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ABSTRACT

The telescoping cantilever beam structure is applied in many different engineering sectors to
achieve weight/space optimisation for structural integrity. There has been limited theory and
analysis in the public domain of the stresses and deflections involved when applying a load to
such a structure. This thesis proposes (a) The Tip Reaction Model, which adapts classical
mechanics to predict deflection of a two and a three section steel telescoping cantilever beam;
(b) An equation to determine the Critical buckling loads for a given configuration of the two
section steel telescoping cantilever beam assembly derived from first principles, in particular
the energy methods; and finally (c) the derivation of a design optimization methodology, to
tackle localised buckling induced by shear, torsion and a combination of both, in the
individual, constituent, hollow rectangular beam sections of the telescopic assembly.
Bending stress and shear stress is numerically calculated for the same structure whilst
subjected to inline and offset loading. An FEA model of the structure is solved to verify the
previous deflection, stress and buckling predictions made numerically.  Finally an
experimental setup is conducted where deflections and stresses are measured whilst a two
section assembly is subjected to various loading and boundary conditions. The results
between the predicted theory, FEA and experimental setup are compared and discussed. The
overall conclusion is that there is good correlation between the three sets of data.



CONTENTS

ABSTRACT ... i
LIST OF SYMBOLS ... .o s Xii
LIST OF FIGURES ...ttt XV
LIST OF TABLES ... ..o XXXl

CHAPTER 1 INTRODUCTION

1.1 BACKGROUND TO THE THESIS ..ot 1
1.2 STATEMENT OF THE PROBLEM......cccciiiiiiiiiiii e 3
1.3 AIM AND OBJECTIVES........coiiii s 3
1.4 SUMMARY FINDINGS. ... ..ottt 4
1.5 STRUCTURE OF THE THESIS ... 5

CHAPTER 2 LITERATURE SURVEY

2.1 INTRODUCTION. ...ttt bbbt aneenne e 8
2.2 CURVATURE — BENDING MOMENT RELATIONSHIP.......ccoviiiiiiiiiee e 9
2.3 MACAULAY’S STEP FUNCTION METHOD.........cccoiiiiiiiiiiiiiiiicieee e 10
2.4 MOHR’S MOMENT AREA.......ooiiiiii s 11
2.5 DEFLECTION THEOREMS IN BRIEF ..o 14
2.6 PRINCIPLE OF SUPERPOSITION. ......ciiiiitiiiiiieiiieie st 15
2.7 ENERGY METHODS. ...t 16
2. 7.1 PRELIMINARIES..... .o 17
2.7.2 PRINCIPLE OF VIRTUAL WORK ..ottt 20
2.7.3 PRINCIPLE OF COMPLEMENTARY VIRTUAL WORK......ccccecoiiiiiiiiieicins 21
2.7.4 PRINCIPLE OF MINIMUM POTENTIAL ENERGY ......cccooiniiiiiiii 23
2.7.5 PRINCIPLE OF MINIMUM COMPLEMENTARY POTENTIAL ENERGY.....27
2.7.6 CASTIGLIANO’S THEOREM PART L..ooiiiiiiiiiiiiiccee e 28

2.7.7 CASTIGLIANO’S THEOREM PART IL.....ccccccooiiiiiiiiiiiiiiiiii e 29



2.8 BUCKLING — AN INTRODUCTION.. ...ttt 30

2.9 BUCKLING OF THIN WALLED STRUCTURES...........coiiiiii e 31
2.10 RAYLEIGH — RITZ METHOD......cciiiiiiii s 35
2.11 THE RAYLEIGH QUOTIENT ..ottt 37
2.12 LOCAL BUCKLING. ..ottt 39
2.13 TORSION IN STRUCTURES.........cciii e 40
2.14 TORSIONAL AND FLEXURAL TORSIONAL BUCKLING........ccccooivviiiiiiieiesn 42
2.15 LATERAL — TORSIONAL BUCKLING.......ccoiiiiiieiiieee e 43
2.16 SHEAR IN THIN WALLED CLOSED TUBE SECTIONS.........cccoiiiiniiieeneee e 44
2.17 TORSION IN THIN WALLED CLOSED TUBE SECTIONS............cccooiiiiiiiiiies 45

