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1. COURSE DESCRIPTION

Aircraft Configurations is a first-stage course that introduces students to the principal structural units and configurations of fixed-
wing aircraft.

The course covers the historical development of aircraft structures, major airframe units, structural stresses, wing configurations
and construction, primary flight-control surfaces, dual-purpose flight-control surfaces, secondary and auxiliary flight surfaces,
and landing-gear configurations.

The course combines theoretical knowledge with practical observation and identification of aircraft structural components and
configurations. Students are expected to develop the ability to recognize major aircraft structural units, explain their functions,
distinguish common configurations, and understand the relationship between aircraft structure, aerodynamic control, and
structural loading.

2. COURSE AIMS AND OBIJECTIVES

The course aims to:

Introduce students to the historical development of aircraft structures.

Explain the principal structural units of fixed-wing aircraft.

Identify the main functions of the fuselage, wings, stabilizers, flight-control surfaces, and landing gear.
Introduce students to major structural stresses.

Explain tension, compression, torsion, shear, and bending.

Introduce common wing configurations and basic wing structural arrangements.

Explain the purpose and operation of primary flight-control surfaces.

Identify ailerons, elevators, stabilizers, and rudders.

Introduce dual-purpose flight-control surfaces.

10 Explain secondary and auxiliary flight surfaces.
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11. Identify flaps, trim tabs, balance tabs, anti-balance tabs, servo tabs, spoilers, slats, slots, and leading-edge flaps.
12. Introduce common landing-gear configurations.

13. Explain fixed, tail-wheel, and tricycle landing-gear arrangements.

14. Develop students' practical aircraft-component identification skills.

15. Develop appropriate technical terminology related to aircraft structures and configurations.

3. COURSE LEARNING OUTCOMES

At the end of the course, students should be able to:

Describe the historical development of aircraft structures.
Identify the principal units of a fixed-wing aircraft.
Explain the basic function of the fuselage.
Explain the function and structural importance of wings.
Identify stabilizers and explain their basic function.
Identify major flight-control surfaces.
Identify different landing-gear arrangements.
Explain the basic concepts of tension and compression.
Explain torsional and shear stresses.
. Explain bending stress in aircraft structures.
. Recognize common wing configurations.
. Describe the basic structural arrangement of a wing.
. Explain fundamental principles of wing construction.
. Identify primary flight-control surfaces.
. Explain the function of ailerons, elevators, stabilizers, and rudders.
. Explain the concept of dual-purpose flight-control surfaces.
. Identify secondary and auxiliary flight surfaces.
. Explain the functions of flaps, tabs, spoilers, slats, and slots.
. Distinguish between tail-wheel and tricycle landing gear.
. Use appropriate technical English terminology related to aircraft configurations.
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4. TEACHING AND LEARNING STRATEGIES

The course may employ the following teaching and learning methods:

e Scientific and technical lectures.

e Practical demonstrations.

e Aircraft diagrams and technical illustrations.
e Component identification exercises.

e Classroom discussion.

e Guided questioning.

e Short diagnostic and achievement tests.

e Practical laboratory activities.

e Group activities.

e Aircraft configuration comparison.

e Technical assignments.

e Short scientific reports.

e Review sessions.

e Student presentations where appropriate.

5. ASSESSMENT METHODS

Assessment may include:

Weekly pre-tests.

Weekly post-tests.

Classroom participation.
Practical identification activities.
Homework assignments.

Short quizzes.

Practical examinations.

Periodic examinations.

. Scientific reports.

10. Final examination.
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6. OFFICIAL 30-WEEK COURSE SYLLABUS

Weeks Main Topic

1-2 History of Aircraft Structures

3-7 Principal Units for the Airframe of a Fixed-Wing Aircraft: Fuselage, Wings, Stabilizer, Flight-Control Surfaces, Landing Gear

8-10 Major Structural Stress: Tension, Compression, Torsion, Shear, Bending

11-15 | Wings Configuration, Wing Structure, and Fundamental Design of Wing Construction

16-19 | Flight-Control Surfaces: Primary Flight-Control Surface, Aileron, Elevator, Stabilizer, Rudder

20-22 | Dual-Purpose Flight-Control Surfaces

23-26 | Secondary/Auxiliary Flight Surfaces: Flaps, Trim Tabs, Balance Tabs, Anti-Balance Tabs, Servo Tabs, Spoilers, Slats, Slots,
Leading-Edge Flap

27-30 | Landing Gear: Fixed, Configuration of Airplane Landing Gear, Tail-Wheel Gear, Tricycle

7. DETAILED WEEKLY COURSE MATERIAL

WEEK 1

History of Aircraft Structures — Early Development

Learning Objectives

Students should be able to:

Define the concept of aircraft structure.

Explain why aircraft structures are important.

Describe the early development of aircraft structures.

Identify the basic relationship between aircraft weight, strength, and flight.

Pre-Test




1. What is meant by an aircraft structure?
2. Why must an aircraft structure be strong?
3. What are the main requirements of an aircraft structure?

Lecture Explanation

Aircraft structure refers to the physical framework that supports the aircraft and its components. The structure must carry the
aircraft's weight and withstand forces produced during flight, landing, and other operating conditions.

The development of aircraft structures progressed from relatively simple constructions to more advanced structural
arrangements. Early aircraft commonly used lightweight materials and simple structural frameworks.

Aircraft designers have always had to balance three important requirements:
e Strength
e Low weight

e Functional configuration

A structure that is excessively heavy reduces the efficiency of the aircraft, while a structure that is insufficiently strong cannot
safely withstand operational loads.

Key Terms

e Aircraft Structure
e Airframe

e Strength
e Weight
e Load

e Framework
Practical Activity
Students examine aircraft structural diagrams and identify the main structural areas.

Post-Test



1. Define aircraft structure.
2. State two important requirements of an aircraft structure.
3. Why is low structural weight important?
Homework
Write a short report about the early development of aircraft structures.

Learning Outcome

Students understand the basic concept and importance of aircraft structures.

WEEK 2

History of Aircraft Structures — Development of Modern Airframes

Learning Objectives
Students should be able to:

e Explain the development of aircraft airframes.

e Identify the importance of structural materials.

e Explain the transition toward more efficient structural designs.
Pre-Test

1. Whatis an airframe?

2. Why are materials important in aircraft construction?

3. What s the relationship between strength and weight?

Lecture Explanation

The development of aircraft structures has been closely related to improvements in materials, manufacturing techniques, and



aircraft design.

As aircraft developed, structural designers required materials and configurations capable of providing adequate strength while
keeping structural weight as low as practical.

The airframe provides the basic structural arrangement of the aircraft and supports major units such as the fuselage, wings,
stabilizers, control surfaces, and landing gear.

Modern aircraft structures therefore reflect the need for structural strength, efficient weight distribution, and functional
integration of aircraft components.

Key Terms

e Airframe

e Structural Material

e Structural Strength

e Weight Distribution

e Aircraft Configuration
Practical Activity
Identify the principal structural units on an aircraft diagram.
Post-Test

1. Whatis an airframe?

2. Why is structural weight important?

3. Name three major aircraft structural units.
Homework
Prepare a labelled diagram showing the principal units of a fixed-wing aircraft.

Learning Outcome

Students understand the development and general arrangement of aircraft airframes.



WEEK 3

Principal Airframe Units — Fuselage

Learning Objectives
Students should be able to:

e Identify the fuselage.

e Explain its basic function.

e Identify the position of the fuselage within the airframe.
Pre-Test

1. What is the fuselage?

2. Where is the fuselage located?

3. What is one major function of the fuselage?

Lecture Explanation

The fuselage is the main body of a fixed-wing aircraft. It forms the central structural unit and provides the basic connection
between major aircraft components.

Depending on the aircraft configuration, the fuselage may contain the cockpit, passenger or cargo areas, equipment, systems,
and other components.

The fuselage also provides structural attachment points for components such as wings, stabilizers, and landing gear.

Key Terms
e Fuselage
e Cockpit

e Airframe



e Structural Attachment
e Aircraft Body

Practical Activity
Students identify the fuselage on several aircraft illustrations.
Post-Test
1. Define fuselage.
2. State two functions of the fuselage.
3. Which major aircraft components may be attached to the fuselage?
Homework
Draw and label the fuselage of a fixed-wing aircraft.

Learning Outcome

Students can identify the fuselage and explain its basic structural role.

WEEK 4

Principal Airframe Units — Wings
Learning Objectives
Students should be able to:

e Identify aircraft wings.

e Explain their basic function.
e Recognize wings as major structural units.



Pre-Test
1. Whatis a wing?
2. Where are wings normally located?
3. What is the main aerodynamic purpose of a wing?
Lecture Explanation
Wings are major aircraft structural units. In a fixed-wing aircraft, the wings provide the primary lifting surfaces.
The wing must have sufficient structural strength to withstand aerodynamic and other operational loads.
Wing configuration may vary according to aircraft design requirements.
Key Terms
e Wing
e Lifting Surface
e Wing Structure
e Aerodynamic Load
e Wing Configuration
Practical Activity
Identify different wing arrangements from aircraft illustrations.
Post-Test
1. What is the main function of a wing?
2. Why must wings be structurally strong?
3. What is meant by wing configuration?

Homework

Draw a basic aircraft wing and label its main structural area.



Learning Outcome

Students understand the structural and functional importance of aircraft wings.

WEEK 5

Principal Airframe Units — Stabilizer

Learning Objectives
Students should be able to:
e Identify stabilizers.

e Explain their basic function.
e Distinguish stabilizing surfaces from other aircraft components.

Pre-Test

1. What is a stabilizer?

2. Where are stabilizers located?

3. Why does an aircraft require stabilizing surfaces?
Lecture Explanation

Stabilizers are aircraft surfaces associated with maintaining the aircraft's desired attitude and stability.

The horizontal stabilizer is associated with longitudinal stability, while the vertical stabilizer is associated with directional
stability.

Stabilizers form an important part of the aircraft tail arrangement.

Key Terms



o Stabilizer
e Horizontal Stabilizer
e Vertical Stabilizer
e Longitudinal Stability
e Directional Stability
Practical Activity
Identify horizontal and vertical stabilizers on aircraft diagrams.
Post-Test
1. What is a stabilizer?
2. What is the function of a horizontal stabilizer?
3. What is the function of a vertical stabilizer?
Homework
Prepare a labelled drawing of an aircraft tail assembly.

Learning Outcome

Students can identify the major stabilizing surfaces.

WEEK 6

Principal Airframe Units — Flight-Control Surfaces

Learning Objectives
Students should be able to:

o Define flight-control surfaces.



e Identify major control surfaces.
e Explain their basic purpose.

Pre-Test
1. What is a flight-control surface?
2. Name one primary flight-control surface.
3. Why are control surfaces necessary?
Lecture Explanation

Flight-control surfaces are movable aircraft surfaces used to influence aircraft motion and attitude.

Primary control surfaces include:

e Ailerons
e Elevator
e Rudder

Other aircraft surfaces provide additional aerodynamic functions.
Key Terms

e Flight-Control Surface

e Aileron
e Elevator
e Rudder
e Control

Practical Activity
Identify control surfaces on aircraft drawings.
Post-Test

1. Define a flight-control surface.



2. Name three primary control surfaces.
3. What is the purpose of movable control surfaces?

Homework
Prepare a table showing the name and basic function of the primary control surfaces.
Learning Outcome

Students recognize the major flight-control surfaces.

WEEK 7

Principal Airframe Units — Landing Gear

Learning Objectives
Students should be able to:

e Identify landing gear.

e Explain its basic function.

e Recognize different landing-gear arrangements.
Pre-Test

1. Whatis landing gear?

2. What is its main function?

3. Name one type of landing gear configuration.

Lecture Explanation

Landing gear is the aircraft structural system used to support the aircraft during ground operations.



It allows the aircraft to:

e Stand on the ground.

e Taxi.
e Take off.
e Lland.

Different aircraft may use different landing-gear configurations depending on their design.
Key Terms

e Landing Gear

e Fixed Gear

e Tail-Wheel Gear

e Tricycle Gear

e Ground Operation
Practical Activity
Identify landing-gear configurations from aircraft images.
Post-Test

1. What is the purpose of landing gear?

2. Name two landing-gear configurations.

3. When does landing gear support the aircraft?
Homework
Compare tail-wheel and tricycle landing gear.

Learning Outcome

Students understand the basic purpose and configurations of aircraft landing gear.



WEEK 8

Major Structural Stress — Tension and Compression

Learning Objectives
Students should be able to:
o Define tension.

e Define compression.
e Identify basic structural loading conditions.

Pre-Test

1. What is stress?

2. What s tension?

3. What is compression?
Lecture Explanation
Aircraft structures are subjected to different types of loads and stresses.
Tension occurs when a structural member is subjected to forces that tend to pull it apart.
Compression occurs when forces tend to push or shorten a structural member.
A simplified relationship for normal stress is:
o=FA\sigma = \frac{FKA}
where:

e 0o\sigma = normal stress

e FF=applied force
e AA =cross-sectional area



Key Terms

e Stress

e Force

e Area

e Tension

e Compression
Practical Activity
Use simple structural members or diagrams to demonstrate pulling and pushing loads.
Post-Test
1. Define tension.
2. Define compression.
3. Write the basic normal-stress equation.
Homework
Give two examples of structural members that may experience tension or compression.

Learning Outcome

Students understand tension and compression as basic structural stresses.

WEEK 9

Major Structural Stress — Torsion and Shear

Learning Objectives

Students should be able to:



e Define torsion.
e Define shear.
e Distinguish torsion from shear.

Pre-Test
1. Whatis torsion?

2. Whatis shear?
3. What type of loading causes twisting?

Lecture Explanation

Torsion is associated with twisting of a structural member due to an applied torque.

Shear occurs when forces act parallel to a surface or section and tend to cause adjacent parts of a structure to slide relative to
one another.

Aircraft structures can experience both torsional and shear loading during operation.

Key Terms
e Torsion
e Torque
e Shear
e Shear Force
e Twisting

Practical Activity
Demonstrate twisting using a simple rod and demonstrate shear using layered material.
Post-Test

1. Define torsion.

2. Define shear.
3. What is torque associated with?



Homework
Prepare a short comparison between torsion and shear.
Learning Outcome

Students can distinguish torsional and shear loading.

WEEK 10

Major Structural Stress — Bending and Stress Review

Learning Objectives
Students should be able to:
e Define bending.
e Identify the major structural stresses.
e Review the relationship between loads and structural response.
Pre-Test
1. Whatis bending?
2. Name three structural stresses.
3. What can cause bending in a structural member?
Lecture Explanation
Bending occurs when a structural member is subjected to loads that cause it to curve.

Aircraft structures may experience combinations of:

e Tension



e Compression

e Torsion
e Shear
e Bending

These stresses may occur simultaneously in aircraft components.

Key Terms
e Bending
e Structural Load
e Stress

e Deformation
Practical Activity
Use a simple beam to demonstrate bending under an applied load.
Post-Test

1. Define bending.

2. List the five major stresses covered in this unit.

3. Can more than one stress occur at the same time?
Homework
Prepare a summary table of the five major structural stresses.

Learning Outcome

Students understand the five major structural stresses introduced in the course.

WEEK 11



Wing Configurations

Learning Objectives
Students should be able to:
e Define wing configuration.
e |dentify common wing arrangements.
e Compare basic wing positions.
Pre-Test
1. What is wing configuration?
2. Why can aircraft wings have different configurations?
3. What is meant by wing position?
Lecture Explanation
Wing configuration describes the general arrangement and geometry of the aircraft wing.
Aircraft may use different wing arrangements depending on the intended design and operating requirements.
Students should learn to recognize wing configurations from technical drawings and aircraft illustrations.
Key Terms
e Wing Configuration
e Wing Position
e Planform
e Wing Arrangement
Practical Activity

Identify different wing configurations from aircraft diagrams.

Post-Test



1. Define wing configuration.

2. Why are different wing configurations used?

3. Identify one wing characteristic that may vary.
Homework
Collect examples of different aircraft wing configurations.

Learning Outcome

Students recognize basic wing configurations.

WEEK 12

Wing Structure — Basic Structural Arrangement

Learning Objectives
Students should be able to:

e Identify the basic parts of wing structure.

e Explain the role of structural members.

e Understand the relationship between wing structure and loads.
Pre-Test

1. What is wing structure?

2. Why does a wing require internal structural members?

3. What type of loads can affect a wing?

Lecture Explanation

The wing structure must support aerodynamic loads and transfer these loads through the aircraft structure.



A wing may include structural members arranged to provide the necessary strength and stiffness.
The detailed arrangement depends on aircraft design.
Key Terms

e Wing Structure
e Structural Member

e Lload
e Stiffness
e Strength

Practical Activity
Identify major structural regions on a wing diagram.
Post-Test
1. Why does a wing require internal structure?
2. What is the purpose of structural members?
3. What types of loads can act on a wing?
Homework
Draw a simplified wing structural arrangement.

Learning Outcome

Students understand the basic structural organization of wings.

WEEK 13

Fundamental Design of Wing Construction



Learning Objectives
Students should be able to:
e Explain fundamental principles of wing construction.
e Relate structural design to loading.
e |dentify major construction concepts.
Pre-Test
1. What is wing construction?
2. Why must a wing be strong?
3. What is the relationship between structure and load?
Lecture Explanation
Wing construction is designed to provide the required strength while maintaining an appropriate structural arrangement.
The design must consider the loads applied to the wing during aircraft operation.
The internal structure distributes loads through the wing and toward the main aircraft structure.
Key Terms
e Wing Construction
e Structural Design
e Load Distribution

e Strength
e Stiffness

Practical Activity
Examine a simplified wing cross-section and identify structural regions.

Post-Test



1. Why is wing structural design important?
2. What is load distribution?
3. What should a wing structure provide?
Homework
Write a short explanation of fundamental wing construction.

Learning Outcome

Students understand the relationship between wing construction and structural loading.

WEEK 14

Wing Structural Design — Loads and Arrangement

Learning Objectives
Students should be able to:
e Explain how loads influence wing structure.

e Identify the importance of structural arrangement.
e Discuss the relationship between design and strength.

Pre-Test
1. Whatis a structural load?

2. Why should loads be considered during wing design?
3. What is structural arrangement?

Lecture Explanation

Aircraft wing design must account for loads acting on the wing. Structural members are arranged so that loads can be



transmitted through the wing and into the aircraft structure.
An appropriate arrangement helps the wing maintain its required shape and structural integrity.
Key Terms

e Load Path

e Structural Arrangement

e Wing Strength

e Structural Integrity
Practical Activity
Students trace a simplified load path through a wing diagram.
Post-Test

1. Why are load paths important?

2. What is structural integrity?

3. How does structural arrangement affect wing strength?
Homework
Draw and explain a simple wing load path.

Learning Outcome

Students understand the relationship between wing loads and structural arrangement.

