincide with the material principal axes,
xq1 and x, (in that case §;4 = S16 = 0). Coupling between normal

deformation and shear deformation does not exist in isotropic solids.

Integrating the strain-displacement relations for ¢,, and ¢, [see (3.7) and
(3.8)] yields the displacement components:

u=enx+fy) (2.18)

v =g,y +g(x) (9.19)

where f{y) and g(x) are arbitrary functions of variables y and x,
respectively. Substituting (9.18) and (9.19) into shear strain

du dv (9:20)
y = o o
£ dy  dx
we obtain
Vxy =f'(y) + &' (x) = Si600 (9.21)

where a prime indicates differentiation with respect to the argument.
From (9.21), it is obvious that f{y) and g(x) must be linear functions of y
and x, respectively, i.e.

fly)=Ciy+ G (9.22)



g(x)=Cux+ Cy (9.23)
Thus, the displacements (9.18) and (9.19) can be expressed as

u= E] 10X + CJ_"L" + C4 (9.24)

V= ELJ{T[]_T + Cox+ Cy (9.25)

Removing the rigid body translations from the displacements above, we
set C3 = C, = 0. To suppress the rigid body rotation, we assume that the

horizontal edges of the panel remain horizontal after deformation, i.e.

v
¥ =0 (9.26)
X

The remaining constant C; is obtained from (9.21) in conjunction with
(9.20). We have

Cy = S1600 (9.27)

Thus, the displacement field in the composite panel under the uniform
stress o,, = 0, IS

= §| | X + E]hﬂ'u_\‘ (9.28)

v = 81260y (9:29)
For the AS4/3501-6 carbon/epoxy composite, the elastic moduli are

E, = 140 GPa (9.30)
E, = 10GPa
G = 6.9GPa
vi2 = 0.3

If the off-axis angle 0 is 45°, then



S =0.615%x10"""m?/N (9.31)
S =-0245x 107" m?*/N
Sie=-047x 107" m?/N

The deformed shape of the panel can be determined from the
displacement field given by (9.28) and (9.29), which is depicted in Figure
9.3.



Example 9.1

A composite panel with 6 =45° is under shear load 7, as shown in
Figure 9.4. The elastic moduli of the composite are given by (9.30).
Find the compliance.
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Fig. 9.4 Composite panel under shear load.

From (9.12), the strains produced by the shear load are

Exy = Elhf (9'32)
Eyy = S26T (9.33)
Yy = S66T (9.34)

Using the elastic moduli (9.30) and the transformed compliances
(9.14), we have

Si6=56=-047x 10"""m* /N (9.35)




See = 1.45 x 107 '°m? /N (9.36)

[t is interesting to note from (9.35) that a positive shear load produces
negative normal strains in g,, and ¢, In other words, a positive shear

load would shorten the composite panel in both x and y directions. On
the other hand, a negative shear load would enlarge the size of the
panel.




9.3 NOTATION FOR STACKING SEQUENCE IN
LAMINATES

Unidirectionally reinforced fiber composites have superior properties
only in the fiber direction. In practical applications, laminas with various
fiber orientations are combined together to form laminated composites
that are capable of carrying loads of multiple directions. Due to the
lamination, the material properties of a laminate become heterogeneous
over the thickness. Further, due to the arbitrary fiber orientations of the
laminas, the laminate may not possess orthotropy as each constituent
lamina does.

A laminate consists of a number of laminas of different fiber orientations.
A composite ply is the basic element in constructing a laminate. Each
lamina may contain one or more plies of the same fiber orientation. The
laminate properties depend on the lamina fiber orientation as well as its
position in the laminate (the stacking sequence). To describe a laminate,
the fiber orientation and position of each lamina must be accurately
specified.

To achieve the foregoing purpose, a global coordinate system, (x, y, z),
must be established. Let the x-y plane be parallel to the plane of the
laminate and the z-axis be in the thickness direction. The fiber orientation
(6) is measured relative to the x-axis as shown in Figure 9.1. The positions
of the plies are listed in sequence starting from one face of the laminate to
the other face along the positive z-direction. An example is shown in
Figure 9.5 for [0/0/45/-45].
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Fig. 9.5 Position of plies in a laminate.

In practice, layup is not arbitrary; it often possesses certain repetitions
and symmetry. To avoid lengthy expressions, abbreviated notations are
used to specify the stacking sequence. The following are some abbreviated
notations introduced to indicate ply or sublaminate repetition and
symmetry in the lay-up.