2.18 COMBINED SHEAR AND TORSION IN THIN WALLED CLOSED SECTIONS...46

2.19 APPLICATIONS OF THE TELESCOPING CANTILEVER BEAM ASSEMBLY.....48

2.19.1 DEFINITION OF MOBILE ELEVATING WORK PLATFORM..........cccevenee. 48
2.19. (a) RELATED TERMINOLOGY .....occiiiiiiiiiieiiniesieseese e 48
2.19. (b) ACCESS PLATFORM TYPES.......coiiiitiiieirienieese s 51
2.19.2 TELESCOPIC RETRACTABLE ROOFING SYSTEMS........c.cooiiiiiiiiiinne 54
2.19.3 TELESCOPING MARINE ASSEMBLIES.........ccccoiiiiiiiiieiicee e 58
2.19.4 TELESCOPING ADJUSTABLE COLUMNS........coeiiiiiiieiieseeeee e 61
2.19.5 TELESCOPING ADJUSTABLE WHEELCHAIR RAMPS........ccooiiiiiiiiine 61
2.19.6 TELESCOPING POLES AND ADJUSTABLE MASTS........coceiiiiiiieienen, 62
2.19.7 STEEL TELESCOPING TOWERS........cooiiiiiiiiiiee e 64
2.19.8 TELESCOPING STORAGE RACKS. ... .ottt 67

CHAPTER 3 DEFLECTION ANALYSES

3.1 INTRODUCTION — DEFLECTION ANALYSES.......ccoooiiiiiiiiee s 70
3.2 TELESCOPIC BEAM THEORY ...ttt 71
33 TIP REACTIONS ... s 72



3.4 MACAULAY’S METHOD FOR DEFLECTION ANALYSIS.......cooviiniiniiiiiien, 72
341 THE CPROGRAM.. ..ottt s 74
3.5 MOHR’S MOMENT AREA METHOD........cccccoiiiiiiiiiiiiiiicnin i 78
3.5.1 MOHR’S MOMENT AREA METHOD APPLIED TO THE TWO SECTION

TIP LOADED CANTILEVER. ..o 80

3.5.2 MOHR’S MOMENT AREA METHOD APPLIED TO THE TWO SECTION
CANTILEVER SUBJECTED TO UDL.......ccoioiiiiiiiiiii 83

3.5.3 DERIVATION OF DEFLECTION FOR THE TWO SECTION CANTILEVER

BEAM SUBJECTED TO UDL AND TIP LOADING.........ccociiiiiiiiiiiii 85
3.6 CASTIGLIANO’S THEOREM......ccciiiiiiiiiiieiteceeeeeceeee e 89
3.7 VIRTUAL WORK PRINCIPLE.......ccttiiiiieii et 97
3.8 SUMMARY ...ttt 110

CHAPTER 4 BUCKLING ANALYSIS
4.1 INTRODUCTION . ...ttt 112

4.2 DETERMINING THE SECTION PARAMETERS OF THE TAPERED COLUMN...113

4.3 SECTION PROPERTIES OF TAPERED BEAMS........ccoiiiiiiieeeeeee e 119
4.3.1 SECTION CHANGING BREADTH......ccccoiiiiiiiiiici e 120
4.3.2 SECTION CHANGING DEPTH........cooiiiiiiiiiiiiei e 121

4.3.3SECTION CHANGING BI-DIMENSIONALLY AT THE SAME AND
DIFFERENT RATES. ... 122

4.6 DETERMINATION OF THE BUCKLING LOAD FOR THE PYRAMID................... 131

4.6.1 BUCKLING LOAD FOR THE RECTANGULAR PYRAMID WHOSE
SECTION’S CHANGES BREADTH .....cooiiiiiiiiiiic e 131

Vi



4.6.2 BUCKLING LOAD FOR THE RECTANGULAR PYRAMID WHOSE
SECTION’S DEPTH CHANGES ..o 134

4.6.3 BUCKLING LOAD FOR THE RECTANGULAR PYRAMID WHOSE
SECTIONS CHANGE BI-DIMENSIONALLY AT THE SAME AND
DIFFERENT RATES. ... 137

4.7 BUCKLING LOAD FOR THE SINGLE THIN WALLED RECTANGULAR
SECTION . ..ot 142

4.8 BUCKLING LOAD FOR THE SINGLE STEPPED STRUT......c.cccviiiiiiieecieee 143

4.9 BUCKLING LOAD FOR THE THIN WALLED TWO SECTION CANTILEVER....150

4.10 SUMMARY ..ottt 158

CHAPTER 5 SHEAR AND TORSION ANALYSES
S. L INTRODUCTION. ..ottt 160
5.2 SHEAR IN UNIFORM THIN WALLED CLOSED RECTANGULAR SECTIONS... 161