WEEK 15

Wing Configuration and Structure — Review



Learning Objectives
Students should be able to:

e Review wing configurations.

e Identify major structural concepts.

e Connect wing configuration with structural requirements.
Pre-Test

1. What is wing configuration?

2. What is wing structure?

3. Why must wing structure withstand loads?
Lecture Explanation
This week consolidates the material covered in Weeks 11-14.
Students review wing configuration, wing structure, construction, structural arrangement, and loading.
Practical Activity
Group identification exercise using several aircraft diagrams.
Post-Test

1. Define wing configuration.

2. Name two important wing structural concepts.

3. Explain why wing structures must withstand loads.
Homework

Prepare a two-page review of wing configuration and construction.

Learning Outcome



Students consolidate their understanding of wing configuration and structure.

WEEK 16

Primary Flight-Control Surfaces — Overview

Learning Objectives
Students should be able to:
e Define primary flight-control surfaces.
e |dentify the main primary controls.
e Explain their general purpose.
Pre-Test
1. What are primary flight-control surfaces?
2. Name the three main primary controls.
3. Why are flight controls necessary?
Lecture Explanation

Primary flight-control surfaces are used to control the aircraft's principal rotational movements.

The main primary flight-control surfaces are:

e Aileron
e Elevator
e Rudder

Each surface performs a specific control function.

Key Terms



e Primary Flight Control

e Aileron
e Elevator
e Rudder

e Aircraft Motion
Practical Activity
Label the three primary flight-control surfaces on an aircraft diagram.
Post-Test
1. Name the primary flight-control surfaces.
2. What is the function of an aileron?
3. What s the function of a rudder?
Homework
Prepare a table of primary flight-control surfaces and their functions.

Learning Outcome

Students identify the main primary flight-control surfaces.

WEEK 17

Aileron

Learning Objectives
Students should be able to:

e |dentify the aileron.



e Explain its basic function.
e Relate aileron movement to aircraft rolling motion.

Pre-Test
1. Whatis an aileron?
2. Where is the aileron generally located?
3. What aircraft motion is associated with aileron control?
Lecture Explanation
The aileron is a primary flight-control surface associated with control of aircraft roll.

Ailerons are generally located on the wings and operate through differential movement.

When one aileron moves in one direction, the opposite aileron moves in the opposite direction, producing a difference in
aerodynamic force and influencing aircraft roll.

Key Terms
e Aileron
e Roll
e Wing

o Differential Movement
Practical Activity
Use a model or diagram to demonstrate aileron movement.
Post-Test

1. Whatis an aileron?

2. What aircraft motion does it control?

3. Where is it located?

Homework



Draw an aircraft and clearly label both ailerons.

Learning Outcome

Students understand the basic purpose and location of the aileron.

WEEK 18

Elevator and Stabilizer

Learning Objectives
Students should be able to:
e Identify the elevator.
e Identify the horizontal stabilizer.
e Explain their basic relationship.
Pre-Test
1. Whatis an elevator?

2. What s a horizontal stabilizer?
3. Where are they located?

Lecture Explanation
The elevator is a primary flight-control surface associated with control of aircraft pitch.
The horizontal stabilizer forms part of the aircraft tail arrangement and contributes to longitudinal stability.

The elevator and horizontal stabilizer work together as important components of the horizontal tail assembly.

Key Terms



e Elevator

e Horizontal Stabilizer

e Pitch

e Longitudinal Stability

e Tail Assembly
Practical Activity
Identify elevator and horizontal stabilizer on aircraft diagrams.
Post-Test

1. What is the function of the elevator?

2. What s the function of the horizontal stabilizer?

3. What aircraft motion is associated with elevator control?
Homework
Draw the horizontal tail and label the elevator and stabilizer.

Learning Outcome

Students distinguish the elevator from the horizontal stabilizer.

WEEK 19

Rudder and Primary Control Review

Learning Objectives
Students should be able to:

e |dentify the rudder.



e Explain its basic function.
e Review all primary flight-control surfaces.

Pre-Test
1. Whatis a rudder?
2. What aircraft motion does it control?
3. Name the three primary controls.
Lecture Explanation
The rudder is a primary flight-control surface associated with directional control of the aircraft.

It is generally mounted on the vertical tail assembly.

The three primary control surfaces studied are:

Control Surface Basic Control

Aileron Roll
Elevator Pitch
Rudder Yaw

Practical Activity
Students complete a control-surface identification worksheet.
Post-Test

1. What does the rudder control?

2. Where is the rudder located?

3. Complete the aileron—elevator—rudder control table.

Homework

Prepare a labelled diagram showing all three primary control surfaces.



Learning Outcome

Students can identify and distinguish the three primary flight-control surfaces.

WEEK 20

Dual-Purpose Flight-Control Surfaces — Introduction

Learning Objectives
Students should be able to:
e Define dual-purpose flight-control surfaces.

e Explain why a control surface may perform more than one function.
e Recognize the concept in aircraft configurations.

Pre-Test
1. What is a flight-control surface?

2. Can one surface perform more than one function?
3. Why might aircraft designers use multifunctional surfaces?

Lecture Explanation

A dual-purpose flight-control surface is a surface designed to contribute to more than one aircraft control or aerodynamic
function.

The specific arrangement depends on aircraft design.

The use of multifunctional surfaces can influence the aircraft configuration and control system.

Key Terms



e Dual-Purpose
e Flight Control
e Multifunctional Surface
e Aircraft Configuration
Practical Activity
Students examine aircraft diagrams and identify surfaces with multiple functions.
Post-Test
1. What is a dual-purpose control surface?
2. Why can a surface have more than one function?
3. What determines the specific function of a control surface?
Homework
Find an aircraft example that uses a multifunctional control-surface arrangement.

Learning Outcome

Students understand the concept of dual-purpose flight-control surfaces.

WEEK 21

Dual-Purpose Flight-Control Surfaces — Configuration

Learning Objectives
Students should be able to:

e Identify dual-purpose configurations.
e Explain their general purpose.



e Compare them with conventional control arrangements.
Pre-Test

1. What is a dual-purpose surface?

2. What is meant by aircraft configuration?

3. Why can control surfaces be combined?
Lecture Explanation

Some aircraft configurations combine control functions within a single surface or arrangement.

Such configurations must provide appropriate control authority while maintaining suitable structural and aerodynamic
characteristics.

Students should focus on identifying the configuration and understanding its intended function.
Practical Activity
Compare conventional and combined control-surface diagrams.
Post-Test
1. What is a combined control surface?
2. What is the main advantage of combining functions?
3. What must be considered when designing such a surface?
Homework
Prepare a comparison between conventional and dual-purpose control surfaces.

Learning Outcome

Students can recognize basic dual-purpose configurations.



WEEK 22

Dual-Purpose Flight-Control Surfaces — Review

Learning Objectives
Students should be able to:
e Review the concept of dual-purpose controls.

e Identify examples from diagrams.
e Explain the purpose of combined control arrangements.

Pre-Test
1. Define dual-purpose control.
2. Why are control functions sometimes combined?
3. What is the role of aircraft configuration?
Lecture Explanation

This week reviews the concepts presented in Weeks 20 and 21.

Students should be able to identify multifunctional surfaces and explain why aircraft designers may use different control
configurations.

Practical Activity
Group classification of aircraft control-surface diagrams.
Post-Test

1. Define a dual-purpose flight-control surface.

2. State one reason for using a combined control arrangement.
3. Identify a dual-purpose surface from a diagram.



Homework
Prepare a short review report on dual-purpose flight-control surfaces.
Learning Outcome

Students consolidate their understanding of dual-purpose flight-control configurations.

WEEK 23

Secondary/Auxiliary Flight Surfaces — Flaps and Trim Tabs

Learning Objectives
Students should be able to:
o Define secondary/auxiliary flight surfaces.
e Identify flaps.
e Identify trim tabs.
e Explain their general purposes.
Pre-Test
1. What are secondary flight surfaces?

2. Whatis aflap?
3. Whatis a trim tab?

Lecture Explanation
Secondary or auxiliary flight surfaces provide additional aerodynamic functions.

Flaps are movable surfaces associated with changing the aerodynamic characteristics of the wing.



Trim tabs are small movable surfaces used to assist in maintaining a desired control condition and reducing the control effort
required.

Key Terms
e Flap
e TrimTab

e Auxiliary Surface
e Aerodynamic Function

Practical Activity
Identify flaps and trim tabs on aircraft diagrams.
Post-Test

1. Whatisaflap?

2. Whatis a trim tab?

3. Why are auxiliary flight surfaces used?
Homework
Compare flaps and trim tabs.

Learning Outcome

Students can identify and explain the general functions of flaps and trim tabs.

WEEK 24

Balance Tabs, Anti-Balance Tabs and Servo Tabs

Learning Objectives



Students should be able to:

e Identify balance tabs.

e Identify anti-balance tabs.

e Identify servo tabs.

e Distinguish their general functions.
Pre-Test

1. What s a balance tab?

2. What s an anti-balance tab?
3. Whatis a servo tab?

Lecture Explanation
Tabs are small movable surfaces associated with control surfaces.
Their functions depend on the specific aircraft control-system arrangement.
A balance tab can assist in reducing control forces.
An anti-balance tab can be arranged to increase control feel or force characteristics.
A servo tab can assist in moving a larger control surface.
Key Terms
e Balance Tab
e Anti-Balance Tab
e ServoTab
e Control Force

Practical Activity

Students identify the different tabs on technical diagrams.



Post-Test
1. What is the purpose of a balance tab?
2. What is an anti-balance tab?
3. Whatis a servo tab?
Homework
Prepare a comparison table for the three types of tabs.

Learning Outcome

Students distinguish the basic functions of balance, anti-balance, and servo tabs.

WEEK 25

Spoilers, Slats and Slots

Learning Objectives
Students should be able to:

e Identify spoilers.

e Identify slats.

e Identify slots.

e Explain their general aerodynamic purposes.

Pre-Test
1. What is a spoiler?

2. Whatis a slat?
3. Whatis a slot?



Lecture Explanation

Spoilers are surfaces used to modify the aerodynamic characteristics of a wing and can reduce lift while increasing drag when
deployed.

Slats are leading-edge devices used to modify airflow over the wing.

A slot is an opening or passage that allows airflow to pass through or around a wing leading-edge arrangement and can help
maintain suitable airflow conditions.

Key Terms
e Spoiler
e Slat
e Slot
e Leading Edge
e Drag

Practical Activity
Identify spoilers, slats, and slots on aircraft diagrams.
Post-Test
1. What s a spoiler?
2. Whatis a slat?
3. Whatis a slot?
Homework
Prepare a comparison between spoilers, slats, and slots.

Learning Outcome

Students can identify and describe the basic purposes of these auxiliary surfaces.



WEEK 26

Leading-Edge Flaps and Auxiliary-Surface Review

Learning Objectives
Students should be able to:

e Identify leading-edge flaps.
e Explain their general purpose.
e Review auxiliary flight surfaces.

Pre-Test

1. What is a leading-edge flap?
2. Whereiis it located?
3. Name three auxiliary flight surfaces.

Lecture Explanation

Leading-edge flaps are movable aerodynamic surfaces located at or near the leading edge of a wing.
They can modify the aerodynamic characteristics of the wing.

This week also reviews:

e Flaps

e Trim tabs

e Balance tabs

e Anti-balance tabs
e Servo tabs

e Spoilers

e Slats



e Slots
e Leading-edge flaps

Practical Activity
Students label all auxiliary flight surfaces on a wing diagram.
Post-Test
1. What is a leading-edge flap?
2. Where is it located?
3. Name five auxiliary flight surfaces.
Homework
Prepare a complete classification chart of secondary and auxiliary flight surfaces.

Learning Outcome

Students understand the major secondary and auxiliary flight surfaces included in the syllabus.

WEEK 27

Landing Gear - Fixed Configuration

Learning Objectives
Students should be able to:
e Define fixed landing gear.

e Identify fixed landing gear.
e Explain its basic arrangement.



Pre-Test
1. Whatis landing gear?
2. What is fixed landing gear?
3. What is the purpose of landing gear?
Lecture Explanation
Fixed landing gear remains in an extended position during flight rather than being retracted into the aircraft structure.
The configuration provides a simple structural arrangement for ground operations.
Students should recognize fixed landing gear from aircraft illustrations.
Key Terms
e Fixed Landing Gear
e Landing Gear
e Ground Support
e Gearleg
e  Wheel
Practical Activity
Identify fixed landing gear on different aircraft images.
Post-Test
1. Define fixed landing gear.
2. Does fixed landing gear retract?
3. What is its basic function?

Homework

Draw an aircraft with fixed landing gear and label its major components.



Learning Outcome

Students recognize fixed landing-gear configurations.

WEEK 28

Aircraft Landing-Gear Configurations

Learning Objectives
Students should be able to:
o Define landing-gear configuration.
e Identify common arrangements.
e Compare basic landing-gear layouts.
Pre-Test
1. What is landing-gear configuration?
2. Name one landing-gear arrangement.
3. Why do aircraft use different landing-gear configurations?
Lecture Explanation
Landing-gear configuration refers to the arrangement of the aircraft's landing-gear components.
Different arrangements are selected according to aircraft design requirements.
The course focuses particularly on:
e Fixed landing gear

e Tail-wheel landing gear
e Tricycle landing gear



Practical Activity
Students classify aircraft diagrams according to landing-gear configuration.
Post-Test

1. What is landing-gear configuration?

2. Name three configurations discussed in the course.

3. What determines the selection of a landing-gear arrangement?
Homework
Prepare a comparison table of landing-gear configurations.

Learning Outcome

Students can classify basic landing-gear configurations.

WEEK 29

Tail-Wheel Landing Gear

Learning Objectives
Students should be able to:
e Identify tail-wheel landing gear.
e Explain its basic arrangement.
e Distinguish it from tricycle landing gear.

Pre-Test

1. What is tail-wheel landing gear?



2. Where is the small wheel located?
3. What is the difference between tail-wheel and tricycle gear?

Lecture Explanation

In a tail-wheel landing-gear configuration, the main landing gear supports the forward or central part of the aircraft while a
smaller wheel or support is located toward the rear.

This configuration is also commonly described as conventional landing gear.
Students should identify the configuration from aircraft side-view diagrams.
Key Terms

e Tail Wheel

e Main Gear

e Conventional Gear

e Landing Gear

e Aircraft Ground Attitude
Practical Activity
Compare tail-wheel and tricycle aircraft diagrams.
Post-Test

1. What is tail-wheel landing gear?

2. Where is the tail wheel located?

3. What is another name commonly associated with this configuration?
Homework

Draw and label a tail-wheel landing-gear arrangement.

Learning Outcome



Students can identify and describe tail-wheel landing gear.

WEEK 30

Tricycle Landing Gear and Final Course Review

Learning Objectives

Students should be able to:
e Identify tricycle landing gear.
e Explain its basic arrangement.

e Compare tricycle and tail-wheel configurations.
e Review the complete course.

Pre-Test
1. What is tricycle landing gear?
2. Where is the nose gear located?
3. How does tricycle gear differ from tail-wheel gear?

Lecture Explanation

Tricycle landing gear consists of a main landing-gear arrangement together with a nose landing gear located toward the front of
the aircraft.

The configuration differs from tail-wheel landing gear because the additional support is located at the nose rather than the rear.
Comparison

Feature Tail-Wheel Gear Tricycle Gear
Additional wheel/support Rear Front



Feature Tail-Wheel Gear

Nose gear No

Tail wheel Yes

Basic configuration

Final Course Review

Students review:

W N A WNE

[ O N
A WNPFP O

History of aircraft structures.
Principal airframe units.
Fuselage.

Wings.

Stabilizers.

Flight-control surfaces.
Landing gear.

Structural stresses.

Wing configurations.

. Wing construction.

. Primary flight controls.

. Dual-purpose controls.

. Secondary and auxiliary surfaces.
. Landing-gear configurations.

Practical Activity

Final aircraft configuration identification exercise.

Students are given aircraft diagrams and asked to identify:

Fuselage
Wings
Stabilizers
Ailerons
Elevator
Rudder

Tricycle Gear

Main gear + tail wheel Main gear + nose gear



e Auxiliary surfaces
e lLanding gear

Post-Test

1. What is tricycle landing gear?
2. What is the difference between tricycle and tail-wheel landing gear?
3. Name five major aircraft structural or configuration components studied in this course.

Homework
Prepare a final course summary covering all 30 weeks.
Learning Outcome

Students demonstrate an integrated understanding of aircraft structures and configurations.

8. COURSE-WIDE PRE-TEST

Diagnostic Assessment

Section A — Multiple Choice

1. The main body of a fixed-wing aircraft is called:

A. Wing

B. Fuselage

C. Rudder

D. Stabilizer

2. The primary control surface associated with roll is:
A. Elevator

B. Rudder

C. Aileron

D. Flap

O O O O

O O O O



3. The primary control surface associated with pitch is:
o A. Elevator
o B.Rudder
o C.Spoiler
o D.Aileron
4. The primary control surface associated with directional control is:

o A. Flap
o B.Rudder
o C. Elevator
o D.Slat

5. Aforce that tends to pull a structural member apart produces:
o A.Compression
o B.Tension
o C.Torsion
o D.Bending
6. A twisting structural load is associated with:
o A.Torsion
o B. Compression
o C.Tension
o D. Shear
7. Aflapis generally considered:
o A.Anengine component
o B. An auxiliary aerodynamic surface
o C.Llanding gear
o D. Afuselage component
8. Alanding gear configuration with a nose wheel is:
o A. Tail-wheel
o B.Tricycle
o C. Fixed only
o D.None

Section B — Short Answer
1. Define an aircraft structure.