9.3.1 Symmetry

If the layup is symmetric with respect to the midplane of the laminate,
then only half of the plies are specified; the other half is included by a
subscript s indicating symmetric layup. An example is [0/90/+45/-45]; or
[0/90/£45],, which stands for [0/90/+45/-45/-45/+45/90/0].

9.3.2 Repetition

If a ply or sublaminate contiguously repeats itself n times in a laminate,
then a subscript n is attached to the ply angle or the sublaminate group



angles to indicate the repetitions. For example, [0,/90,] stands for
[0/0/90/90], and [(0/90),/+45,] stands for
[0/90/0/90/45/45/-45/-45].

Additional examples are as follows:

[0/+45/0], stands for [0/45/-45/0/-45/45/0] where an underline is
used to indicate the ply right on the plane of symmetry.

[(0/90),], or [0/90],, stands for [0/90,/0/90,/90,/0,/90/0].
[(0/90); ], stands for [0/90,/90,/0,/0/90,/90/0].

Special names are often given to laminates with particular layups. For
instance, a laminate consisting of only 0° and 90° plies is referred to as a
cross-ply laminate. If a laminate consists of only +6 and -6 plies, it is
called an angle-ply laminate. A balanced laminate is a laminate in
which there is a -0 ply for every +0 ply.



9.4 SYMMETRIC LAMINATE UNDER IN-PLANE
LOADING

Laminates with symmetric lay-ups are most popular in applications
mainly because they are free from warping induced by thermal residual
stresses resulting from curing at elevated temperatures. Laminates
provide excellent stiffness and strength properties for in-plane loading.
They can be used with great structural efficiency in skins and stiffeners in
aircraft structures.

Consider a laminated panel consisting of a number of fiber-reinforced
laminas, as shown in Figure 9.6. The x-y plane is located at the midplane
of the laminate. In a well-made laminate, the laminas are perfectly
bonded. Under in-plane loading, laminas deform, and the displacements
are continuous across the ply boundaries. If the laminate is thin, then we
can assume with good accuracy that the strain components g,,, €, and y,,
in all the laminas are the same over the thickness of the laminate. In other
words, we assume that the laminate deforms uniformly over the thickness

if it is under in-plane loading.

Z

A

h/2
,J— —————————— = X y

e | hre

/// /— -

g 7
Z s
- s

/ i

Fig. 9.6 Laminated panel.
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Although the strains are uniform and continuous over the thickness of the
laminate, the stresses in the laminas are, in general, discontinuous across
the interfaces due to different material properties resulting from different



fiber orientations. For the kth lamina, the stress components are
calculated using the transformed stress-strain relations:

Oxx O 0Op O Exx (9.37),
Oy ¢ = | @ On 0Ox Eyy
Oxy ) Qe U ool \Tn

It is conceivable that analyzing each layer individually is a cumbersome
task. Consistent with the beam theory in Chapter 5 and the plate theory in
Chapter 8, in-plane resultant forces are introduced. These resultant forces
are defined as

A R (938)
N ¥ = Tyy dz

J=h/2
N xy O xy

where h denotes the thickness of the plate and the stress components o,,,
Ty *) and 6% if z is located in the kth
lamina. The resultant forces, which have the unit of force per unit length,
are depicted in Figure 9.7.

and o,, assume the values of g|¥), &

Let the kth lamina occupy the region from z=z,_; to z = z;, (see Figure 9.8).

Then the integral in (9.38) can be broken up into integrals over the
individual laminas as

N, A (9.39)
N.l' = Z ‘\ Tyy dz
No ) 10 6y ),

where n is the total number of laminas in the laminate. Substituting (9.37)
into (9.39), we obtain

Exx (9:40)
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Fig. 9.7 Resultant forces.
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Fig. 9.8 Positions of laminas.

Note that the quantities ¢, €, and y,, are independent of z. Hence, the
integrations in (9.40) can be performed to yield

N,y A A A Exx (9.41)
N_-.,- = | A 12 A 22 A 6 Eyy
Ny Ale Az Aee | | Ty

where

hfz 9.42
:[ 0y'dz (i.j=1,2,6) .



or, explicitly,

_ ZQH.I —ze ) ZQ::I " (9.43)

k=1 k=1
Coefficients A,-j are called extensional stiffnesses.