5.3 TORSION IN UNIFORM THIN WALLED CLOSED RECTANGULAR

SECTIONS . bbbttt b e ees 165
5.4 COMBINED SHEAR AND TORSION IN UNIFORM THIN-WALLED

RECTANGULAR SECTIONS. ...t 168
5.5 SUMMARY ..ottt b bbbt 172

CHAPTER 6 STRESS ANALYSIS

6.1 INTRODUGCTION. ...ttt ettt 173
6.2BENDING STRESS..... ..ottt et 175
6.3 SHEAR STRESS ... s 177
6.4 SUMMARY ..ot 186

CHAPTER 7 FINITE ELEMENT ANALYSIS

7.1 INTRODUCTION. ..ottt 188



7.2 DEFLECTION ANALYSIS USING ABAQUS........c.coiiii 194

7.3 STRESS ANALYSIS USING ABAQUS........ooiiii s 196
7.4 BUCKLING ANALYSIS USING ABAQUS. ...t 203
7.5 SUMMARY ..ottt b e 205

CHAPTER 8 EXPERIMENTAL ANALYSIS

8.1 INTRODUCTION......ctiiiiiiieseeie ettt ne e 207
8.2 THE TEST SPECIMEN.......ciiiiiiiiii e 207
8.3 THE EXPERIMENTAL MOUNTING STAND.......cooiiiiiieieiieriee e 214
8.4 EXPERIMENTAL TIP DEFLECTION ANALYSIS......cccooiiiiiii 218
8.5 EXPERIMENTAL STRESS ANALYSIS......ooii e 221
8.6 SUMMARY ...ttt b e 238

CHAPTER 9 DISCUSSION AND CONCLUSIONS

0.1 RESULTS .. 239
9.1.1 DEFLECTION RESULTS ... ..ot 240
9.1.2 STRESS ANALYSIS RESULTS ...t 249
9.1.3 BUCKLING RESULTS. ... 274

9.2 CONTRIBUTIONS TO KNOWLEDGE..........ccoiiiiiiiiiiii e 277

Q.3 LIMITATIONS. ... 281

9.2 RECOMMENDATIONS FOR FURTHER WORK.......ccooiiiiieiiiieceee e 282

REFERENGCES. ...ttt 283

APPENDIX A-THE TWO SECTION TELESCOPIC CANTILEVER BEAM
ASSEMBLY

A.1 DEFLECTION IN THE TWO SECTION TELESCOPING ASSEMBLY. ..........ccccu.... 293

viii



A2TIP REACTIONS. ... s 294

A.3 DERIVATION OF THE DEFLECTION CURVE FOR SECTION AC IN BEAM AB

APPENDIX B — THE C PROGRAM......coiiiiiiii e 304

APPENDIX C — PART 1 - INLINE LOADING ANALYSIS OF INDUCED STRESS IN
THE TWO SECTION TELESCOPIC ASSEMBLY

C.1 CALCULATION OF TIP REACTIONS. ......ooiiiiiiieitiee et 310
C.2SHEAR FORCE AND BENDING MOMENT DIAGRAMS FOR BEAM ACB.........311
C.3SHEAR FORCE AND BENDING MOMENT DIAGRAMS FOR BEAM CBD.........312
C.4 CALCULATION OF BENDING AND SHEAR STRESSES FOR BEAM ACB....... 314

C.5 CALCULATION OF BENDING AND SHEAR STRESSES FOR BEAM CBD....... 316

APPENDIX D — PART 2 — OFFSET LOADING ANALYSIS OF INDUCED STRESS
IN THE TWO SECTION TELESCOPIC ASSEMBLY

D.1 CALCULATION OF TIP REACTIONS.....ctieiiiiiiie et 322

D.2SHEAR FORCE, BENDING MOMENT AND TORQUE DIAGRAMS FOR BEAM

D.4 CALCULATION OF BENDING AND SHEAR STRESSES FOR BEAM ACB........327

D.5 CALCULATION OF BENDING AND SHEAR STRESSES FOR BEAM CBD....... 329



APPENDIX E - THE TELESCOPIC CANTILEVER BEAM: PART 1 -
DEFLECTION ANALYSIS. . iiiiiiiiiiiiiiiiiiiiiiitiiiiiiitieiiecaeiesiecsecnesscscncens 333