2. Name the main primary flight-control surfaces.
3. Name three landing-gear configurations.



4. List three structural stresses.
5. Define wing configuration.



Aerospace Structures

Chapter 1.
Structural description of the aircraft

Loads on structural components

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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CHAPTER 1. Structural description of the aircraft

Loads on structural components

* |ntroduction
 Load types
 Load models
* Load factor
 References
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Structure definition

Introduction

-
"The set of resistive elements capable of maintaining

characteristics over time, under the action of external load*
\(E. Torroja)

N
its forms and

Structure function

GTransmit and resist the applied Ioads\
O Provide an aerodynamic shape
O Protect passenger and payload

O Support of aircraft systems

/

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Fatigue
life of the
airframe

Damage
Tolerance

Structures
Design
Criteria

Thermal
stress
analysis

P —

Static
Strenth

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

Introduction

v' Maintainability
v" Productivity
v' Crashworthiness
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1 Phases of structural design

- Specification of function an design criteria

» Determination of applied load

» Calculation of internal element loads

» Determination of allowable element strength

» Experimental test

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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1 Phases of structural design

Design specification

Design criteria

Basic loads

Fligth test data Airplane Design Laboratory tests data

Certification tests
program

Approved type
certificate

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Introduction

O Types of structural analysis

Aircraft loads

Static analysis
Damage tolerance

Dynamics analysis/impact

Aeroelastic analysis

Departamento de Mecanica de Medios Continuos y Teoria de Estructuras
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U Static structural analysis

Strength
 Static ultimate strength
« Deformation of undamaged structure

Failure :
analysis ‘ Buckling
Damage tolerance

« Fatigue crack initiation

» Fatigue life of damaged structure

 Static residual strength of damaged
structure

Departamento de Mecanica de Medios Continuos y Teoria de Estructuras
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U Static structural analysis

static ultimate strength

Deformation of undamaged
structure

Fatigue crack initiation of
undamaged structures

Residual static strength of
damaged structure

Crack growth life of
damaged structure

Structure must support ultimate loads without failure
for 3 seconds

Deformation of the structure at limit loads may not
interfere with safe operation of the element

-Fail-safe structure must meet customer service life
requirements for operational loading conditions

-Safe life components must remain crack free in
service. Replacements times must be specified for
limited life components

-Fail-safe structure must support 80-100% limit loads
without catastrophic failure

-A single member failed in redundant structure or
partial failure in monolithic structure

-For fail-safe structure inspection techniques and
frequency must be specified to minimize risk of
catastrophic failures

-For safe-life structures must define inspection
techniques and frequencies and, replacement times
so that probability of failure due to fatigue cracking is
extremely remote

Introduction

Static properties

Static properties and creep properties for
elevated temperature conditions

-Crack growth properties
-Fracture toughness properties

-Static properties
-Fracture toughness properties

-Crack growth properties
-Fracture toughness properties

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero {I ©0©)
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L Aircraft loads

The aircraft loads are those forces applied to the aircraft structural
elements to establish the strength level of the airplane

* Flight loads

* Ground handling loads
The structural design s « Static loads
dependent on load therefore * Dynamics loads
the loads must be
determined early in the » External loads
design * Internal loads

Departamento de Mecanica de Medios Continuos y Teoria de Estructuras
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Load types

1 Loads classification

Flight Loads:

« Symmetric maneuvers
* Asymmetric maneuvers
* Control deflection

* Gust loads

Ground Handling:

* Take off

 Landing

* Taxiing (asymmetric braking, turning etc.)
* Towing, Pivoting etc.

 Catapulted take-off

» Arrested landing

« Landing in water

B
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A@@
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1 Loads classification

Surface loads

* Aerodynamic loads
» Hydrostatic pressure

Body forces

* Weight
 Inertial loads

One-point loads

Departamento de Mecanica de Medios Continuos y Teoria de Estructuras
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1 Loads classification

External Loads

«Aerodynamic loads
«Take off/Landing loads
«Impact loads

Local and Internal Loads

« Max./min. aerodynamic pressures (outer surfaces)
 Local accelerations

« System pressures

« Bay pressures (pressurised areas)

« Hydrostatic pressures ( fuel tanks)

* Intake duct pressures

« Engine thrust

« Component interaction

Departamento de Mecanica de Medios Continuos y Teoria de Estructuras
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1 Loads classification

Static loads
Dynamic Loads:

« Buffet (Outer wing, vertical fin buffet etc.)
* Dynamic Gust

* Vibrations

* Acoustic Noise

* Limit cycle oscillation

« Shimmy (Undercarriage)

* Engine hammershock conditions (Duct)

Fatigue loads

N ST
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @L@m
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First of all the STRUCTURAL DESIGN CRITERIA (SDC) are prepared as a
basic for design, and then a LOADS MODEL (LM) is built. The LM is based
on:

- SDC (Standards)

- Aerodynamic data (wind tunnel or flight tests)

- Flight mechanic data (FEMSs)

- Weight data (Structural, systems and role equipment masses and mass
distributions)

- Balance data

The load are analysed for all manoeuvres. From the load time history the

external load distribution for any component (bending moment, torque,
shear forces, etc) are determined for each component (fuselage, wing, etc).

Departamento de Mecanica de Medios Continuos y Teoria de Estructuras
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Load models

d Model types

Aerodynamic Panel model is considered just a geometric interface and can be
used to deal with data of different nature:

» Theoretical coming from simplified potential flow tools.

» Theoretical, based upon more sophisticated CFD tools (Euler and/or
Navier-Stokes codes)

« Experimental based upon W/T pressure plotting.

« Mix of previous, with an experimental basis supplemented with
theoretical analyses for the areas non covered by tests.

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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O Limit and ultimate loads

FAR Part 25. Sec. 25.301
Strength requirements are specified in terms of limit loads and ultimate loads

Unless otherwise provided, prescribed loads are limit loads.

Limit Loads are the maximum loads which the aircraft may encounter at any
time during its lifetime. FAR Part 25 (and most other regulations) specifies
that there be no permanent deformation of the structure at limit load.

Limit load cases are relevant for fatigue design requirements

Ultimate loads are load which may occur once in the lifetime of an aircraft.
They are defined as the limit loads times a safety factor. The structure must
be able to withstand the ultimate load for at least 3 seconds without failure.
Permanent deformation may occur though.

Ultimate load cases are relevant for static strength requirements

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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O Limit and ultimate loads

Safety factor

* Limitations of calculus model

« Variation in physical properties of materials
* Variation in fabrication standard

* Emergency conditions

« Variation of loads (gust random

FAR Part 25 Section 25.303: 1.50
Research aircrafts: 1.20
Composite sailplanes: 1.75

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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O Aircraft Structures for engineering students

H.G. Megson

Elsevier

Section B1 Principles of stressed skin constuction
Chapter 12 Structural components of aircraft

Section 12 B2 Airworthisess and airframe loads
Chapter 13 Airworthiness
Chapter 14 Airframe loads

0 Airframe Structural Design
M.C.Y. Niu
Hong Kong Conmilit Press LTD
Section 3. Aircraft loads
Chapter 8 Wing Box Structure
Chapter 11Fuselage
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Aerospace Structures

Chapter 1.
Structural description of the aircraft

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @
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CHAPTER 1. Structural description of the aircraft

Structural components of aircraft

* |ntroduction

« Wing structure

« Fuselage structure
« Stabilizers structure
 References

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Wing structure

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



i SO Wing structure

= Wing function

p talk - . . .
http://commons.wikimedia.org/wiki/File:Airplane_Wing.jpg?uselang=es Th e fu n Ct I O n Of t h e WI n g I S to p ro d u Ce
lift

Main loads applied on the wing:

O Aerodynamic loads
O Weight

A wing works as a beam able to support
the internal forces (Shear, bending and
torsional moments)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Wing structure

= Structures types
Truss-type construction

Stressed-skin construction

B Ry R )

W | T VTS | ey

russavi

http://commons.wikimedia.org/wiki/Category:BAE_Hawk_
T1/T2_(Royal_Air_Force)?uselang=es#mediaviewer/File:
Hawk_-_RIAT_2011_(6122004254) jpg

http://commons wikimedia.org/wiki/File:Fokker_M5K-MG_ES5-15 jpg?uselang=es

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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i S Wing structure

= Wing elements

Spars

Stringers

Skin

Principal structural elements of the wing

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Semicantilever wings

| . . .
Spars Some aircraft have external struts for wing bracing
Rear spar Flap Adleron
A [ZA
FrD n t Spar A Sl _ A ‘" B http:/lmmmons.wikimia.og/wiki/FiIe:Boeing_SUGAR_Voll_con

Torsion box structure: 2-3 spar

Front spar: 15-30% chord
Rear spar: 65-75% chord

http://www.nasa.gov/centers/langley/multimedia/iotw-tdt-wing_prt.htm

Boeing Aerodynamic Efficiency

Improvement Joined Wing _
Boeing SUGAR Volt concept

N A
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @19»@'@
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http://www.nasa.gov/centers/langley/multimedia/iotw-tdt-wing_prt.htm

Carloa I de Madrid Wing structure

http://commons. wikimedia.org/wiki/File:Defta-Dart-DF-ST-85-09772.JPEG?uselang=es

Torsion box structure: multispar
Parallel spars

By S 4
' —— ]
.-dl'-'"(!;‘ US. Defenselmagery photo VIRIN: DF-ST-85-09772
— AN, -
Snets, J

o,

- NASA
Nascin Dt 2008 Marcin Zieliriski, Groumfy69 http://commons.wikimedia.org/wiki/File:Shuttle_Left Wing Cutaway Diagram.jpg?uselang=es
http://commons.wikimedia.org/wiki/File:Wing_structure.jpg?uselang=es http:/www.nasa.gov/columbia/home/COL_wing_diagrams.html

(1) Wing root
(2) Spars

(3) Ribs Y 1
(4) Leading edge . 2
(5) Trailing edge

NASA Photo ID: $81-30746

( 6 ) Wi n g ti p http://commons.wikimedia.org/wiki/File:Columbia_landing_on_Rogers_dry_lake.triddle.jpg

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Torsion box structure: multispar
Converging spars

tMH

ikimedia.orghwikilC: ighter_Typt g javi - Typhoon, Underside.jpg

Eurofigther

Inductiveload

http:/lcommons.wikimedia.org/wiki/File:Eurofighter_Typhoon_line_drawing.svg?uselang=es

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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= Spars

Dtom
http://commons.wikimedia.org/wiki/File:Wing_structure1.JPG?uselang=es <

Types of spar construction

Truss type

Cross-section geometries

Shear web type

Bottom
flange
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

Rectangular Channel | or double-T  Box

Web
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Dtom

The wing ribs determine the
shape and thickness of the wing

Ribs types

-Shear web ribs
- Truss ribs

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

Wing structure

http://commons.wikimedia.org/wiki/File:Canadair_CL-215-1A10_CL-215-1_AN0786306.jpg?uselang=es
Photo: Pedro Aragdo

The rib spacing is selected
after a optimization process
(skin+stringer+ribs)

Rib are to be located at
each aileron and flap
hinge.
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wikimedia. iki ing_76° ile:LOT_Polish_Airlines, Boeing_767-25D_ER, Mississauga_(295649204).jpg

ikimedia. iKifFi .. iale_SE-210_Caravelle_10B3_Super B, Sterling_Airways_AN0018394 jpg?uselang=es B o ei n g 7 67
Aerospatiale Caravelle

Tosaka
http://commons.wikimedia.org/wiki/File:Jetliner%27s_wing_structure_(B-777).PNG

Wing ribs parallel to the flight path Rib perpendicular to the spars

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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= Skin

It transmits aerodynamic forces to
the longitudinal and transverse

50-70% of the structural weight of the wing members

In some designs the spar caps resist
the bending stresses, in other skin is
the bending-load resistant element

Integrally stiffened panels

. —

Wing skins are machined from a thick
plate to obtain the skin-stringer
Typical wing skin-stringer panels geometry

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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= Wing box structure

Compression

Shear
force
Shear
Bending
moment
Tension

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @
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torsional
moment
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Fuselage structure

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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hitp:/commons wikimedia. org/wiiFile-Exposition. = Les 00 ans de.12%27a%C3%ASospalléle — Paris - 4 Octobre 2008 (29137962967 o0
7

The fuselage function is to carry
the payload and support many
the aircraft system. Thy connect
the other structural element
(wing and empennage)

Fuselage structure

-k

L\ W

Loads on the fuselage:

O Wing reactions
O Landing gear reactions
O Internal pressure

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Blériot XI

" Fuselage types

Vickers Wellington

Non stressed-skin structures
e Truss fuselage (1)
e Geodetic fuselage (2)

Ford Trimotor R ———
Stressed-skin Structures

e Corrugated (3)

e Monocoque fuselage (4)

e Semi-Monocoque fuselage (5)

Rutan VariEze

wikimedia.org/wiki/C: \_Varil iavie ile:VariEze_in_flight jpg

Author: Tosaka
http://commons.wikimedia.org/wiki/File:Airframe_(4_types).PNG?uselang=es
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Vertical and

n
FUSEIage types horizontal struts

Longeron
Truss fuselage

ikimedia. iki/Fil iith_Camel_taking_off,_Masterton,_New_Zealand,_April_2009.jpg?usela

Sopwith Camel, 1917

Most of the early aircraft
used this kind of
construction

http://commons wikimedia.org/wiki/File:Sopwith_Camet_(repro). stricture.JPG?uselang=es

The diagonal elements can be bars or wires

. . . , . DAY
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @Af‘@‘
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APY e s Fuselage structure

1 Fuselage types

Truss fuselage

Piper PA-18

This type of structures are
still used in small aircraft

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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1 Fuselage types

Truss fuselage

Non structural skin

Uberflieger89 Uberflieger89

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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 Fuselage types

Geodetic fuselage Advantages:

- Lightweight structure
High strength
Damage tolerance

Disadvantages:
Complexity

atfor
http://commons wikimedia.org/wiki/File:Vickers_Wellington_Mark_X, HE239_%27NA-Y%27,_of No._428_Squadron_RCAF_(April_1943).png?uselang=es

Vickers Wellington

1936
In this type of construction

multiple flat strip stringers
are wound about the
formers in opposite spiral
directions

Emoscopes -
http://commons.wikimedia.org/wiki/File:Vickers_Warwick_geodesic_fuselage.JPG?uselang=es

. ’ ’ i . AT
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @3.’*&.‘.?‘9
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1 Fuselage types Monocoque fuselage

Eas4200c.f08.nine.o
http://commons.wikimedia.org/wiki/File:Chapter_1_img_26.jpg?uselang=es

- Virtually no internal framework
n

Only transversal elements (former) + skin
Stoddard-Hamilton Glasair Il

Bulkhead

The skin supports the primary stresses

Deperdussin monoplane racer
1912

First monocoque design

Used today in small aircrafts with
complete composite structure

Designed by Louis B 'echereau

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Junkers Ju-52/3m
1932

It had a structure with
metallic corrugated skin

hitp:/icommons.wikimedia.org/wiki/File:Ju52_civil jpg?uselang=es

. ; ; ; . AT
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @3.’*&.‘.?‘9
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1 Fuselage types

http://commons wikimedia.org/wiki/File:Albatros_D.lll_German_fighter_c1917.jpg?uselang=es
Australian armed forces

Semi-Monocoque fuselage

Albatros D.lII
1916 Streamlined fuselage

Longitudinal elements Stringer

e Longerons

e Stringers Frame
Transverse element Floor 3 |
_.-! " y !
support s AW o~ _g e
- AL -—- s~
Y F ra m e S b eam 7' http:/Jcommons.W|klmedla.org/W|k|/F|Ie.A|rbus?ABSOiAeroIiaTI'ronoom1;Le;E?D'g'qgo1372092.J!3G‘_

e Bulkheads

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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 Skin and stringer

The skin carries the shear stresses
produce by the internal forces (torque and
shear force)

Typical fuselage
skin-stringer panels

~T U I~

B-247

B-720 DC-10
B-727 Trident
B-737
B-747

Fuselage structure

o Chy - 9.
hnp://commons.wiI_<imedia.oFg@ki/ 4 .BWuselﬁg'e.jpg
% o

C-141
C-5

o

L-188 L-1011
CV-880 A300
F-28

OO
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero E@m»@&@‘
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Author: Kolossos
http://commons.wikimedia.org/wiki/File:Fuselage-747.jpg?uselang=es

J Frames
@)

Frames function

O Maintain the shape of the
fuselage
U Increase  the  buckling

Former frame

= strength of the stringer
—)
— ’/:?
Shell skin  ~
Former frame
\( Distance between
frames are around
Buikﬁead\r\rj.'ne 500 mm
Frame thickness are
2

' ' 75-150 mm o
3 http://commons.wikimedia.org/wiki/File:Exposition_-_Les_100_ans_de_|%27a%C3%A9rospatiale_-_Paris_-
_4_Octobre_2008_(2913799759).jpg

Shell skin
Bulkhead

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Carloa I de Madrid Fuselage structure

J Frames
http://upload.wikimedia.org/wikipedia/commons/1/19/Exposition__Les_100_ans_de_|
%27a%C3%A9rospatiale_-_Paris_-_4_Octobre_2008_%282913796295%29.jpg

Rear dome

Front dome

Types of frames

-

,b
Frames |

- Former frame i)
-  Bulkhead

- domes

""“"Hlllm

NASA
http://commons.wikimedia.org/wiki/File:Shuttle_Carrier_Aircraft_interior_bulkhead.jpg

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero


http://www.flickr.com/people/38965434%40N00
http://upload.wikimedia.org/wikipedia/commons/1/19/Exposition__Les_100_ans_de_l

Carloa I de Madrid Fuselage structure

J Cutout

The fuselage has requirements for opening cut-out such windows, doors, service panels,
hatches, bomb bays...

The direct load paths are interrupted and as a
result the structure around the cut-out must be
reinforced to maintain the required strength

http://commons.wikimedia.org/wiki/File:Airbus_A340_Int%C3%A9rieur_Fuselage_Arri%C3%A8re.JH

hitp://commons.wikimedia.org/wiki/File:Concorde_ G-BBDG_Windows.JPG

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Stabilizers structure

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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mmons.wikimedia orgr’Wlkh’FlIe:Airbus-?—i",

Alternate
tailplane: V-tail

i »
Horizontal stabilizer of an Airbus A320

) vertical stabilizer
Conventional

. rudder
tailplane

Olivier Cleynen

Stabilizer construction is similar to
wing construction.

elevator

horizontal stabilizer

hitp:/icommons.wikimedia.org/wikiFile:Tail_of_a_conventional_aircraftsvg?uselang=es

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Box construction with spars, closer light
rib spacing (less than 250 mm) and skin
without stringer

Low cost and high torsional stiffness

Boeing BO7

Box construction with spar, stronger
ribs and skin with stringer

Low weight

Lockheed L-1011

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Two designs

a) Honeycomb + one spar

b) Corrugation multi-spar

http://commons wikimedia.org/wikiFile:F-16_Falcon_Fighting_-_091119-F-7323C-292 jpg?uselang=es

Lockheed Martin F-16

In fighter design,
usually no spar + ribs
construction is used

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

()OO

~—




i O Stabilizers structure

Fuselage
bulkheads Fuselage
bulkheads
Tail box front and rear Tail box front and
spar terminated at aft rear spar terminated
fuselage bulkhead outside of fuselage

The span of the t-tail fin is aprox. 1/3 than
conventional tail

The vertical stabilizer must be made considerably
stronger and stiffer to support the forces generated

. Russavi
by t h e tal I p I ane htplcommons wikimecia.orgwikiFile:NS51VL_ Gulfstream_GS50_G-V-SP_(9489975740) pg

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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O Aircraft Structures for engineering students

H.G. Megson

Elsevier

Section B1 Principles of stressed skin constuction
Chapter 12 Structural components of aircraft

Section 12 B2 Airworthisess and airframe loads
Chapter 13 Airworthiness
Chapter 14 Airframe loads

0 Airframe Structural Design
M.C.Y. Niu
Hong Kong Conmilit Press LTD
Section 3. Aircraft loads
Chapter 8 Wing Box Structure
Chapter 11Fuselage

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Structures in the aeronautical sector
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i Introduction

4 Strength of Materials

4 T
i -
LEU.I
ar(z) N EA: Axial stiffness "
dz  FEA Elx: Bending stiffness around x axis ’
®(2) M, Ely: Bending stiffness around y axis .
@ El,
. XM
®(2) _Mm, G (X 2)= N,y M, XM,
az Elv A /X /y

l l

A B £ G

7
7
77

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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> SN ot}

R L B T T

https://commons.wikimedia.org/wiki/Fil irport-terminal. JPG?uselang=es

Shenzhen-airport-terminal  vsnayossozasssonons |

=TS
€ :““‘! LY 25 ~
- > e .V, -
SN 89y,
N T e 7!