9.5 EFFECTIVE MODULI FOR SYMMETRIC
LAMINATES

A symmetric laminate under in-plane loading can be treated as an
equivalent homogeneous anisotropic solid in plane stress by introducing
the average stresses

N Ny N, (9.44)
h ' h '™ h
In terms of these average stresses, (9.41) can be written as

Oy ] Exx (9:45)
Oy = T ,L‘ﬂ Eyy

B J} # 5

Oxy Yy

Equation (9.45) indicates that the laminate is effectively a 2-D anisotropic
solid in-plane stress and [A]/h is the effective elastic constant matrix.

The inverse relation of (9.45) is
le} = h[;f] {7} (9.46)
where
' -1
AT = [A]

The components ri:-), are given by



' A2nAgs — A3 (9.47)

1= A
AIIAW}_AIEAEm
A‘.’If = } &
A = AnAgs—Alg
22 A
r_ AnAze—AnAie
16 A
, ApAz = A A
Ay = A
ApAay — A2,
Al = 22 12
66 A
where
A=Al

Comparing (9.46) with (9.15), we can relate the components AL- to the
effective engineering moduli for the laminate as

, I . I 9.48
E. = e E, = e (9:48)
Al Al
MEA TR,
i r
rlll.'l.'_'l.'..'l' = % ! ,?.'L"I-'.‘u' = ::Eﬁ
Hify tih
o

If a symmetric laminate also possesses the property A, =4, =0 (e.g.
[0/90]; and [+45],), then the effective moduli can be expressed explicitly
as



A11Ax» —-Af, (9.49)

h
"f.rl.',r = ”_r_".,_w. =0

9.5.1 Quasi-Isotropic Laminate

Although each lamina is anisotropic, some laminates may possess
isotropic in-plane stiffness properties. These laminates are called quasi-
isotropic laminates because their bending properties are still
anisotropic.

A quasi-isotropic laminate is characterized by an in-plane stiffness matrix
that is invariant with respect to in-plane rotations of the coordinate
system. In other words, the laminate stiffnesses are independent of
direction just like an isotropic homogeneous solid. A symmetric quasi-
isotropic laminate is constructed as follows. Let n (= 3) be the number of
fiber orientations in the laminate. The angle between two adjacent fiber
orientations is m/n. The number of plies for each fiber orientation is
identical. Examples for quasi-isotropic laminates are /3 laminate
[0/+60]; and /4 laminate [+45/0/90],. Other quasi-isotropic laminates
corresponding to higher values of n can be constructed in the same
manner.



Example 9.2

Find the effective moduli for a quasi-isotropic laminate [+45/0/90]..

Assume that, the elastic moduli of the composite are

E, =180GPa, E,=10GPa, G;»=7GPa,v;>»=0.3
ply thickness = 0.127 mm
laminate thickness 7 = 1.02 mm
The laminate in-plane stiffnesses A;; are obtained as

Ajp =A»n =61.84 x 10°N/m
A =A» =61.84 x 10° N/m
Alg =A% =0

Ags = 21.96 x 10° N/m

The effective moduli for the laminate are calculated using (9.49). We
obtain

A11Arn — AL,
E,=E =—X2_"12 _555GPa
' hA2
Az
by =V = 3 = 0.29

Gy = AI =21.5GPa

Note that the relation e =2(1 + v)G for isotropic materials holds for the
quasi-isotropic laminate.

-




Example 9.3

Show that negative Poisson's ratio in laminates is possible.

When a symmetric laminate is treated as a 2-D homogeneous solid in
plane stress, it may exhibit some unusual properties that are not
observed in other homogeneous solids. One of these is a negative
Poisson's ratio.

1

08

06T

ny

0.4

0.2

_0.2 " 1 1 1 M 1 " M 1 1 1
0 45 90 135 180

90

Fig. 9.9 Poisson’s ratio v, as a function of fiber orientation 6 in [6/6 +
25°]; laminate.




Consider the symmetric but unbalanced laminates [0/6 + 25°],, where
6 =0°to 190°. The ply properties are

El = 180 GPa, Eg = 10 GPa, {}]3 =7 G]’:-'_L
vi2 =0.28, ply thickness = 0.13 mm

The apparent Poisson's ratio v,, can be calculated using (9.48). Figure

9.9 shows v, as a function of 6. It is seen that negative values of v, are

y
possible.

Also note that unusually high positive values of v, can be produced.




9.6 LAMINAR STRESSES

The in-plane resultant forces provide a convenient way to formulate the
global governing equations for thin laminates. However, for the prediction
of laminate strength, stresses in each lamina must be recovered.