APPENDIX F - THE TELESCOPIC CANTILEVER BEAM: PART 2 — STRESS
2 N N T 43 1 T 334

APPENDIX G — FINITE ELEMENT ANALYSIS

G.1 PART MODULE ..ottt 336
G.2 MATERIAL AND ELEMENT PROPERTIES DEFINITION.......cccoovviiiiiiiciice 339
G.3 ASSEMBLING THE TWO SECTION TELESCOPIC CANTILEVER BEAM
ASSEMBLY ...t 345
G.A THE STEP MODULE........ocoiiii e 347
G.4.1 CREATION OF ANALYSIS STEPS......ccocoiiiiii e 348
G.5 INTERACTION DEFINITIONS......ciiiiiiiiiiiii s 351
G.6 LOADING CONDITIONS. ... ..ottt 355
G.7 BOUNDARY CONDITIONS. ...ttt 359
G.8 MESHING DEFINTIONS.......ooiiiiiiiiiii s 354
G.8.1 STRUCTURED MESHING........cccooiiiiiiiiiiiic e 362
G.8.2 SWEPT MESHING. ...ttt 363
G.8.3 FREE MESHING.......coiiiiiiiii e 364
G.9 GENERATION AND INTERPRETATION OF RESULTS........ccoiiiiiiiieieeeee 368
G.9.1 TIP DEFLECTION RESULTS EXTRACTION.....ccociiiiiiiiiiiiiecrece 369
G.9.2 STRESS ANALYSIS RESULTS EXTRACTION......cciiiiiiiiiiiiec e, 374
G.9.3 BUCKLING ANALYSIS RESULTS EXTRACTION......cccoiiiiiiiiieiic e 378

APPENDIX H -STRAIN GAUGING PRINCIPLES AND PROCEDURES

H.1 THE STRAIN GAUGE. ... .o 382
H.2 STRAIN TRANSFORMATION AND ROSETTE GAUGE THEORY................... 386
H.3 INSTRUMENTATION AND DATA ACQUISITION SYSTEM........ccccoiiiiinne. 396



H.4 STRAIN GAUGE SELECTION......c.oiuitiiit e 03
H.5 SURFACE PREPARATION STEPS. ... 408
H.6 STRAIN GAUGE BONDING PROCEDURE.........c..ccooiiiiiiiiiiiiiiee, 413
H.7 LEAD WIRE ATTACHMENT ... ..o, 416

Xi



LIST OF SYMBOLS

T1, T2 T3= Stress Tensors acting on each face perpendicular to coordinate axes X ,X2, X3

T;i = Universal stress tensor

T= Stress tensors distributed over surface S

n = Unit outward normal to the plane

h = Perpendicular distance from origin to plane ACB of tetrahedron

V= volume

OW, = External virtual work
oW, = Internal virtual work

U = Strain energy

U"= Complementary strain energy

o = Direct stress

e= Direct strain

[1 =Total potential energy of the body
I, ] = tensor notation

P = Applied tip load

Pcr= Critical buckling load

A = Load displacement

o = Lateral or out-of-plane displacement
| = Second moment of area

L = Length

E = Young’s modulus of elasticity

x=z = Arbitrary length

z’ = Non dimensional length parameter
AUy = Change in total potential energy

AU, = Change in bending strain energy

xii



AU, = Change in potential of external force or the work done by the load P

w(X)= Y(z)= Assumed deflection functions
M(x)= M(z) = Bending moment functions
q = Shear flow

T =Torque

T = Shear stress

Fy= Vertical force

A= Area

L,= Length of fixed-end section
a=overlap ratio

a;=Overlap length

L,= Length of free-end section
¢=Length variation ratio

w;= w=Self weight of fixed-end section
y = Self weight ratio

w,= Self weight of free-end section
H= d= Depth

B = b =Breadth

T =t =Thickness

y = Overall Deflection

Yo = Deflection of single fixed-end section cantilever

xiii



I,= Second moments of area of fixed-end section
I,= Second moments of area of overlap section
I;= Second moments of area of free-end section
I,= Second moments of area of section at length z from datum
le =Second moments of area of section at apex
I, =Second moments of area of section at base
S= Second moment area ratio