A

https://commons.wikimedia.org/wiki/File:Barajas_interior2.jpg?uselang=es

Terminal 4 Madrid Airport

https://upload.wikimedia.org/wikipedia/commons/2/21/US_Navy_030302-A-8380W-
003_Seabees_build_hangar.jpg

Hangar structures

https://commons.wikimedia.org/wiki/Category:Hangars#/media/File:Hangaretes_do_Projeto_32_-_Foto_Set_2014.jpg

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero


https://commons.wikimedia.org/w/index.php?title=User%3AKH-wiki&action=edit&redlink=1
https://upload.wikimedia.org/wikipedia/commons/2/21/US_Navy_030302-A-8380W-003_Seabees_build_hangar.jpg
https://upload.wikimedia.org/wikipedia/commons/2/21/US_Navy_030302-A-8380W-003_Seabees_build_hangar.jpg
https://commons.wikimedia.org/w/index.php?title=User%3AAir252342&action=edit&redlink=1
https://commons.wikimedia.org/w/index.php?title=User%3AGoncalvesmb&action=edit&redlink=1

8;‘;,“;’:‘ Iilcliii(:: Madrid Introduction

J Beam structures in aircrafts

Examples of truss/beam structures

http://commons.wikimedia.org/wiki/File:Fuselage_Piper_PA18.JPG

Truss structure fuselage

https://upload.wikimedia.org/wikipedia/commons/c/cO/Turbomeca_Palouste_%28M
AA%29.JPG?uselang=es

Engine mount structure

Landing gear structure

https://upload.wikimedia.org/wiki
pedia/commons/3/3d/A320-main-
landing-gear.jpg?uselang=es

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero


https://upload.wikimedia.org/wikipedia/commons/c/c0/Turbomeca_Palouste_%28MAA%29.JPG?uselang=es
https://upload.wikimedia.org/wikipedia/commons/c/c0/Turbomeca_Palouste_%28MAA%29.JPG?uselang=es
https://upload.wikimedia.org/wikipedia/commons/3/3d/A320-main-landing-gear.jpg?uselang=es
https://upload.wikimedia.org/wikipedia/commons/3/3d/A320-main-landing-gear.jpg?uselang=es
https://upload.wikimedia.org/wikipedia/commons/3/3d/A320-main-landing-gear.jpg?uselang=es

i o T Truss structures

O Definition: Hinged structures

The joints between bars allow relative
rotation about an axis perpendicular to
the plane of the structure.

2D or 3D joints

https://upload.wikimedia.org/wikipedia/
commons/7/75/London_Heathrow_T5
_AB2.JPG

https://upload.wikimedia.org/wikipedia/commons/7/74/T5_Trusses_4.jpg

https://upload.wikimedia.org/wikipedia/commons/7/7f/Terminal_%285791945861%29.jpg d h . |
Fukuoka Airport - International Terminal London Heathrow Terminal 5
[@resie)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



https://upload.wikimedia.org/wikipedia/commons/7/75/London_Heathrow_T5
https://upload.wikimedia.org/wikipedia/commons/7/75/London_Heathrow_T5
https://upload.wikimedia.org/wikipedia/commons/7/7f/Terminal_%285791945861%29.jpg
https://upload.wikimedia.org/wikipedia/commons/7/74/T5_Trusses_4.jpg
http://www.flickr.com/people/60132504%40N08

i Truss structures

The joint can be done by screws,
rivets or welding.

https://commons. wikimedia.org/wiki/File:THROUGH_TRUSS_VERTICAL-DIAGONAL_INTERSECTION_DETAIL_- -
_Richmond_Bridge,_US_90A_at_Brazos_River,_Richmond,_Fort_Bend_County,_TX_HAER_TEX,79-RICH,2-25.tif ?uselang=es

Richmond Bridge >N

Thin plate joint e

Only axial forces appear in the bars

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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[ Definition

e The structure must be stiff and avoid the collapse under the application of
loads.

A c B

o

e Stable structures can be design adding two bars and one node.

e The simplest stable structure is the triangle.

B B D B D

—> —>

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



T Truss structures

U Internal forces

Axial members are used to carry

extensional or compressive loads
applied in the direction of the axial
direction of the member

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero




it S Truss structures

U Analysis of truss structures: Example

From spar rear spar

F3
3
Engine
mount
1 2
F1
F2

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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U Analysis of truss structures: Example

The axial forces in the bars can be
calculated by equilibrium forces in each of
N5 the nodes of the structure and supports

Node Nys (in statically determinate structures)

/
\

l N1, N1, F3

Fy
3
! 2
Z Fy = -

ZFV = F2

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero




i Frame structures

L Definition

A frame is a structure having the bars joined via
fixed joints

Each bar is subjected to internal axial forces,
internal shear forces and bending moments

Node

https://www.flickr. i 171/i ATr66V-908VGk-9NEwpU-dFgHej-rp8gXm-9NGKrb-8f4Htd-nKV2Yb-nKXpv6-50CDR6-
opWwJy-ebwmMy-oK SEUg-0E pw9U-8T9tUk-bzbKEW-3pFFhR-jEfb7X-9UmsB9-7rwjBL-e6BEva-jEhbsL-ONDZCz-e79FUE-6det9Z-p9zZLg-oxm5b2-cBUevi-
kaZNV8-pJrjtK-9NH11D-e4wfhJ-oPP4Zy-0gAgRA-fzbsUG-s9moow-e6UeVm-opWKGB-fzbqZ5-23wkna-fyW bf6-hvwFV4-699PPa-42GHBK-6NyHgr-9NyoX4-
dcPcKi-ONDtMv-a3W 2c4-oXigvl

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero


https://www.flickr.com/photos/elycefeliz/6489247171/in/photolist-aTr66V-9o8VGk-9NEwpU-dFgHej-rp8qXm-9NGKrb-8f4Htd-nKV2Yb-nKXpv6-5oCDR6-
https://www.flickr.com/photos/elycefeliz/6489247171/in/photolist-aTr66V-9o8VGk-9NEwpU-dFgHej-rp8qXm-9NGKrb-8f4Htd-nKV2Yb-nKXpv6-5oCDR6-
https://www.flickr.com/photos/elycefeliz/

,‘ T B i Frame structures

[ Definition

A frame is a structure having the bars joined
via fixed joints

Each bar will be subjected to internal axial forces,
internal shear forces and bending moments

A

The nodes will have equilibrium under
the influence of internal axial forces,
internal shear forces, bending moments
and eventual external loads which may
act on the structure

. AT
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @3.’*&.‘.?‘9
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J Non-traslational frames

The nodes of a non-

l bbb — translational structure

does not move but the

FANS——AN N>~ _—/\ /\ .
sections of the bars can

turn

C
< - B _ Y - B mmTTmee—ao
e ; —Y — B

: \ (I \ \

f 1 I \ \
| ‘. »‘ ‘- \
: : ’ '- P

1
| ! | ' —
| I | ! I
1 i | | ]
' ! 1 1 /
‘\ I' ‘| I /
\ 4 \ 1 A /
A D A D :

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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J Non-traslational frames

WHEN A STRUCTURE IS TRASLATIONAL?
The nodes of translational structures the nodes can move, this is considered

the unknown of the problem
") ")
-
B B’ C Ca P B
—_— = I ———
RV ANAN ;
,l
)
'I

A

Al
;:EE: /77777
goEle

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



Universidad

Carlos IIT de Madrid F rame St ru Ct ures

J Non-traslational frames

9
BYYYVYVYYIVYY

B

boo bbby
| . AV

A regular technique for calculation of
non-translational structures consist on
decomposing the structure in several

7%7\77 bars.

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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J Non-traslational frames

B
The bars, after the

decomposition of the EEREZERERE
structure, must be ﬁ
constrained at their B’
ends via supports. $

The independent bars must be subjected to same
conditions they had in the original structure. Thus,
the ends of the bars must be subjected to external
bending moments which are the unknown of the

7%7\77 problem.

The compatibility condition is “rotations of the end sections of bars that converge at a node
must be identical»

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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 Non-traslational frames
Ml(g C
Example Mz ;%9 ;é
M(l =C B, ]|§
'y B
\R (' |?> "
~— M=My7+M>
MZ
2|
0, (clock wise) =0, (clock wise) A
y A
1 77/7] 8 (clock wise) = M, (21) _ M, /7777
> 4EI(21)  2El
N STV
0, (clock wise)=-"" 5 5

3El

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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J Non-traslational frames

Example v
B‘HHHH}
I
v A D
777 777

I
6, (clock wise) =6 (clock wise)

0, (clock wise) = M

3El
. gfé Ml MI

(clock wise)= ____ — —
B2 24E1 3El 6El

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

Frame structures

M M

B¢HHHH¢C>

7

2
M=

20

| |
YA_EZ XA:SU
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J Non-traslational frames

Example — HIZY

Frame structures

A D

T

Bending moments law

Node equilibrium!

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

Internal shear forces law




i Lattice structures

https://commons.wikimedia.org/wiki/Category:Hangars#/media/File:Hangaretes_do_Projeto_32_-_Foto_Set_2014.jpg

Nyttend

https://commons.wikimedia.org/wiki/File:Deep_Cut_Road_bridge_over_canal.jpg?uselang=es

De Uncredited. Original uploader was Mdnavman at en.wikipedia - http://www.flyingboats.ca/FlyingBoats-old/italy/italy.html - Transferred
from en.wikipedia to Commons by User:EH101 using CommonsHelper., Dominio publico,
https://commons.wikimedia.org/w/index.php?curid=15112301

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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o S Lattice structures

( 1 ) Beams subjected to

Bending of the beam compression

Lateral forces in the walls Beam subjected to tension

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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LY

Bending of the beam

Bending of the beam

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

Lattice structures

A new beam reduces
the bending

| L

New beams reduce
the bending
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Baltimore

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example
2000 N 1000 N
| 12m I 12m > M, =0 =2000-24+1000-12 -V, -6
V=10 kN T
D> F, =0=H, H.=0

Y>'F, =0=-2000-1000+ V¢ + V,

V.=7kN {

. . . . . DAY
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @Af‘@‘
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Example

e Node A is subjected to only two unknown
forces: applying equilibrium of forces in
the node.

2000 N > F,=0=2000+ N,ysen(a)
D F,=0= N, + N, cos(a)

A CYNAB
N, N,; =1500 N|A/,, =-2500 N

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example
» Successively, the equilibrium of nodes D, B and
E can be made.
2500 N
\ - D F,=0=-2500sen(a) + N pgsen(o) N, = 2500 N
DL N, 2, F =0=2500c0s(c)+ Npg Cos(0t)Npg + Npg Npe =—3000 N
1000 N
1 > F, =0=1000+ (2500 + Ng )sen(o.) N, ——3750 N
1500 B Ny N 5950 N
7 : >'F, =0=Ng +(Nge —2500) cos(c) ~1500 =
2500 Nge

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example

10 KN

S°F, =0=(Ngc +3750) cos(at) +3000

N, =-8750 N

e All internal forces and reactions in C are known. The equilibrium in node C
can be used to check the calculus.

7000
1 > F,=-5250+8750cos(c.) =0 (comprobado)
<0 H
»20 / o D F, =-7000+8750sen(ct) =0  (comprobado)
8750

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Chapter 2. Bending, shear and torsion of thin-walled beams
Bending and shear of open and closed, thin-walled beams (I)
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CHAPTER 2. Bending, shear and torsion of thin-walled beams

Bending and shear of open and closed, thin-walled beams (l)

OBJECTIVES

« State the displacement field the cross-section of a in a thin-
walled beam

« Calculate normal stresses field in open and closed cross-
sections

 (Calculate normal stresses field in multi-cell cross-sections

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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CHAPTER 2. Bending, shear and torsion of thin-walled beams

Bending and shear of open and closed, thin-walled beams (l)

e Introduction

* Kinematics

* Normal stresses

* Shear stress field on open sections

e Stress field on single-cell closed sections
e Summary

* References

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



Universidad .
«F Carlos III de Madrid Introductlon

Cross-section of a thin-walled beam

f
|2
: | —— OPEN <
— | — H -
€,
/_'-_____----———--
| Y roo ﬂ
Single cell T ,
- —
B CLOSED -
¢ >=
1. Multi cell —
e, e SEMm{H,B} \ -

. . . . . DAY
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @Af‘@‘
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Previous knowledge (Introduction to Structural Analysis)

Normal stresses

I—xP P—xl

GZ:AF‘I_I_Pg— W_I_Pé_My

Neutral axis

Nyl—xPXy y-Py,—X-1
AT =Pt Mx +1—|—P‘~’— My=0
Xy Xy
Shear stresses
Q (mAl- -m* P) Q (mh P -—mh o)
- - Tl wer Jaml s )
Displacements field Xy 0 x ly™
u X, y’z 0 - Q (mAz . _mAzev.va\_ QX .(mAzex_va_mAzev.lx\
[ )=u(2)-0,(2) x40, (2)-y “ b(x)\ Lo1,-P2 j' ba(x)|\ l,1,~P2 )'

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero fﬁi
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A 4

-
-
e
_______

Uy (XY, Z)+ Uy (Z)

/ The section does not
Uy (X Yi Z) B u (Z) —L deform in its plane

uz (x,, Z) = uz (Z S)

uz is constant along the
thickness

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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ous(z,8)  ou,(z,5)
2,5) =
Ysz( ) o7 + P
duy
9=, @ °x<s) o y(5)+ frap] ds
0
7 DS

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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U, (2.5) =, (2) +4;-x(s) -4, y(s) g,(2,8)= auza(zz,S)

Constitutive equation

Neglecting normal
nonaxial

6(z,5)=E {du (2) djdzzlx(s) “, (Z)-y(s)\J stresses

Operating as in solid sections

l

yl,-xF, yvE -x1,

X

N
_ - M. +
oKNZ 4" 11— -

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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1,6(2,5) = cte

No deformationsin
Tnl(Z,5)=0 .
sn( ’ ) cross-section

10(2,5) *0  Due to small thickness

NG00
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero f@mﬁk@@’
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=, |¥

2& Tzs (Z’S)

N /A

1,5(2,0)
F1 =1,(2,0)-e(0)-dz
Fo=1,5(2,5)-e(s)-dz
Fa= jgz(z,s)-dA

A

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Tzs(Z,S) Equilibrium equations
in z direction
X
F3+dF3 F1+ F2 0

1. (25)-€() = 1,4 (2.0)-e(0)- © [0 .dA

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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1s(25)-€(5) = 115 (2.0)-¢(0)- © [0 .dA

OZ  «
A
Equilibrium Espression of
i normal stresses
equations

1.(25)2(5) =1 (2.0)-6(0) K, -Q, +K,-Q,

The distributed loads in z direction are neglected

. . . . . DAY
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @Af‘@‘
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c’izA*

am, ao, N oyl -xF
e - Q,+m,=0 a’z+q*_0 o,k ZF /4+ ].’]_Pf-/\/[ﬁ
am aQ S
dzy+QX+my:O 7;““%:0 +J/‘P)Q/—X'/X.M

[-I-P
dM7+m:O d—N+C7=0 A
dz ? a

1 (25)-8(s) =10 (2.0) (0) =K, -Q,+K,-Q,

The distributed loads in z direction are neglected

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Mex = Jy(s)'dA
A

Mgy = j x(s)-dA =

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Open section

Assumption: no distributed

s=S5p loads in z direction

X

1,(2,0)-¢(0) =0

s=0/ z t{z5)-e(s)=-K ,-Q,+K,-Q,

Constant shear flow
q(s) = Ty (Z,S)- e(s)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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- Y Ky:/T:X TZS(Z,S)'e(S):—Ky 'Qy
/f;=Iy(s)'e(5)'d3=j|(5—2\'e°d3=ﬁ-(s—h)
1 0 ok J 2
: b
X Qy
s Qy q(s):_Z-l 'S'e'(S—h)
/ %«1 | =i.e.h3
" & <12
— .
(9= (s-h

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Yy
o(s) =5 (h-5)
|12
8 s=0 q(0)=0
) o h n 3 0,
// °772 q@:E?
" A s=h q(b):O

@S

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example: open section

Y
| [«
i =
Yoo
h > X
X - K
—» — QV q(S)—_ y.Qy
e
e
—<xl1
\ i h
o
« - <1
b b

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example: open section y
A A S |
Yy qes)|

| [« 7
== i
y(s)=—
2

h > >

V’q -
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A‘Z@
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- ‘
| £
S1
4 ﬁ ] h
a(s) ,H y(s)=--s
h > | ! >
. — Qv X E i S, -€
o « _heb 7. (h-53)
i i ex 2 2
‘ b ‘ q(s)=—3rh- b
L2

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example: open section

" “
| BE
| do-frege )

\

V’q -
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A‘I@
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Example: open section

Ry
\ >
y 3 A
., d(s) Ry =Q,
/ B
Ry

. AT
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @3.’*&.‘.?‘9
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Example: open section

Y
b
| l \/
o |
h R A A
< | q(s) |
Qy
e S
— <<l "
h e’
o
— <1
b

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section

A

Yy

An arbitrary point is the origin of the
coordinate s

v

” q() = 4(5)er + 40)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section
9(s) = 4(S)een +0(0)

y | |
p
Jst‘dSzO
0
\ l
N S

s=0 q(s) )
| _[ P ds+ .ds=0 Pl
0 G-E(S) 0 G-e(s) >

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section U, (z5)=u, (z5+$,)
A y(s)=y(s+S,)
y 2(s)= z(s + Sp)
du du
()= O-""-0-""-0s ()
Uz 28 Uz 2 - XS o Vs +£ysz 2.5 ds
X S $+Sp
[152(2.8)-ds = [ 152 (2.9)-s
0 0
S=S,
s=0 _ S+ S+$p s+S, Sp
j +f - Js :j j =0 [1s2(z5)-ds =0
0 S 0 0 s 0