If loads in terms of {N} are given, then the laminate strains are obtained
from

{e} = [A]"{N} (9.50)

(k) and ._,TI'.‘.'I]

L .+ in the kth lamina are calculated according to

The stresses fy[f; o
(9.37), i.e.

{0}, = 0] {¢} (9.51)



Example 9.4

Obtain laminar stresses in a quasi-isotropic symmetric laminate
[+45/0/90], under a uniaxial load N,.

The composite ply properties are assumed to be
E, = 140GPa, E,=10GPa
Gn =TGP£L l'[3=n.3
ply thickness = 0.127 mm

The following stiffness matrices are readily calculated:

1409 3.02 0

[0, =302 1006 0 |x10°Pa
0 0 70
10.06  3.02 0

[0l = | 302 1409 0 | x10°Pa
0 0 70

[ 4625 3225 +327]
0] ..o =] 3225 4625 £3271| x10°Pa
£3271 +3271 3623

(61.84 1792 0
[Al=117.92 61.84 0 | x10°N/m

0 0  21.96
17.65 =511 0
A]7'= | -511 1765 0 | x10"°m/N

0 0 45.53

(9.52)

(9.53)

(9.54)

(9.55)

(9.56)

(9.57)




The strains are

Exx N, 17.65
ey »=[A]7"{ 0 3 =¢ =511 3 x 107°N,
Vv ] 0

in which N, is in N/m. The laminar stresses are

O 2472
oy ¢ =[0],.{e}=4 1.8 N, N/m’
o ) 0
O 162.2
Gy = [0]y-{e} = { —667.3 3N, N/m’
Oy L 0
O 651.5
Oy = (0], ,-{e} =4 3328 N, N/m’
Oy . +410.1

+ 45"
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Fig. 9.10 Distributions of laminar normal stresses.

The distributions of the laminar normal stresses are shown in Figure
9.10. It is evident that the stress distribution from lamina to lamina is
not continuous. Also note the large compressive stress o,, developed




in the 90° lamina due to its inability to contract in the y-direction. It is
easy to verify that the resultant force N, = 0.

The stress components in reference to the material principal axes (x;,
X,) in each lamina are of particular interest in strength analysis. These

stress components can be obtained using the coordinate
transformation given by (9.5). We obtain

7] 2472
6 » ={ 18 SN, N/m’
F|2 0 0
a1 -667.3
62 ={ 1622 N, N/m’
|2 90 0
7] 902.2
a2 = 82.0 N_.,- N/m3
F12 —f—]593

- 45




9.7 [+45°] LAMINATE

The +45° type of laminate is often used to provide greater shear rigidities
of composite structures. For example, consider the [+45]; laminate with

the composite properties given in Example 9.4. Using [ (J] 1450 given by (d)
in Example 9.4, we have

2350 1638 0 (9.58)
[A]=11638 2350 0 | x10° N/m
0 0 1840

By treating this laminate as an equivalent homogeneous orthotropic solid
in plane stress, the equivalent elastic moduli can be obtained from (9.49).
We have

E.=E,=238GPa, G, =36.2GPa (9.59)
Vi = vy = 0.70, Moy = Mayx = 0

Comparing these moduli with those of the unidirectional composite, we
note a significant increase in the shear rigidity. However, this is achieved
at the expense of the longitudinal modulus E,.

9.7.1 Determination of G2 Using ¥45° Laminates

Consider the [+45]; laminate subjected to a uniform uniaxial stress @, (=
N,/h) 0gand Gy, = 04 = 0. Based on the symmetry of the laminate, it is
not difficult to see that in both +45° and -45° laminas,

Ty = 00 (9.60)
Oy =0
(64y) 450 = {ﬁ*.‘-') +45

From the coordinate transformation (9.5) for stress, we have



612 = — sinfcosBo,, + sinfcosbo,, + (cos’d-sinf)e,, (9.61)
= — sinfcosf o + (cnszﬁ— sin :H)ﬁ_u-

For 6 =-45°, (9.61) yields

I 9.62
G12 = 500 2.62)

Since the [+45]; laminate is balanced with respect to the uniaxial load, we
have y,, = 0. From the coordinate transformation on strains,

€11 € xx (9.63)
e 0 =[Te|q €w
r12 ]"r.r_'l'
we obtain
Yi2= — 2 sin 6 cos H(F.u;r - Fr}r) ‘(9.64)