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section

yﬂ

q(5) = g(8) r + A0)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section

Example
y Y e=0,8 cm
| b=15 cm B
H—20 om q(s) =2, (s)+a(0)
el
4 qa(S)
h » X q(o) + S
Qy —= |+
e
) b

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section

Example
LY
s, zone 1-2
3 e Y q (5)
?’ A v e
e x v s e [)es)as=
L >
Q, _ Qy.e'S2
] O
4@ @5
S3

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section

Example
A y
S; zone 2-3
S1
3® YA d., (S) <
S, =y
Wi
_h
S y pppp— 5’
! X 2 Z
*— éé
i
Q s e-h® h-e-s
* 1
4 nexzjy(s)-e(s)-ds=T+
49 @5 °
L Qy (e‘h2 h‘E'S\
S3 q(s) == + :
l, \ 8 2

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section

Example
3 y
S zone 3-4
3 & .2
S, Wdﬂﬁ-‘?‘
S, é ?'
\ 7 Z
S A qa(S) g
1 x y ?
— 7
R j e-h> h-e-b e-s
> m,=[y(s)-e(s) ds= —+ +__2:(h-s,)
0 8 2 2
‘o ®5
>3 Q, le-h” h-eb e-s, |
q(s)=-_|___+___+_ "(h-s,)]
L L 8 2 2 1
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @’m
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Single-cell closed section

Example
LY
s, zone 4-5 ?
3@ 92 ?
7
s, %
\ Z
=—— Z
|1 x 2l 2 9,(9)
*r— Ml —=
Qv 332
L0 e-h® h-e-b h-e
54 m =Iy(s)-e(s)-ds: + - S
4o o ex ) 8 2 2 3
—, Q leh® heb he

Q(S)z_-I?'L—S—J“ S

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section

Example
A y
S; zone 5-1
4—
3@ Y
S, .
y \4
S S,
1 Xx
L >
Q S
\%
. s e-h® s -e
4 * 4
m =jy(s)-e(s)-ds:_++ -(s_h)
4. =5 ex - , 8 2 4
— Q, e-h® 7s -e |
q(s)=-_- + 2 (s.=h)]
L | 8 2
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section

Example -
(T)qa(s)-ds
B 1(0)- 02-(h+|o)
=1
/ ! 1 1(0) =100- >
1 1 ;
t da(S) |
|
\ 14—4—4_4_ l q(s):qa(S)-l-lOO'?Iy_

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section

Example
\/I 10 = )
T

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single-cell closed section
Example

M—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A’i@
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Summary

Displacements

Uy (X’ Y, Z) = Uxo (Z)
uy (x,y,2) = Uy, (2)
Uz (x,y,2) = u, (z)

Normal stresses

N P
c;(x,y,z):xﬂfl".yI i('PF;w,MXer - X'!X.My
X oy Xy Xy Xy

Shear stresses

q(s)=a(0)- Ky -Qy +—Ky -Qx

OO
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero E@m»@&@‘
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Open section

q(S) = q(O)— Ky -Qy +—Kx -Qx
f Closed sections

A(s) = 9(8) en +A(0)

v

>

v

10(S) gen
(0)=—2 8

<
<

-ds

-ds

2 G-e(s)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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CHAPTER 2. Bending, shear and torsion of thin-walled beams

Bending and shear of open and closed, thin-walled beams

(1)

OBJETIVES

e Define and determine the shear centre

e Estimate the shear stress distribution by a alternate method to the
proposed in section 2

e (Calculate the shear stress distribution on multiple cell sections

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Index

CHAPTER 2. Bending, shear and torsion of thin-walled beams

Bending and shear of open and closed, thin-walled beams

(1)

Concept of shear centre

Alternate method to calculate shear stress
Stress field on multiple cell sections
Combined open and closed section
Summary

References

ok wNE

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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T5s(s)
Sp Sp
[155(s)-cosa-e(s)-ds=Q« [t 5(s)sena-e(s)-ds = Qy
0 0

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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-
-
-
5 -
-
-
- -
<2 -
"
-
-

/Tzs (s) *
Sp

[ 155 (s)-e(s)- r(s)- ds =Mt

0

A torsion moment is induced by transverse loads

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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! s (S)

A
Qy
Mz — . v
\ Q Shear force, Q,
|0 > > - Shear force, Q,
/ -7 Torsion moment, M,
r(s) [~
= 4 o
o}~ Tzs (S)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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S

P
[ 125(s)-€(s)- r(s)- ds =Qy Xc = Qx - ¥
A 0
Sp
_[q(s)- r(s)-ds =Qy - Xc —Qx - Yc
0
a- Qy:b Ox
o —— -
r(s) C - — '
N 15(5) | Xc =4
- Ye=-b

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example
| Y
S 2 @ R
I
e=1 cm
> b :10 Cm >
X X
h=20 cm
3 @ ® ¢

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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.e-h
Example q(s)z—Qy s
2.1,
2 & o1 : ‘S1<‘ ‘
Szv
C . a
q(s)=—Qy e|h-b+hs—s2] \
2.1, ‘
. , d(s)
X

3 & ® 4 S:i)/
th2
ICERA NN

Authors: Enrigue Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Sp
Example f q(s)-r(s)-ds=—Qy-C
| :
- ? .1 b 2 2
Sp()()d ()ﬂd Q -e-h™:b
. _([q 5—2-![(1 S, 2 Sy 4.1
X .e.hz b2
Qy _ o
41,
S @ ® 4 e-h?-p2
c = 11 —3.75cm

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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The solution for a shear loaded closed section beam follows a similar
pattern to that described in previous slides but with two important
differences.

* First, the shear flow includes the effect of shear force and the induced
torsional moment (if shear force is not applied at shear centre)

* Secondly, the shear loads may be applied through points in the cross-
section other than the shear centre so that torsional as well as shear
effects are included. This is possible since shear stresses produced by
torsion in closed section beams have exactly the same form as shear
stresses produced by shear, unlike shear stresses due to shear and
torsion in open section beams.

M
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A’i@
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The shear flow can be calculated including the torsional as well as shear effects in one
expression

In a beam subjected to transversal loads, both
shear flow and normal stress appear

_____________________ X The equilibrium of a differential
"""""" element in the 1z direction,
neglecting body forces, yields to:

—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A@@
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aq+t-aGZ=O
oS oS
\ Integrating as before
S S
Q(S)— QSO | i L v |
K IX'Iy —FXy ) 0 IX'Iy _ny ) .
1y —Oy -Pwy ) S (Ov -, —O, Py, ) S
o) | & P Jrt)es- ol Xy}-jy.t(s)-dsms
2 2 0
t ly=Fy ) L xly =Fy ) o

A(s) = ap (s)+ Gs,

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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We obtain g, by supposing that the closed beam section is cut
at some convenient point thereby producing an open section

“cut”
Op = —(QX b -?ny \'?x.t(S)-ds—(Qy b ;ny WTV t(s)-ds

L 'X"y _ny Jo L IX"y _ny Jo

The value of shear flow at the cut (s = 0) is then found by
equating applied and internal moments taken about some
convenient moment centre

Qx Mo —Qy &o ZJ;C](S)‘ p(S)-dS
Qx Mo _Qy €0 = ifqb (S) p(S)-dS +0s | ff p(S)-dS

A

Q

A »
»

QOx No—Qy-Eo — {qb(s)-p(s)-ds S Q
qs, = .0 2-Q:J‘ap(s)-a’s

Qis the area enclosed b
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romer|jone of the beam section &
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J
qopen +4q b

J
qopeﬂ + q Jo

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Solution process for a section with n cells:

- The section in divided by n-cuts — J

- Each cell is solved as open

- Imposing in each cell: Sp

System of n-equations with
n-unknowns

I?:(qojpen +qjo )-d5+j(quen +qj0 _qlo)'ds—k

D'(ch>pen * q ) (q:pen ’ qj _qko )
] G o .ds_|_1[ G -ds=0

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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J
qopen +q Jo

q;-pen +q Y Al qko
@ @
Cell j Cell k

q('),pen + q »

(o' +q ) Cj(q" + —q)

_D—l dS+ _Den—lo dS+

J
QOpen i qjo =4,

(q +Q) (q +q —Q)

j—p—‘ o+ —o—e o gs=0

G

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example
e=05cm
y ! L =50 cm
e
A l h:12 cm
T R=6 cm
A Q, =1
h 2 >
X
1
< R >« L '

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Cuts at points 1 and 6

Yy Yy

B <=1

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example
< Skin 12
2
Ay <—2 e 52
T4 /T‘:x: 1
56 Sl 2e.82
14 1
Py - X qa(3)=—
S7 SS 2‘IX
..V
5
-
S4
Skin 23 Skin 63
e-h? h-e-s e-s?
m;sz — /77;)(: 26
e-h /2 h) eosg
A(s)=—__ s, +_| q.(s)=
21, \ 4 ) 2-1,

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example
< Skin 15
Y P 0.2
2 « .
T4 Moy =— 2
1] 1%
b > e-S
[, *  ®G)=2r
85 X
5
S4
Skin 54 Skin 64
« [(e-h* h-es) . es
mEXZ_ + 4 m =-—
] "=
e-h (0 e- s
q,(s) 2—|—\\ (4 ) 0e(s)=3.1"
X

Authors: Enrique Bar*ber "o Pozuelo; Jose Fernandez Saez, Carlos Santiuste Romero
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Example
R 2
2
-A
14 51
™ ™ X
Sg
e Y Skin 34
o °
Sy
_e-h® helL © e-h® h-e-L
n. = + +IR-cosoc-e-R-doc: + +R?.e-sena
ex A 5 0 A 5
1 (e-n* h-elL , )

- . R -e-
0. () /| —+t—5—*R -e-sena|

« \ )

N £ ~1
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @j@“@@
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Example 1 Shear flow in open section

69 4 a
Yy /,
\ 4 -
X
9
/y

.

E—
Authors: Enrique Barbero Pozluxelo, José Fernandez Saez, Carlos Santiuste Romero @)A’X@
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Multi-cell closed sections

Example
12 0
y X i Skin 12 q(s)_qa (sl)+q1
2
Q — |I™ skin23 | q(s)=05(s,)+q3
/ L >

qf Ssx 63 0 0
7 gaw] 906

S4

Skin 64 a(s) = q:“ (37)”? ‘qZ Skin 15 4(s) = qf (35)—q‘i

skin 34| 4(8) :q?’:(“)woz Skin 54 q(s)=qz4 (54)—‘12

M—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A’i@
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Example
<S—2 In cell 1
2 ) )
4 % 0 (s )+ )-ds + ¢ +q°)-ds +
g
l- 51 _[ a( I(a(z 1 2
> 0 0

h (q63 +q - ) ds +h/(qe4(s )_q0+q0).ds +

a 6 a 7 2 1 7

-
!
>4 'Lﬁq% j(qsl (s )-¢f ) ds

Imposing in each cell: 0

% q(s)
Je(s) ™7

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example
<S—2 In cell 2
2
S1 0 0 0
1) - I(qi4(a)+q2)-R-doc— r?(q:f(SY)Jrql—qz)'ds;r
S5
18/ _Ol_h( 63(S )_ 0 O)-dSO—O
— g y 4 +4 =
Sy _[ a 6 12 6
0

Imposing in each cell:

o 37,58
Jas).gs-o KT
0 e(s) o 17,44
g, =

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example . 9,528 .
31,42 28,58
l,
28,58
> C—— _I_
37,58
s IX
—_— 28,58
l,
28,58

—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A@@
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t=2mm
L =200 mm
Example
Y A
t l Yeom = 125 mm
l,, = 14.5-106 mm*
T G=25000 N/mm?
L/2
' com
X
ycom
L/2
. A\ 4 ‘ . \ 4 :
L/2 L L/2
Q, = 100 kN

M
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Shear force Q, Cuts at point O
252 3|S3..38‘6 <S7 7
0
[ 341 Sgl
Q0 > Sell g
1 + 1
Ssg
—_—
4 5
S
= [y(s)-e(s)-ds
0

0.(5) ="

E—
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Shear force Q, Skin 23
) 32, 3 . B S s S g
°® )=- 2-75-ds, _
o Ops(5,)=—— j ~345=-345-1.04-5,
> % g (1)
St | |— =—138.5N /mm
Sgl| 8 23
1 \ )
S5 Ue7 (37):CI23(52)
—
4 5 Os67 = U323
Skin 12 Skin O3
q (s )=— % S12( 25+5 )ds =—-69- 10‘4(3 503) Goa(83) = — 0, J-s3 2-75-ds; =—1.04-s3
12 1 I 0 1 1 1 1 (L\ K 0
(L\ * q =g =-104N/mm
ol |=q, =—34.5N /mm odl | a0
5 \?)
\2)
U7 (36 ) = 0O (31) Jos (58) =0os (53 )
d; =0, U606 = Us 03

M—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A’i@
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Shear force Q, Skin 45
SZ 3 S3 S8 S7
2 —_— <_- L > ° « ! ) Qy s
=—_" ["2-(~125)-ds, — - _1.725.
T 541 O Sgl s (S5 N jo (-125) . —1725=-1725-1.7255;
L
S]_ S6 8 045(Ej20
S Ous(L) = g5 =172.5N /mm
E—
4 5

Skin 34 O34 (0) = U334 = U323 + U305 = —242.5N / mm

q34(s4)—— J "2(75-s, )ds, — 242.5 = —242.5-1.04s, +69-107* 2

0ae (L) =G, =—172.5N /mm
O max = Gas (75Mm) = —281.7N /mm

Ose (39 ) =0 (54)

05 =04

V’q -
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A‘I@
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Shear force Qy 138.5 N/mm
34.5 N/mm ) — - R

— < >

2425 N/mm | 1

281.7 N/mm
0 _
g =0
172.5 N/mm
g,

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Shear stresses

Q(S) = Q(O)_ Ky 'Qy +—Ky -Qy

Ky Mey - Iy —Mey - Pyy
2
Iy Iy_PXy

Mey Aj\ x(s)- dA = [

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Single cell closed section

Q () = 4(5). s + 6(0)
| }q(i)"m -ds

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Multi-cell section -

q({petr'i'q;a -qw
q;;wn +q VAT qko
Cell j Cell k
Dopen T4,
(¢ +q ) (¢ +q -q)
J'_p_lo ds+£_p_Glo i ds+
5’ +q) (a8 +9 -q )
[ s [k e s =0
C D

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



Universidad

Carlos 111 de Madrid REfe rences

1. Megson, T.H.G. “Aircraft Structures”
Elsevier. 2007
Cap.16 Bending of open and closed thin-walled beams
Cap.17 Shear of beams

2. Benham, P.P.Y Crawford. “Mechanics of engineering materials”
Logman Scientific & Technical, 1987
Cap.5 Torsion

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



Universidad

Carlos 11 de Madrid R efe rences

1. CerveraRuiz, M.y Blanco Diaz, E. “Resistencia de Materiales”
Ed. UPC, 2001
Cap.7 Momento torsor

2. Garrido Garcia, J.A. Y Foces Mediavilla, A. “Resistencia de Materiales”
Universidad de Valladolid, 1994
Cap.6 Torsion uniforme en barras de seccion de pared delgada

3. Ortiz Berrocal, L “Elasticidad”
Ed. McGraw Hill, 1998
Cap.7 Torsion

4. Samartin Quiroga, A. “Elasticidad”
Ed. Bellisco. 1990
Cap.7 Estudio de la torsion

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



'\ Universidad
§ Carlos III de Madrid

Universidad
Carlos III de Madrid

wWww.uc3m.es

Department of Continuum Mechanics and Structural
Engineering

Aerospace Structures

Chapter 4. Plates and Shells
Bending of thin plates



Universidad
N\ CarlosIlldeMadrid In d ex

Chapter 4. Plates and Shells

Bending of thin plates

Introduction
Equilibrium equations
Bending equations
Boundary conditions
Example
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Chapter 4. Plates and Shells

Bending of thin plates

Introduction
Equilibrium equations
Bending equations
Boundary conditions
Example

References
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Definition

e Plate: 3D solid than be considered a 2D
element because one dimension is smaller than
the other two.

e Scientific literature use to classify plates as a function of the third
dimension:

v Thin plates (Hyp. Kirchhoff)
v Thick plates (Hyp. Reissner Mindlin)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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e Thin plates (Hyp. Kirchhoff):
v’ Straight lines normal to the mid-surface remain straight after
deformation

v’ straight lines normal to the mid-surface remain normal to the
mid-surface after deformation

v" the thickness of the plate does not change during deformation

Tz

M
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A’i@
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e Thin plates (Hyp. Kirchhoff):

v" According to these hypothesis, there is a neutral plane in the plate
with no strains. Neutral plane is equivalent to neutral axis in
beams

v The strains field can be expressed as a function of a single variable,
w (displacement of the mid-plane)

v" The problem has an exact solution in a limited number of cases.
The partial differential equation must be degenerate in a ordinary
differential equation

v" The problem is usually solved by numerical integration to find an
approximated solution.

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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e Additional hypothesis:

v' Elastic-linear behaviour
v" Small deformations

O AL
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero E@m&’»&@‘
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Chapter 4. Plates and Shells

Bending of thin plates

Introduction
Equilibrium equations
Bending equations
Boundary conditions
Example

References
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 External forces:

* External moments:

NG00
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero f@mﬁk@@’
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« External forces are obtained by the through-the-thickness integration of normal and

shear stressess:

NA _ GMdz
y _[ yy
N = odz
Ny = Icsxydz

External forces and external moments are defined by unit length

E—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A’g@
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Equilibrium equations

* External bending and torsion moments:

MX — Gxxzdz
z
z

M,y = IG xy 2dZ

External forces and external moments are defined by unit length

E—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A‘i@
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* Equilibrium in a plate differential element with dimensions: dx, dy

Equilibrium in x direction:

N, dx
. \
N dy e
\ ””””” d d ........................ X
‘/;// — qx X y >
,,,, \ 2
,,,,, g — ON
2 \VZ (Nx+de>dy

N,

ON.
+ =q,

OX o)

E—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A’g@
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* Equilibrium in a plate differential element with dimensions: dx, dy

Equilibrium in y direction:

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



Universidad
Carlos 11l de Madrid Equilibrium equations

* Equilibrium in a plate differential element with dimensions: dx, dy

Equilibrium in z direction:

09, , 99, _

ox 0y 7

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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* Equilibrium in a plate differential element with dimensions: dx, dy

Equilibrium of moments about x:

oM, oM,

+—==
Ox Oy z

. DAY
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @Af‘@‘
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Equilibrium equations

* Equilibrium in a plate differential element with dimensions: dx, dy

Equilibrium of moments about y: q(x, y)dxdy
Qxdy
dey = I 7
i + | v
Z ( 0
Qx +
OM,, p oox
My, + 9y dy | dx
8MX aMXJ’ —
+ =,
OX oy

. DAY
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @Af‘@‘
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* Equilibrium in a plate differential element with dimensions: dx, dy

Equilibrium of moments about z:

> M, =0 > |t is automatically satisfied

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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* Equilibrium in a plate differential element. Summary:

oN, oN,
g 8)<+ oy =
>F-0
ON, 0N, _
ZFyZ g ox oy P
0@, , 99
— > x =
ZFZ_O a)<+8y 7

> |dentity

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



Universidad

Carlos 11l de Madrid Equilibrium equations

 The problem of in-plane loads is mathematically uncoupled of the problem
of out-of-plane loads.

 The combination of out-of-plane expression yields:

oM, oM o0, oM,
AR o0, | Qy:_q o M My s
A0y ox Oy oX Oy

l

O°M oM. O°M
2x 4+ 9 XY 4 2y +( =0
OX oxoy oy

Second order differential equation obtained from equilibrium equations

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Chapter 4. Plates and Shells

Session 5. Bending of thin plates

Introduction
Equilibrium equations
Bending equations
Boundary conditions
Example
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A first order analysis of the strains yields:

g:ai Y =2¢ :8u+8v
M Ox Y Y9y ox
el g _OU oW
Se) % 8z Ox
826& y =28=6V+6W
0z g ¥ 0z 0Oy

Considering Kirchhoff hypothesis: —— |¢ =

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Non deformed Section

=

Kirchhoff-Love plate theory

The section remains straight and

perpendicular to the mid-plane

The section remains

Mindlin—Reissner theory(One-order straight  but  not

perpendicular to the

theor

y) mid-plane
The section does not Higher-order theories
remain straight

NG00
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero f@mﬁk@@’
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Bending equations

Kirchhoff hypothesis:

8)0(: ai-F 7861
ox ~0x
E = ai—F 7862
7oy 0y
’ _od oV (06, 96
Yooy ox oy Ox J
8?/1)/( _ Neglecting displacement produced by shear strains (thin plate)
Y, =0 + —
oy | | oW g __ oW
OX C oy

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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E vE

’ 00 Ol, -
G% 1—\/2 1—\/2 8)o]
) vE E g
WL — — 0 0 0| ”
{’Cw —|1—v —V ﬁy&}
- || 00 GO O y||
o 000 GO i
T "0 0 0 o (%

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Bending equations

The previous equation is multiplied by coordinate z and integrated through the
thickness to obtain the relationship between moments and displacements

([G )O(ZO'Z] | I EZ 1VE2 00 0—\ ‘[..8)0(20’21"
-V -V

IG gz v E £ 0o | j SWZO'Z

Ve gz b= 1-v? 12 {Iygo’z

R 00 GO0OO

| 1,207 | 000G O J.y)aza’z|

Juzzl | 0000 G ||yl

= +V
“T12(1-v)lox oy
EF 00, 00,
= A% +
120U ax oy
MX:Gf o0, ., 00,
12 \ oy 8XJ

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Neglecting the displacement produced by shear force (thin plate) and using the

equilibrium equations it yields:

o w 2
MXZ_D 2+Va,2'/
o0X oy
w & 2 M, M
M,=-Dlv <2+ 2 e Co - yx )
oxX Oy oxX ooy oy
2
M=_D(1—v§@
’ La)@ﬂ
\4
o'w ., o'w d'w g

OW o OW  OW_
oX  0Xoy oY D
Fourth-order partial differential equation for a plate subjected to a

transverse distributed load.

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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o'w , dtw  o'w g

W o oW _
oA XY ey D

The parameter D is the equivalent bending stiffness of the plate

. ENW
b= 12(1-%)

 Boundary conditions are necessary to solve the differential equation

. There are different solutions for the displacement field, w(x,y), depending on

boundary conditions

M
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A’i@
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Chapter 4. Plates and Shells

Bending of thin plates

Introduction
Equilibrium equations
Bending equations
Boundary conditions
Example

References

RN HE

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



Universidad

Carlos 11l de Madrid Boundary conditions

 Clamped end: Displacements and rotations are restrained.

(%) =0

(x)=0 dw , dw dw_q
> oY oy D
oy () =0

* Pinned end: Displacements and bending moments are restrained.

W()6)=O 84W 84 @4W: q
M, (%)=0 oy oy D

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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* Free end: Bending moment, torsion moment and shear force are restrained.

M,( %) =0 . . .
M.( %) =0 8W+28W+6W_q
" X Aoy oy D
Q,(%)=0 /

 Symmetrical axis: This is not a boundary condition but it is usual in the

analysis of plates. Supposing that y is a symmetrical axis:

M)a/()%):o

4 4 4
Qy()%)zo a_,/,/_|_2 8 w -|—a W: q
ow oX  oXoy o D
ay()\s)=0

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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q(x, y)dxdy

- * Plate dimensions: a-b

e T 3 * Pinned at all the ends
,uL H H l [ H T 84_W+ 5 otw N 84W: g
"y\ 7 ox 0X0y oy D

vz
v mnx  nmy
Navier solution: w(x,y)= ZZ A_sin TSin —
m=1 n=1

A, are the coefficients that must satisfy the differential equation

V’q -
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A‘Z@



Universidad
Carlos I1I de Madrid

Y

Example

* Plate dimensions: a-b

* Pinned at all the ends

o*w otw

~4
o w
+2 +

_ 9
< oax*oyr ot D

External load q(x,y) can also be expressed as a function of Fourier series:

(xy) ii - mmx nmy 1 p
q(x,y)= a,,, Sin sin _ 1 .
m=1 n=1 a b '477/7 TC4D|_ m
ﬂ 4\2 i (543\212
w( % y) = = ii i sin m;T)(Sin /72)/

D, . r(m/a

Y, |

M—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A’i@
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2. Bending equations in polar coordinate system

3. Boundary conditions in polar coordinate system
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) Bending and torsion moments: Defined per unit length

oM
M., +—_dr
rt ar

M + Mer
T8 T N \(
M, = [(5,,- - 20z Torsion moment

W -

Bending moments A\
Mrz‘ = |0 <& az g d&/

n

2

Authors: Enriqgue Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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e Shear force

0Q;
Jh 9, T —ab
2 06 50
Qr = _[h'crz -zdz 1 0, + aTdr

- i
i /Qr Qt\\ ff\!
Qt ) J‘ Toz - Zd Z }/‘
dr

—

Defined per unit length

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Internal forces can be expressed in terms of vertical displacement (same
procedure than in Cartesian coordinate system)

(azw (1 ow 1@2\/\/\\'
M =-D.l
TPl et e )] oo % ()

1 2 2
M; =-D- w1 av2v+va\/2v Q :_D.é(vzw)
5r r2 00 or ! r 00

2
My, =-D-(1-v) 1 L ow
! oroo r2 00

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Cartesian coordinate system:

a(x.y)
Del ope(ga’g)or

i+—j+—k
oX oy 0z
Laplace operator (in-plane)
2 2
V2 =A= aa o+ a‘;z
X
VA= Q(X,J/)
D
.dx .
dy o*w o'w  o*'w adxy)| p. .
At 5 et 4= ( 2)
OX ox“oy< oy D 12-\1-v

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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b 7 Polar coordinate system:

Del operator

8- 10 - 8-
e u
a " roe oz

Laplace operator (in-plane)
, & 10 10
orc ror 200

X

. AT
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b 7 Polar coordinate system:

V4W=ﬁ

!

1 2 V? 16 1) g0

- L— w
lor2 ror rzaezJLarZ ror rZaOZJ D

. AT
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @3.’*&.‘.?‘9
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Solution of the differential equation

Bending equations

g

W =W +W
V 'wh =0 p — —

D

The solution of the homogeneous equation can be expressed as the next series:

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

02

2
dr

02

2
dr

2
1l a m2 02 1 a m
T2 gt T2
rdr 7/ ar rdr r

2
1l a m2 02 1 a m
T2 gt T2
rdr 7 al rdr oy

wh (r,8)= n;)Rm (r)-cos(m-0)+ mZ::lSm (r)-sen(m-6)

@S
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The solutions to these equations are:

Ro =As +Bg -Inr+C0-r2+Do-r2-Inr
1 3
R1,S51=A;r +Bl-r+C1-r +Dy-r-Inr

1
Rm ,Sm:Am-rm+Bm'm+Cm-rm+2+Dm- .
r r

m-2

The coefficient of these equations can be found imposing boundary conditions

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Clampedinr=a Simply supportedinr=a
Wir—q =0 W _q =0
ow
arr:a:O M ir=a =0

Freeendinr=a

(Q +1.a|\/|tr\ 0
_ =

|\r roo )

|Vlrr=a:0

. ; ; ; . AT
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @3.’*&.‘.?‘9
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Example: Load directly related to radius

(az 10 1@2\(52 10 152\ Qo -T -COSO
+ + + + W =

lar2 rar 2a2 \ar? rar 22 a-D

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example: Load directly related to radius

Z s Particular solution
Ar,0)= 9o C0S0
-r -c0s0
V4WIo _ Y
a-D

!

There are fourth

' derivatives in the equation,

thus this is a possible
solution:

Where A is a constant wp (r,0)= A-r°.cosH

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example: Load directly related to radius

w,(r,0)=A-r’-cose

[82 Jlo 1 &Jf@z +1a+1252}W: g, - r-cosd

orr ror 207 Wart ror oo

03 Qo .r°.cos

0)=5.2-1
wp(r.0) a-D

Particular solution

o
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A‘I@
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Example: Load directly related to radius

Homogenous solution

wh (r,8)= n;)Rm (r)-cos(m-0)+ mzzllsm (r)-sen(m-6)

Since load only has terms in cosine, the solution is:

wh (r,8)=R4(r)-coso

Rl(r)zAl-r+Bl-r1+C1-r3+D1-r-Inr

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example: Load directly related to radius

Final solution:

. 4 * * 1 * *
W(r’g):?(gjzab[pS—i_A p+B " tC 534D -p~|npj~cose p=_
° P

Constant are calculated imposing boundary conditions

- Vertical displacement is null in the midpoint:

*

B =0

E—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A‘i@
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Example: Load directly related to radius
(52W (16W 1 azw\\

o+
or 2 L/ o r2 902 J}|
low 1 82w o°w
S s TV o
I or 12 00 or

2
M, =-D-(1-v) 10w 1 ow
! oro0 2 00

!

2 *
My =-D- 70 ° {(20+4'V)'p3+(6+ 2v)-C"p+ " (@), coso
p

192

D" -0 Otherwise bending moment is infinite in the
B midpoint

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example: Load directly related to radius

3
W(I’,e):qo'a4 r 5+A*-r+C*-r\1.Cose

. 5
192-D| a a a3 )

The other constants are found imposing boundary conditions at
the external edge r=a

Example, simply supported plate:

A =T7+v

Wir-a =0 =) 3+v
M ;5 =0 C*:—25+V
3+v

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example: Axial symmetry

q(r) Loads are angle independent

Boundary conditions are axially r

symmetrical /

v4W(r):( a’ 10 I d" +18\J: o)

a2 rorl g2 rar

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example: Axial symmetry

Internal forces equations considering angle independency

|(dzw vaw )
M =-D| — +___
r \dr* r dr) Qr =—D'd|(1d (, dwﬂ
(1 dw dzww dr{rdr{ dr))
|\/|t:—D-| —— v — Q; =0
kr dr dr )
M. =0

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Example: Axial symmetry

Differential equation can be integrated when load is uniform:

(¢? 1 a\(dz 1 @qu
2 er D

Lar? ror far? T
\

W, (r)=A,+B,-Inr+C,-r*+D,-r*-Inr
() q,-r
W, r =
64D

Coefficients are found imposing boundary conditions

M
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A’i@
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Differences between plates and shells?

Plate Shell

Beam Arch

Differences between beams and arches?

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



\ Universidad

Carlos I1I de Madrid I nt rO d u Ct | O n

General definition

A structural membrane or shell is a curved surface structure. Usually, it is
capable of transmitting loads in more than two directions to supports. It is
highly efficient structurally when it is so shaped, proportioned, and
supported that it transmits the loads without bending or twisting.

A membrane or a shell is defined by its middle surface, halfway between its
extrados, or outer surface and intrados, or inner surface. Thus, depending
on the geometry of the middle surface, it might be a type of dome, barrel
arch, cone, or hyperbolic paraboloid. Its thickness is the distance, normal
to the middle surface, between extrados and intrados.

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Advantages of shells structures

1. Efficiency of load-carrying behaviour

2. High degree of reserved strength and structural integrity
3. High specific strength (strength/ weight ratio)

4. Very high stiffness

5. Containment of space

. NG
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A‘l@
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Thin shells

A thin shell is a shell with a thickness relatively small compared with its
other dimensions. But it should not be so thin that deformations would be
large compared with the thickness.

Calculation of the stresses in a thin shell generally is carried out in two
major steps, both usually involving the solution of differential equations. In
the first, bending and torsion are neglected (membrane theory). In the
second step, corrections are made to the previous solution by
superimposing the bending and shear stresses that are necessary to satisfy
boundary conditions (bending theory)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Examples of thin shells

« Civil and architectural engineering
v' Large span-roofs
v Liquid-retaining structures and water tanks
v' Concrete arch domes

* Mechanical engineering
v' Piping systems
v' Turbine disks
v' Pressure vessels

e Biomechanics

AEROSPACE STRUCTURES

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Kirchhoff-Love hypothesis

« Thickness is small comparing to the curvature radius of the
mid-surface

« Small displacements and strains (equilibrium is verified in the
undeformed shape)

« Straight lines normal to the mid-surface remain straight and
normal after deformation

« Stresses in perpendicular direction to the mid-surface are
neglected

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Meridian plane Meridian plane

Axis of revolution

Meridian — XK
Sy
i

<
N

4
©

~_ N

ri: first main radius. It is the curvature radius of

¢: meridian angle the meridian

0: circumferential angle r,: second main radius. It is the distance to
the revolution axis in normal direction to
the shell surface

E—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A‘i@
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 Bending and torsion moments are neglected
(Membrane theory)

« Shear forces are neglected in mid-surface
(Axial-symmetry)

Internal forces:
* Ny per unit length in meridian direction
* Ng: per unit length in circumferential direction (independent on 0)

External loads per unit surface

* pn: in normal direction

* P, in meridian direction

* pe: does not exist (axial-symmetrical load)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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dg
2 NgtdNg

do || Ne

do
F =2N rdgsen ~ N rdod6 F ~N dRd6+ RdN do Tangential component
2

1 01 5 el ¢ ¢ of the external load:
Tangential component p,r.Rd¢pdO

—F, cos=—N,r, cospdddo F, ~d (RN¢)d9

d(RN,) ~ Nor,cospaly+ 1,1, Rdlp=0

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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dg
de- No 2 Ng+dNy
2
F ~ N rd¢do F=-N Rdosen 2% (N +dN )(R +dr)dosen 32
1 01 3 o ¢ ¢
2 2
Normal component:
_1F seng= —Ne 1r senddpdo F3 ~—RN,d0d¢
Normal component N¢+ Ne = p
of the external load: I I n
1 2

p,r,.Rd¢dO

V’q -
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A‘Z@
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N
d( RN, ) Ny coshdth + p,r;Roty =0 —+ B P,

N

L b
d(RN,)- (r LIV \coscl)dcl): —rRp do
O Ek an 7 ¢|) P o
1
Multiplying by sen%(b and considering R = r;send
d (rsen’oN ) _yy p Cosgseng-—rr sen 20p d(|)
dd) 12 n
Integrating over ¢
_[ rlrzsend)( 0,C0Sh— ,q)sencl))atb+k k is obtained from
boundary conditions
r,sertd

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Displacements: v, tangent to meridian; w, in normal direction

Strains

A ST A

w+dw o 4 dy

L

W\ J
v
LW 2n(R+dR)-27R  dR dR = vcosd+wsend
A ((-é: - —
/? 21R R
2 qb

v

VCoSO+ wse 1

dr|, R €y = ¢ p m_ §VCOt¢+ w) with R = rsend
2

M—
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)A’i@
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Strains
dv
do 1§ | ~_—vcotp=re —re
veotp+w=reg do e
2 0
Hook laws l

1 1
€= éﬁ 40 ) = E(M —VN,)

1 1
EF E{—w) = E(Ne —vN¢)

ir(r+vr)N —(r+vr)N |
enl

2 0 2 1 eJ
df v )
send aq)(@r)

V= sen¢{;hjsell7¢rL((+vr)N¢ —(r +vr1)/\4aja¢+k}

/
W= rg,— VCOth= ﬁ(zve ~vN,) — veotd

k is obtained from
boundary conditions

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Meridian rotation

V2
w
A
A /A;7
\
dw
Y B
//% 1
r1

Y1. rotation motivated by the displacement v of point A

V2. rotation motivated by the difference between displacements
w of points A and B

Y . meridian rotation

o~ v dw
%ﬂ %:__
rl rld(l)

O . horizontal displacement

o= R 7 %rzsencl)(Ne —VN(D

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Meridian rotation

v dw
V=YY =

rordo
i(v cotd+w) = di:otd)— v _ . Ge
dd dd sen’dp 2 dd

On the other hand

(dv ) cos’d  cot
% _d¢~ veotd cot 9= d_cot¢ ' sen’ j;— (I)H( WoN,  (r r) Ny
\ ) ¢

Subtracting the above equations and dividing by ry

f
BN Grnm ]G L (v )y

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Material requirements in aerospace applications I

e High strength and stiffness (stiffness is most important)

e Low thermal expansion coefficient (extreme temperatures -200/2002C)

e Low density (essential)

Cascade phenomenon

1 Kg saving in ‘ 8 kg saving

orbital mass in fuel
Lower weight of -

the structure Smaller tanks

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

Introduction

40 kg saving in
launch pad

20000 $ saving

@0e)
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Composite definition I

Mattrix

. Composite material -

Reinforcement

Characteristics:

"  Manufactured by human being
"  No chemical reactions

" Macroscopically heterogeneous
= Advanced material

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Composite materials composed of
several stacked thin layers. These
layers are called laminas.

The lamina is the essential unit of k
composite materials. Typical lamina ~
thickness is around 0.1-1 mm.