In the -45° lamina, (9.64) gives

V12 = Exx —Eyy (9.65)
With respect to the material principal coordinate system (x4, x,), the shear
stress-strain relation for an orthotropic composite is 0, = G1,¥1. Thus,

Gp=—22=_201 (9.66)
2 Exx = Eyy

In view of (9.62), we conclude that

G % __E (2.67)
12 = =

2 {f_l'_l' - f'_v.'}'} 2 ( | + 1'.1".')
In deriving the relation above, the definitions E, = 0y/¢,, and v, = —¢,, /€,
have been used. Here E, and v, are the effective Young's modulus and

Poisson's ratio, respectively, of the [+45], laminate under uniaxial load in




the x-direction. The relation (9.67) can be used to determine G, from the
tension test of a [+45]; laminate specimen.



PROBLEMS

9.1 Given a carbon/epoxy composite panel under uniaxial loading, i.e.

=0y, oy, =0, ploty,, as a function of the fiber orientation 6.

Oxx Oyy = Oy

The composite properties are

E 1= 140 GPa, EZ =10 GPa, G12 =7 GPa, Vip = 0.3
9.3 Consider a rectangular composite panel with 6= 45° (material
properties are given in Problem 9.1) subjected to o,,= 10 MPa, 0, = 0,

oy, = T. Find 7 that is necessary to keep the deformed shape
rectangular.

9.3 Plot the extension-shear coupling coefficients 1, ,, and 1,

versus 6 for the composite given in Problem 9.1. Find the 0s that
correspond to the maximum values of n, ., and n,, ,, respectively.

9.4 If the carbon/epoxy composite panel is subjected to a shear

stress o, find

a. the fiber orientation at which o4, is maximum

b. the fiber orientation at which y,, is minimum.

Compare the result with that of Problem 9.3.

9.5 Consider a [+45]; laminate. If the constituent composite material
is highly anisotropic, i.e.
E[ = E: and .E] = {-J']:

show that the effective engineering moduli for the laminate can be
expressed approximately as

f':. E 4Q{1{1 E ":I'G]j

Ey
4

. 9
r:f_-'....'.. o= % =

_ 011-404 _ Ei1 —4Ges

Vi =2 o
T Q) 404 Ey + 4G




Compare these approximate values with the exact values for
AS4/3501-6 carbon/epoxy composite.

9.6 Compare the in-plane longitudinal stiffnesses in the x-direction
for [+30/0], and [30,/0], laminates of AS4/3501-6 carbon/epoxy
composite. Which is stiffer?

9.7 Plot the effective moduli E,, G,,, and v,, versus 0 for the angle-ply

X Xy’
laminate [£60], of AS4/3501-6 carlfon/epoxy composite.
9.8 Find the shear strains (y,,) in the AS4/3501-6 carbon/epoxy
composite [+45]; and [0/90], laminates subjected to the shear
loading N,), = 1000 N/m. Also find the lamina stresses 044, 03,, and
01,. If the maximum shear strength of the composite is |1,| = 100
MPa, what are the shear loads (N,,) the two laminates can carry?
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for clamped-free bar, 235
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Moments of inertia, 137, 167, 245

Neutral axis, 13, 15,124, 129, 130,135,138, 139,143, 155, 159

Neutral plane, 12,124, 129, 137
Normal strains, 46, 47,57, 59

Normal stresses, 38, 150, 153, 248, 286
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Primary warping, 103,118, 161
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Stress concentration factor, 193
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Stress range, 221, 224
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Structural idealization, 131-135, 150
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equilibrium equations, 147
Timoshenko, S. P, 57, 88,121, 146,147,149, 215, 226, 248, 24

Titanium alloys, 1, 6
Torque, 13,78

Torsional rigidity, 79, 87
Torsional shear flow, 175
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Torsion member, 206
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Torsion of thin-wall bars, 102-108
multicell sections, 182
narrow rectangular section, 103
single-cell section, 98-102
Transformation, coordinate
of lamina stiffness’s and compliances, 271
of strain, 43
of stress, 41-44, 287

of stress-strain relations, 44

Unidirectional lamina, 287

Variable amplitude loading, 221

Warping
in closed thin-walled section, 106
primary, 103
secondary, 103
in thin-walled bar, 106
in thin-walled section, 102
Warping constant, 248
Warping function, 75



Wing, 3, 4
rib, 16
spar, 16

Yield criterion
maximum distortion energy, 197
maximum shear stress, 196
Tresca, 197
von Mises, 197

Yield stress, 196

Young’'s modulus, 5, 10, 24, 272
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