Each lamina can be composed of:
* Short fibres
* Unidirectional Long fibres

e Fabric fibres

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Laminate definition I

Sublaminate: Laminates are made ////

of the repetition of a finite number

of lamina orientations
Example:[0/45/-45/90] \\

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Linear elastic material I

Duhamel-Neumann formulation

6;=2.Ci Eu

Matrix notation: -

|_ G x —| | Cll ClZ C]_3 614 C]_5 ClG

Tyz - Ciq Cu Cau Cu Gy Cap | |V yz
Txz Cis Cs Gy Gy G Cog | 'V xz |
Tl 1LCe C6 G Cis Gis € J [ J

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Linear elastic material I

The tensor [C] is symmetric. For anisotropic materials 21

independent elastic constants are required

The inverse tensor can also be applied:

|_8x —| _Sll 812 813 814 815 S16—\ |—Gx —| ‘~
S S S S S S
€ 12 Sy Sz Sy S 26 (| o
€y _|S138 S23 S3z Sy Sgs S36 | | 07

Yyz S S S S S S Tyz

Tzx

I |ery [

Y zx

v S s S S S s
x| Il 26 3 46 56 66

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Orthotropic material I

3 mutually perpendicular planes of elastic symmetry — 9 constants

_GXX Ch C, Cy O 0 0 |_8xx
01 {c C C 0 0 O ] s 1 z 4
yy 12 22 23
GZZ || | |F:]_ 23 C33 O O 0 || ||8zzyy| | -
=" 0 0 cC | -
w | 0 017y
TXZ | | 0 O O O C55 0 || ||YXZ | |

The constants have physical meaning X

Planes of elastic symmetry xy xz yz

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)ISI@]
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gl 19§, S,
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Orthotropic material I

g |5 @ @ 0 0 O |_Gl_
&2 | Sn Sy @ 0 0 0}jo, |
€ Su S 0 0 Ollc
3 2 3 103
Vs | o 0 0 5 0 o0 | T3 | _
Vis | 0O 0 0 0 & O || | -
)l [0 0 0 0 0 S]]
\% S Vi3 Va3
Spp=— 12 == Spy=—
2 E2 13 E3 23 E3
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Orthotropic material I

el 1S 05, 5, 0 0 0][c
€ > S, S; 0 0 0 O,
£, _@ S. 0 0 0llo,
Y 23 U 0 5214 0 0 Tog _
Y13 0 0 0 0 & O Ty -
vl O 0 0 0 0 Sl
v S V3 V3,
_ 2 _ _
Sy e 31 E, S3 E,
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Orthotropic material I

Restrictions to the values of the elastic constants

Symmetry of
matrix [S]

Terms of main
diagonal of [S] and
[C] are positives

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

Anisotropic behaviour

E

Vi _Vi

E,

0 j=1.3 , i#]

Ei | j=1.3i#]
E

/

1-vi) vy —~V3-vpp  —V31Vi3—
—2 ‘V21V32 V13 > 0
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Stiffness matrix in lamina coordinate system (local system) I

3 4 2

Lamina Gij =Cijk| - Eki
Plain stress state:
c;=0 c, feA [g]].
[T]J Tyl — {o}= |c5 {e}= |88]| |!
%13:=00 - L’L'lz GzU %’C J ' 4 2 }F
23 L 12J Ly J

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Lamina stiffness matrix

Stiffness matrix in lamina system I Q11 . 0
[Q='Q 0
3 4 > 12 22
|_ 0 0 Qg J
Lamina E, Va B 0
I=vv— 1=
12 21 12 21
[Q]: V- El Ez 0
1-v, v, 1-vi, vy _
1 O O GlZ =

Plain stress state:

rg1]:_811 812 0 | 811
ol ~[a}s 2l |2 # osslliah
2] [ I

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Stiffness matrix in global system

In axis 12: {o}*=[Q]{e}"

5 A In axis xy: {c}"=]Q]{e}”

) X [Q] = [q] :

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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m = cosO n = senod
[ m? n? 2-m-n]
[T]:| N m* -2.m-n

L|—m-n m-n (mz—nz)J

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)ISI@]
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Lamina stiffness matrix

o, G, | 01]| | (8]' 1 £, €,
GTLZW'%G?L - {01%[0]- by 82|L=[R}1-<1sz
Ty Ty T1 V12 ) V12 E'le |J
: | | o) ovs rot et el & )
c . j ’1>[T] [QI[R]™-[T]{R] { V|}
j &) :[7-]'< €, 7 LTXVJ Lyny
1 1|
2 3]
GX]| | TZ?XX Ew Z)XS (le
> [G = |5Ay @y Z)ys .ngf}
o 0. 0. o bl

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Stiffness matrix in global system I

Q= Qyp * M +2+(Qpp +2+ Qo) 1P+ -+ Qo 1
Oyx= (01 + @y =4+ Qgo)* 1P+ TP+ Qo (1 + 1)
Oyy=Qp1* 1" +2+(Q o +2 Qo) 1P+ TP + @,y 1
Qx5=(Qpy ~ Oy~ 2+ Qg 1 1P +(Qpy — Qg + 2 Qg m+ 1P -
O5=(Qpy ~ Qpp =2+ Ol 1P+ m+(Qpy— Opy +2+ Qeg)e 110 117
055=(Q1+Qpp 2 Qpy —22 Qo) 1P+ 1P + Qe (11 + 1Y)

m = cos0 n = senod

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @K@@
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e Each laminais consider as an orthotropic homogenous material

e The behaviour of lamina material is linear elastic up to failure

3 Qu Qpp 0

[0]=1Q12 Q22 0
[0 0 Qss] o
! Vo1 By 0
1-V12 V1 1-V12 V21

[Q]=] vi2-E4 Ep 0
1—\/12 Vo1 1—\/12 Vo1

12 12 0 0 G12
(o}~ [aHs) L J

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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e Perfect bonding of laminas

e Plain stress state

3 GX:O Gx¢0
TyZ:O Gyio k
TXZ:O Tyz¢0 )

This hypothesis is not valid in
some situations !!

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Situations where plain stress is not a valid hypothesis I

Free end Variable thickness

4 -y

Bonded joints Stringers

-y

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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e Small displacements

e Kirchhoff hypotheses

A straight line perpendicular to the mid plane remains straight an
perpendicular to the mid surface after deformation

Yyz =0
Yxz =0 -
No changes in laminate thickness

82=0

The displacement of each point can be expressed as a function of the displacements
and the rotations of the mid-plane

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Definition of laminate axes I

Mid-plane corresponds
toz=0

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Mid-plane D

Undeformed section X2 Deformed section XZ

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @j@’l’g@]



Universidad

Carlos Il de Madrid L aminate kinematics

Displacements

U(%, ¥,2) =Uo (%, y)~0x - 2 g = Wo.

V(X, Y, 2) = Vo (X, Y)—(I)y' 7 Laminate theory o oW,
w(X,Y,z)=wy(X,Y) Yooy
Strains k
ou _z-aZWO 2
&= X | ox% ny:auo+avo—z-2-awo
OX -0
- A, oy oy y
gy="_0 Z 5 Yxz =0
oy oy Yyz =0

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Strains in
mid-plane

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

Carlos III de Madrid

<

Laminate kinematics

Curvatures

y

ky _ azwo
22
oW

Linear variation of
strains along
thickness direction!!
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Stress distribution I

{o}=[A{e}

Stress is adiscontinuous
function of z

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Stress distribution I

Laminate Isotropic material I
O x €y Gy €y
2 = 7 _ 2 A 4
i e e e w2
2 £ 2 £ 2 4
o 4 > 4 o Z

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Internal forces defined per unit length

Ny = | oy-dz
,
" ’,
Ny = )£ Oy -0z (N} = [ {ofdz-_
_/2 _/72
"
Nyy = Tyy - 02

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



Universidad .
N3/ Carlos Il de Madrid Internal forces
Internal forces defined per unit length I
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{e}= {80}+Z-{k}
A v

M= [ o} dz = {c}; =[0] -{}

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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{8}={80}+Z-{k}
y =
M= [ oj-zd = {c).=[Q]-18}

l A
0]- |
(M}=[e] §o}+ o] ik} "2

[QY; 22 - dz -

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Plain stiffness matrix [A] I

Ty N g
W= [ e = Y ] o)

— | Zi_
5 -1

Laminal 4 ﬂ
Z;
Zi—l

N _
[A]=2IQli - 4

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Plain stiffiess matrix
- [ ]
[A] = L [Q]; -dz A =2 [Ql; -hi
_ [
/2 Bending stiffness matrix

_ N _
[D]= | [Qli2*-dz [—» [D]=;-Z_[Q]i'(z_3—z_3 )

| -1/ =~

[B]: /,/2 o Couplinglstifl'(lnes_smaCx2 , )
[Q]] [B]=, 2IQli-Z -2

-1

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @K@@
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NI=TAT{c0 S I8l K] RS f{Bc]. [Dc]”f (]
Cr et iig | welFElT

M =B-¢ +D-KkK

1 a)=[o¢]”
= v | [t
(6= [N+ [a) ()

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Plain stiffness matrix [A] I

N
(A=~ b
2[QL

e Relates axial forces (membrane forces) with plain strains

e Independent on stacking sequence ~

Laminate [0/90]g <:> Laminate [90/0]s

Same in plane behaviour

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Plain stiffness matrix [A] I .
* Relates axial forces (membrane forces) with

N _
[A] = Z[QL -hj plain strains

e Independent on stacking sequence

e |f A;; # 0 and A, # 0 there is a coupling
effect between axial and shear forces

ﬁ

IO TTTLITT

_Ail A12 Als_ (8

A2 A Ay |-
0 |_Als AZS ASSJ YO

N, \\

\\*
%\\\}S"
o <
ke
Mm
<=2

y 4

AN

_
h

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Bending stiffness matrix [D] I
QRSO RCEEN

e Relates bending moments with curvatures

e Depends on stacking sequence

Laminado [90/0]s <:> Laminado [0/90]s

Different bending behaviour

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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N e Relates bending moments with
[D] _ 1.2 [(_2] (23 . ZB curvatures
— 3 | \4/ -1
i e Depends on stacking sequence

e|f D,c # 0 and D, # O there is a

C ,> ﬂ coupling effect between bending and

torsion moments

0] |DPux D Dis K, |
0O ='D D D '~ K

Y 12 2 21y
, M, [Dis Das Dss |l 'K

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Coupling stlf&pess ma(rig [B] 1 )
74 4

— /7

5 Z[Q]I i i—1

e Relates membrane forces with

curvatures and moments with plain
strains

‘ \ e Depends on stacking sequence

(Ny] |Bu B2 Bis| [
0 ='B B B ' K

, %| : 2 2 s 1yt
0 ] | Bis 2s SS _ ny

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @K@@
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Couplingptifthess mafrix [B] I

| | \ . 2 * Relates membrane forces  with
B = Z[Q]I - Zj — Zi—l) cur\{atures and moments with plain

2 i strains

e Depends on stacking sequence

-— e |f B, # 0 and B, # O there is a coupling
BB R effect between axial forces and torsion
A moment -

[ S

0] [Bu B B K, |
0O ='B B B - K

v &) > 22 25|91yt
' Ny [Bis Bz Bss I 'K
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Symmetric laminate I

The stacking sequence is symmetrical with respect to the laminate mid-plane

o he [Qlk [B]:Z.Z[Q]i. Z

Mid-plane -

,, he [Ql

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Symmetric laminate I

The stacking sequence is symmetrical with respect to the laminate mid-plane

(N} =[] 4}

, e [Qk {M}=[D]{K]
, _ [a] = [A]™
v he [Q]k [d] _ [D]-l

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Equilibrated laminate I

Same number of laminas oriented at +0 and a -0

An equilibrated laminate can be symmetric, asymmetric or antisymmetric

Symmetric: [+61/ £0,] (8 plies) -
Antisymmetric: [0,/ 6,/ -6/ -0,] (4 plies)
Asymmetric: [0,/ -0,/ -0,/ 0,] (4 plies)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Orthotropic laminate I

Orthotropic lamina axes correspond to laminate axis

In orthotropic laminates: A,;=A =0

In orthotropic symmetric laminates: D,;= D (=0

Example:

[0/90/90/0],

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @ﬁ’l@@




Universidad ] ) )
(i ‘Cansllice R Laminate configurations

Quasi-isotropic laminate I

A laminate is quasi-isotropic if:

Ay = Ayy
Axx—AxyZZ’Ass .
Ags = Ays =0 ]
Example:
[0/90/+45/-45],

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Membrane forces (symmetric laminates) I

Average stresses in laminate

59t (V=14

H ;h
H=2.hi
ngﬂl | l .
o My (o)- 14
xy H

[A]

¥

*
Normalized plain stiffness matrix [A ]
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Membrane forces (symmetric laminates) I

Laminate equivalent constants

{GO }: [A*]'{SO

I
B[4

i

il
f
&

L

J

21 1
0

*

diq
*

a1

a
sl

I

1/ E 15/ E
—V ﬂE }%E 2
2

0
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Laminate equivalent constants

Membrane forces (symmetric laminates) I

Engineering plain constants

1 *
_ 0 dnq
Elo_ * Voa1=—%
a a
*
1 0 a2 _
E) =, Vi2 ==« .
azy azy
1
6102 — %
dss
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Laminate equivalent constants

Bending and torsion moments (symmetric laminates) I

1
Isotropic material: o, = M -z =" .g8.H43
| 12
e _H k
* max. 26X
Gy _ ‘M .
max. B.H?2
v
B
- 6
X max _F'Mx

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Bending and torsion moments (symmetric laminates) I

Maximum (average) Maximum strainsin
stresses in laminate laminate
f 6-M _
C, = , 2X {S}max. = Zmax. 1K}
Gf:6My f_H°kx .
y ? Ex = 2 -
H
f 6-M Xy f H -ky
T = = Sy =
Xy 2 2
H L OH -k,
Yy = 2

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Bending and torsion moments (symmetric laminates) I
{M}=[D]k]

12-[D

*
Normalized bending stiffness matrix [D ]: H 3

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Bending and torsion moments (symmetric laminates) I

* f B * * | ( f

{Gf }:[D ]{g JEJ dy1 dpp dp | [of)
* *

w | g
021 Op2 05|30 yf
d- d  d !4

—
<< —h
\—
\< —t
|l

) | sl S2 ss | L XyJ
W h=lo 4 i |
" " 1/E;  —vqolE 0 | [oy
% -V o= 1]72E 2 0 G
8y T 21 1 2 1y
Ly)q, | 0 0 1/C512J T
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Bending and torsion moments (symmetric laminates) I

Engineering bending constants

*
gf- 1 vio__ 02
1 0,* 21 0,*
11 11
Ezf = :1: Vllcg _0}? -
a- a-
22 22
1
61’2 —  x
a
S5
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{Gf}_ HZ Normalized [ *] 2. B]
coupling B
stiffness matrix H

uthors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @01\'1@
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Chapter 4. Composite beams and plates

Composite beams

1. Introduction
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3. Stresses in solid beams
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1. Introduction
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Previous knowledge I

z Y L = Length
t \ t = Thickness
w = Width

2

- w/L<<1

— t/L<<1

— Loads directions are in plane x-z.

— If loads directions are in plane y-z, we can apply analogous formulation.

— Principle of superposition can be use for loads direction in plane x-z and
plane y-z.

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Internal force in beams:

- Tensile

- Compressive

- Bending moment
- Torsion moment

- Shear

- Combined forces:

Bending-shear, bending-torsion, ...
Manufacture methods I

— Pultrusion

— Rolling

— Prepegc

— Resin injection

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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- Design:
— Minimize cross-section (weight)
— Maximize moments of inertia
* Increase section dimensions
» Decrease thickness

— Beams modelled as prismatic elements

- Design stages:
- Beam dimensions, under quasi-static or dynamic

- Joint of beam with the rest of the structure

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Calculation process I

— Classical beam theory can be used to analyse the structure

B C
« Degree of static indeterminacy
* Reactions calculation
vop
« Internal forces laws A D
I

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Calculation process I

— Stresses analysis:

» Laminate theory or first-order-shear-
deformation theory can be used to calculate
beam strains

» Strains and stresses can be found for each
layer

 Afailure criterion is applied

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

Analysis of beams

Load state

{N}; {M}

[A]l; [B]; [D]

Stiffness matrices
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Calculation process I

— Displacement analysis

« Laminate equivalent elastic properties are EA El GA
found using laminate theory or first-order- i
shear-deformation theory to calculate l

stiffness matrices

* Navier-Bresse formulation, Mohr theorems
or energetic methods can be used to found A B
the displacements

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Beams under tensile/compressive loads I

Z Yy

.

P: External load (N) N =N =

X

Mid-plane

P
. . W
N: Internal axial force per unit length (N/m)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Beams under tensile/compressive loads I

Laminate theory: _|
{ } [u )
VT ol
lv2 o

IN}=[A]- {c°}in N/m

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Beams under tensile/compressive loads I

Load state: .

A A AgsfO
10 =] A2 A AZS—L £y}
0] J|A1s Ags Ass Iy’

LAY
Strains:
2 41 % s |N ‘C’Ox:a N
489>= ajp A2 a N0} N = N(x)
Y lajs ays ags |0 0 0
L Xy & = &(X)

One-dimensional problem

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Beams under tensile/compressive loads I

Strains of each lamina

ef =
Yy

. J

(

Stresses in each lamina

= 4

Stresses 1n solid beams

-t

(oy=[a] & =[0{¢}

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)ISI@]
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Beams under tensile/compressive loads I
Laminate equivalent constants P
0 o_ N
8)( — all' N GX — —
I rw
In isotropic materials
P
o, = E gﬂx 6, = z
o 1 1

E. = =— A=w-t

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @’I@@
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Beams under tensile/compressive loads I

Approximate solution

k
0} k k 0
o 't :Ex't - &
80 :E=X X “k k X
X

N =ZG§°U = (Z El>(< 'tk)°8(>)<
R "

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Beams under tensile/compressive loads I

Where: K
z E" -t
X ok
0 _ k

o= B
[

o LN

X E)(() [
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Bending of beams I

Z Y
M( AN
| X

Mid-plane

M: External moment (N-m) M =M = M

M,: Bending moment per unit length (N)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Bending of beams I (Narrow beams)
Load state: \ S
(M, ] (M
{M }:% M}' F = 0 ¢
Myy, 0]

Laminate theory:

M| [Du Dip Disfx,
0 D

22
Dos  Dss

Symmetric laminate

D
under pure bending % } | D12
moment 0 J| | 1S

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Bending of beams I

Laminate curvatures:

[ f1e) | |_d11 dip  dis (M
%K . d22 dos i O
) f |dis dys dss 1o ]

)

KX — dll * M
One-dimensional
M =M (X) problem
kx =ky ()

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)ISI@]
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Bending of beams I

Strains in each lamina

Lamina k-th:

]k . .

Cpe [ e
g ={|8yr :z-{ky¥:z-{k}

By M

Stresses in each lamina

{0} [Q e}

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero @)ISI@]
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Bending of beams I

Stresses 1n solid beams

Laminate equivalent constants K =d11°M=1
Px
M | | | 1 M
1 In isotropic materials: = ol
Px '
< . I} 3
t Y12
- 1 1
| | Ex_ﬁ—_d*
1 11 1
a8 .1 12-D
[d ]—m [0']=" —
</_:/>:_
a,
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Bending of beams I

Laminate average maximum stresses

In symmetrical laminates under bending an equivalent maximum stresses
can be defined as:

»_6M s°=0 <=0

Q — 2 y X
‘&M
t? 6
{6P=" 0 *F{M}
0
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Bending of beams I

Laminate maximum strains

Equivalent maximum strains:

t r b1
{S}b:;{“} £ =M
t t ra1- t
{g}b:?{K}: E[D] M} —_— { &) :Ed12 M
p Ut
vy =_d M
Since a linear through-the-thickness strains variation is . Y 2 5

assumed, strains at any layer can be found. Therefore
stresses can be also found.

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Z Yy

Mid-plane

F: External force (N) QX =Q= F
W

N,y: Shear force per unit length (N/m)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Interlaminar shear forces in beams I

Load state:
(o= |10}
Q) Q)
First-Order Shear Deformation theory:

JO l A44 Ass) 1z ]
S
L 50 5] Ve )

Strains:
a
{sz 1 {a44 a451£01 Y = 55-Q One-Dimensional
v XZ problem
| sz L sa O55) (Q) K
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Interlaminar shear forces in beams I

Lamina strains

or = [ty - )

(= [Qlein* =lok- {7}
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Interlaminar shear forces in beams I

Laminate equivalent constants

Stresses 1n solid beams

a
95
0, = 250 5 =
"Xz T X
K

1 In isotropic materials:
F
‘ J
0 1
Ga =4 A, =K-w-t
55
(GA)=""2
Ass
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Chapter 4. Composite beams and plates

Composite beams

1. Introduction

2. Analysis of beams

3. Stresses in solid beams

4. Displacements in solid beams

5. Stresses in thin-walled beams

6. Displacements in thin-walled beams

7. References
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m Long beams

— L/H>10
— The shear force contribution to the displacements can be neglected.
Displacements are mainly produced by bending moment

d=d,
d, controlled by El

m Short beams

— L/H<10
— The shear force contribution to the displacements can not be neglected

d=d, + d
d, controlled by EI
d. controlled by GA

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Calculation process I

— Classical laminate theory is used to find equivalent stiffness to bending
moments (E,) and shear forces (G,,)

— Navier-Bresse formulation can be used to find the displacements

0 =0, [ £ ds
s N Q ALY
Vg =V, +0, - (25 _zA)+jA|ﬁdy+_dZ |-| _ (z5 —2)-ds

GAS ) A El
s N Q ALY

W =W, +0,- (Vs Ya)+ I,JKE dz—G—AdyJ+IA§(yB ~y)-ds
— Where i
E - EXx,
G - G,

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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5 gL* 1
Amu mu. 6m:384<q5/>+§>§>

1 qL4 5
Omax =
w1 I

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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P

555
]

s

et

1 PL® INP
= + —
192 (E1) 4 YGA)

— L

.,{,
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Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



Universidad

) Carlosllde Madrid Displacements in solid beams

M M "
C h o) =]

RN
gO’J
I
W]
o7
_I_
ME
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Maximum displacements I

SR
«—
—
«—
—
—
—
—
—
—
—
|
| —
O
2
|

N

N,

e e T \
e s e s s e e e e e e ey
\\\\\\\\\\\ AN N
N\‘\N\‘\'\'\ o A T T ey
R N NS X
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Analysis of beams I
(MX\ Dy Dy Dyl K,
JM %: D D D -%K }
y 2 22 25 y
Mxy _|D115 DZS DssJ ny
kX:a(I)x
OX
f=lamp <)« =%
oy
b, 04
Yooy ox
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Analysis of beams I

JQvl P Asl el
[Ass Ass) Vi)
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A~y M
X
%ﬂ-}(l) _6‘55Q
x X K
X
M=0 Q=0
My=0 ,=0
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Chapter 4. Composite beams and plates

Composite beams

1. Introduction

2. Analysis of beams

3. Stresses in solid beams

4. Displacements in solid beams

5. Stresses in thin-walled beams

6. Displacements in thin-walled beams

7. References
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Bending of beams I

Bottom flange

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Bending of beams I

)

Top flange

Q
b

" F-N_ M
Bottom flange \ 2
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Bending of beams I

Top flange

(N)=

Web

iNj=

[
Ay )

N, |
N

yfﬁ

|
1
\
{
)

Stresses in thin-walled beams

Bottom flange

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero

Top flange

N M
o+
2 t
A
Q=0
Fb=N- M
2 t
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Bending of beams I

( Load state

(N}

( Strains )
(M= (414

!

( Stresses field )

(In each layer)

fobi=[a],({¢}+24k})
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Torsion of beams I

Hypothesis:
H<<D

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Torsion of beams I

Internal forces

Theory for isotropic materials: ( . ( )
N, 0
9= 2-M |:> <\Ny Ezﬁzo }
-M
2 -
Xy TCD -1 \/\‘xy, LDt J
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Torsion of beams I
Strains
4 0 — _ ( N
e ] a a a 0
x0| 11 12 1s
{08| b=l A a, K 0 ¢
v a a 2-M
L ny | 1s 22 SS _| LD—tJ
. 2. M
En particular Yy = dss ﬁ
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Torsion of beams I
| o _, 2:M
Strains T xy s —D-t
0 ) .
yxy_ 22M 0 Ggy:n D
D’ tG), a.,
Rotations:
M -L D’ -t
O =G*1T lo=—3
Xy- 0O
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Chapter 4. Composite beams and plates

Composite beams

1. Introduction

2. Analysis of beams

3. Stresses in solid beams

4. Displacements in solid beams

5. Stresses in thin-walled beams

6. Displacements in thin-walled beams

7. References
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Axial force and bending moment I

Wi

Hypotheses

« The bending moment can be
found through the integral of the
normal stress along the z
direction.

« Longitudinal strain in x direction
is directly related to the distance
from neutral axis.

W, t=t +1, Sx(z)zz‘kx

. P - - . c-*vvova_ﬁ@
Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero (c) (LS
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Top flange

Bottom flange
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Displacements in thin-walled beams

Axial force and bending moment I

« Bending stiffness matrix [D] is not necessary.

« Web properties do not depend on z.

« Stresses on the web depend on z.

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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W W

Web \ X*:IGX*-dZ*

v* )t s o] e
€ = a a a -0
7 \/V)l?l/ j y*T 11* 11* ]\;\:}_* J %
\ | By alfx aypx Ay« \ 0 ,
X' L) -
Z W

77
8)(* —all*NX*

i Results depend
y i Axes x* and x ﬂ on global

coordinate z!
match up ! SOW(Z):aW ~NW(Z)
X 11 X

*
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0 _ Axial force per
ey (2)= z-K
Web x (@) X unit length,
1 coordinate y*
/\)\:V: . -7 -Kky (coordinate z)
ajlx
VA dz [ : : :
— z This axial force contributes to
7" \ y the section bending moment
* Ny f
X X M,, = IN;N -2-0z
Z %
X
r
y M = * k
Yo 12al
X
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Axial force and bending moment I

Top flange

11%
ft ft

o
—

1% 11%|]

O — mbx. N = €y =ap N,
ft
K — rhfe. A1 k=0 M,
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: ) Axial force and bending
Axial force and bending moment . )
moment in the flange contribute
to the section bending moment

Top flange z M =w-(NTt+m")
ft t X 1 X

[t 1
Mft =W, .\alf;* a_lf; . kx]

Strains at flange mid-plane
ex =t-k,
£ 1)
| y My = Wf +— I K
ag dn)

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Axial force and bending moment I

Bottom flange z 4 By analogy:
5 1
M[;:W'( : -+—\-kx
“\an al)
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Axial force and bending moment I

The section bending moment is the sum of the bending moments supported by

web and flanges:
tf 1 [ 13 1) (L +ty)°
[ f/ _CHJ+Wb — +tﬁ“ +*I2-_a“’_—"kx
|_ \ 11* 11* ) \ 11* 11* ) 11*J

In isotropic material beams:

M =El -k
(7 1 £ 1 {+z‘)3
< > |\ all* dll* \ (W— 11* \J 12 11*
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Sandwich structures
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Core

Skins or
Face-sheets

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero




Universidad

Carlos Il de Madrid I nt rOd u Cti O n

Sandwich parameters I

Geometry

t
10= = <100

tf tf

T 0.25 mm<e, <12.7 mm

Core density

0 5 <ps P0G

Adhesive thickness

0.025 mm <t, < 0.2 mm

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



Universidad

Carlos ITl de Madrid Introduction

Advantages of sandwich I

= High strength and stiffness under bending moments

A
1 4t
| e I |
] v
Core thickness 0 t 3t
Bending stiffness 1 7 37
Bending strength 1 3,5 9,25
Weight 1 1,03 1,06

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Advantages of sandwich I

= Thermal isolation

1mm
. 2 mm 1 mm
Q=1 MW
W W
eta oC Face-sheet: k =100 —ys
PUR core: k :O,O7W
m°C

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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. gIwikifFi _Shearography_Honeycomb_with_CFRP_Top_Layer_Art
ificial_failures_that_simulate_layer-core_delaminations_Material jpg?uselang=es

Honeycomb panel

...... i ile:, ium_foam_sandwich jpg?uselang=es

Foams

- e P WPl
’ .

- \“‘:~,\'}\‘.\

.--.--------—q-w.--\vvv_-«v.-"-'f
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Corrugated core
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iKifFile:Corrugated_board_B_C_E_and_F_flute.JPG?uselang=es L

Corrugated core Face-sheets

Metals
Laminates

Core

Metals
Laminates
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Core typologies I

Core

B
Aluminium alloy (AlI5052, AI5056, Al2024)
Nomex® (aramid fibres/ Phenol formaldehyde resin)
Kraft Cardboard
Carbon-epoxy
Kevlar-epoxy

Honeycomb panel

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Face-sheets

Metals
Laminates
Plywood

P Core

Phenol formaldehyde resin
Foams PVC

Metallic foams
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V4
t; Face-sheet
A L = Length
Core
t > X w = Width
C
t/2

Vv v /

t Face-sheet

m Hypotheses.
— t>>t
— E<<E
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dx( 1+¢,(2))
dx (1 +&° ))

~

dx R
I /
| ,,' &2 = Mid-plane strain
i do / g, (z) = Strain at a distance z from mid-plane
: / R = Curvature radius
|
v

R-dO= dX(1+8 ) e (2)=¢° +f

&, (2) =, (1+8) o
(1+a z)) |:> o |:> i

(R +2)do=dx

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Normal stresses

Considering only normal stresses in x difectigq:
6 (2)~E(z2)- &+

¢

Different Young modulus in core and face-sheets

+
Jo

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Normal stresses
m Axial forces and bending moments

Z A . Internal forces can be found integrating
t' O normal stresses through the section
Lot
i X2 N=c"t w+c t W
. |(tf+tcw ) (tﬁtﬂ
- L2 ) L2 )
! M
1( N 2M . :
c= = + The units of these internal
2\ 1,w z‘,w(z;+tc) forces are:
o I N__ 2M N(N) and M(N-m)
T2l tw tult+t)
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Shear stresses
Equilibrium equation in direction Xx:
0o +arxz+x ~0 ot oG
X = Xz _ _X — X
OX 0z :> 0z OX

X = Forces per unit volume

g,= Forces per unit length in direction X

X
> = = =
A A w-2t,

Force per unit length, q,; is uniformly distributed in the face-sheets section

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Shear stresses

Force per unit length, q,; is uniformly distributed in the face-sheets section

* In the core:
X=0
— (%XZ—O — 1, =T, =Cte
c,=0 0z
In the skins:
. o _ ()
C2wt Ot _f(x) — 1, directly related to z
0z
cSx :Gf (X)

To verify the equilibrium equations there must be a discontinuity the shear
stresses T, =T,

Xz

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero
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Shear stresses

Z
t Equilibrium equation for bottom face-sheet:
....... T
" ot 0Gc q
v - T == ! _ X
> X 0z X 2wt
L
Boundary, conditjons:
Z= —W[C +1 t‘ -
LE fJ IR ’CXZ:O | TC:—tfr(in + g, ]
7 = _t_C T, =T, :l/'\ L OX 2w,

2

Tc Zir/ﬁﬂ_+ 2 oM —qx\
owl ox  (t+t,) ox J
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Shear force

Equilibrium equations of a beam element of differential length dx
Z

4 1 dx
> = X
Q. 2
< ’ > X B
N 1 N + dN
quX VQ "9 1
T > g dx
M 2 X M + dM
dx
e Longitudinal forces equilibrium eTransverse forces equilibrium
~N+(N+dN)+qg,dx =0 ~Q+(Q+dQ)+q,dx=0
dN dQ
ax e
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Shear force

Equilibrium equations of aZ beam element of differential length dx

1
A
, g dx
Qa 2~
< . > X —_—
N 1 N +dN
qzdx VQ+dQ
¢ dx
M 2 X M + dM
dx
e Moments equilibrium
dz
- M + (M +dM)+(Q+dQ)dX n qdeZ -0
dM +Qdx =0
am
dx = O
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Shear force

Shear stress as a function of shear force:
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Chapter 4. Composite beams and plates

Session 10. Sandwich structures
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3. Stress field in sandwich beams
4. Strains in sandwich beams
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: £+t . |( 0 1tf+tC\
.= 0} =E &+ —
G(Z)zE(Z)-(O+Z\ 2 f f% R 2 %
X Ex EJ : t +t t +t
7 = — f C c =E 80 _i f c |
f ox
| 2 " R 2
Replacing the values of 67 and ',
1[N, oM g oo 1ti+t) co_ N

t, W th(t;+tc){| R 2 ) 2E, wt,
N oM |:Et°— Lt ::> LR

( ) _
tw th‘tf+tC/J " R 2 ) A B

N PN
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w = beam width

v € .
Q, = tf = face-sheet thickness
t. = core thickness
M

b > X v N = Axial force
e,
v < Q = Shear force
M +&p M = Bending moment
dx
Stresse Strains:
. 1
2# t w(t +1t )< SX(Z)=SXIJ\IF EZ
1 =
T 2E wt
Lt W tw(t +t,) £
T 1 2/M \2
¢~ R=Ewt (t+7)
f c f fof f
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Longitudinal displacements:

Za u+du g
dx + (u+du) = u+dx +&%dx
» X du _80
X dx
dx dx +£°dx
- >

Integrating from the initial section to a generic section:

* 0
u:uA+LAagx

Substituting the veLesdt u=u, +C.|* N dx
Y Gl (EA=2-E,m,
dx —
U=t + [ e 1
f f Cn _
E wt;
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Rotation
Z, R-do= dx (1-I-80)‘)
a0 1+&° 1
R : . dx RXX : R
j 0= |, R %

Substituting R by its value:

0=0,+C,,[ M dx
- 2
- Efwtf(l'7 +tc)2

o

<E/>:%E, cwet, (1, +1F

Authors: Enrique Barbero Pozuelo, José Fernandez Saez, Carlos Santiuste Romero



Universidad

: ¥ Carlos Il de Madrid Di5p|acements

Transverse displacements

Due to rotations 4y = section transverse displacement
u ZA Vm

A 4

at x due to the relative rotation,
do, between section & y other

A section infinitely near
L X
do= dv,
/ (x-€)

d=MC,dx — dv, = (x-&)MC,dx

':---
\\
~

The relative displacement between A and x can be found integrating the
transverse displacements produced by the rotation of the sections between A and

X. It is necessary to add the displacement due to the rotation of section A, 0,

V. =V, 40a (X=X, )+Cm f M (x = )dE
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Transverse displacements

m Due to shear strains

ZA

There are relative transverse
displacements in a section
produced by shear strains

ax LA ,\Fd
dv,=Tdx — vq—VqujXA X

Shear strains are associated to shear stresses. y:G

G is a material property, thus it has different values in face-sheets and core,
moreover t is not constant through face-sheet thickness. I can not be identify
with a shear strain y because this is not constant.
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Transverse displacements

m Due to shear strains
Using the principle of virtual works in a section subjected to internal forces

N, Q, M. 2 2
(6> )
M-dO+N-du+Q Tdx=[ (o +.y, )dAdx= | X+ |dA-dx
Area Areak E G)
o, and t,, can be replaced by their values
[Inface-sheets o =6" oro [In face-sheets [ 2= J—r(tj +1 /2) AN 0
o | z=Ht/2) o1, =T,
(O T J
Xy
Incore  ©,=0
In core Ty =Tn
|
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Transverse displacements

m Due to shear strains

do_ . du N 2 p?
— N4 F=—Wt]+—fvvt‘+—cvvtc+ Wi,
dx  dx E, E, G. ° 3G,
TIPSV P
dx dx
2 2 2 2 2 L |( 2t G,
M -.C.+N -C.+Q-I'=M -C_+N -C +Q b 1+
w(t+t, F6, U 3G,
F=C-Q W(I+I)ZG
_ c T4y c
C = te -|(1+ 2thc\ (GA)= |( 2% G
q 2 — A R
w(t +t )’G. L 3t G, ) | 3z,
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Displacements

Transverse displacements

Thus global transverse displacements yields:

V=V, +05(Xx—X, )+ ij:: A M (x—€)dé+C QLXA Qdg
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Summary
Za u=u, +C,| N dx
v ep XA
Qu
X X
.......... ey 0=0,+C,. |M dx
N e, N XA
+Q
M vep M
dx X
V=V, +0a (X=X, )"‘CmJ‘ ) M (x -& )dé +qu Qdg
=XA
1 2 t [ 2,6
Cn = Cm = C — C .| 1+ f~c
2E; wt; Ethf(tz +tc)2 i W(tL +t; G, L 3t.G;
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Summary
Z, u=u .+ N
E €p XA <EA>
Qu:
.......... Xm0y Mo
N en N XA<E/>
v @
M ::jep M
X
&x M X Q
_va+0a (x— " (x- <
voun RO G g
w(t +t )’G
l ( <GA5> C f C
(EA) =2, m, (El)=, Ecmig +ic t f1+ 276 )
o[ 3G,
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