F¥ = Virtual force

M"=Virtual moment

d.= diameter of apex

d, =diameter at arbitrary length z from datum
do=diameter at base

oo =Stress at d,

be=breadth at apex

b,=breadth at arbitrary length z from datum

b,- breadth at base

he =height at apex

h,=height at arbitrary length z from datum
ho=height at base

f = Shape factor

Q = Geometrical coefficient

W = Weight of section

K = Buckling coefficients

Xiv



LIST OF FIGURES

Figure 2.1: Beam in bending (Adapted from [20]).....cccccieiieiiiiiiiee e 9
Figure 2.2: Beam in bending (Adapted from [19]).....ccccoeiiiiiiiiiiiiceeee e, 14
Figure 2.3: Stress tensors and their components (Adapted from [28])..............ccoeiiniin. 17
Figure 2.4: Stresses on an infinitesimal tetrahedron (Adapted from [28])...............cccevee. 17
Figure 2.5: Stress-strain curve of a non-linearly elastic rod (Adapted from [28])............ 22
Figure 2.6: Differentiation between (a) Bending and (b) Buckling (Adapted from [33])......31
Figure 2.7: Behaviour of buckling system showing the differentiation between the load and
lateral diSplacemMENtS [B3] ... coeeieieiiiiie s 32
Figure 2.8: Stability of equilibrium [28].........ccooviiii e 34
Figure 2.9: Local buckling of edge supported thin plate with load-load induced displacement
curve (P-A) and the lateral displacement curve (P-0) [33]......cccovmmimimiiieniieee e 39
Figure 2.10: Local buckling of model box girder [33].......cccoveiieiiiiiieece e 40
Figure 2.11: Examples of (a) Torsional Buckling (b) Flexural-Torsional Buckling (c) Lateral
BUCKIING [B3] ettt ettt e e s be e be e e e eneesbeenbeaneenneas 41
Figure 2.12: Net Shear Flow in a closed thin walled tube.............cccooiieiiiii i, 44
Figure 2.13: Static Equivalence between torque (F,p) and shear flow gy [25]........ccccvvvnnnenn 46
Figure 2.14: Terminology associated with the mobile elevating access platform (Taken from
22 SRR 50
Figure 2.15: Straight or “stick boom™ access platform [74]..........ccooeieiiiineieiei s 52
Figure 2.16: SCISSOI I [75]...iiveeiiiiiie et 52
Figure 2.17: Articulating boom machine (Taken from [2]).....c.ccccceviiiiiiiiiciicie e, 53
Figure 2.18: Trailer mounted machine (Taken from [2])......ccccooririiiiiiniien e, 53
Figure 2.19: Vehicle mounted access platform [76].........couveiriiriniieiine e 54
Figure 2.20: A retractable roof enclosure (a) before deployment and (b) after deployment
[77 ] oottt e ettt e ettt ettt e et en e 55
Figure 2.21: A retractable commercial garden roof canopy (a) before deployment and (b)
L= a0 (T o] [0}/ 0 T=T o O 1 OSSR 55
Figure 2.22: A retractable pool enClOSUIE [77]....coeureeeiiesrreeeeeeee e 56

XV


http://www.litrausa.com/

Figure 2.23: A retractable aWning [77].....cccooveeiiiieieeie e 56

Figure 2.24: Retractable stadium roof system consisting of two parts (a) before deployment

and (b) after deploYMENT [77].....coveiiee e e 57
Figure 2.24: Enclosure with a retractable stadium roof system consisting of three parts a)
before deployment and (b) half way through full deployment [77].......ccccoevviieiiieieiiiiiene 57
Figure 2.25: The SL-DEX Type hydraulic overhead beam crane manufactured by Nautical
SEIUCTUIES USA 78] ettt b et bbb 58
Figure 2.26: Applications of the SL-DEX Type hydraulic overhead beam crane [78]........ 59
Figure 2.28 (a) Single telescoping gangplank (b) Double telescoping gangplank and (c) Triple
telescoping gangplank [78]........cov i 60

Figure 2.29: Telescoping adjustable column [79]........cccoveiiiie i 61
Figure 2.30: Telescoping adjustable wheelchair ramps [80]..........cccccvevvivievieiieirccie e, 62
Figure 2.31: Construction of the “Wonder Pole®” 3 PRSPPI 63
Figure 2.32: A telescoping “Wonder Pole®™ in use [81]....c.ovvrverrereererrenreinresssessesseessesneons. 63
Figure 2.33: Examples of trailer mounted US Tower manufactured telescoping towers
S22 SRS 64
Figure 2.34: A self contained US Tower manufactured Command, Control, Communications
and Tactical Shelter or C3T Trailer [82]........ccooiiiiiiiiieee e, 65
Figure 2.35: Examples of vehicle mounted US Tower manufactured telescoping towers
S22 OSSR 66
Figure 2.36: Aerial view of a large installation of SpaceSaver Racks in a steel service center
1G] SRR 67
Figure 2.37: SpaceSaver Racks installed outdoors [83].........cccevieiiieiiiiiiic e 68
Figure 2.38: °8 Tall SpaceSaver Rack’ installed with optional electric lift cage. For maximum
density 8Tall models nearly twenty feet high are available [83]..........cccccoviviiiii e, 69
Figure 2.39: 5 Tall SpaceSaver Rack’ storing 20°-24’ tubing at Marmon/Keystone. A rolling
platform ladder is used to access the upper 1eVels [84]........coovviiiiiiiiiiiccc e, 69
Figure 3.1: Two-section, teleSCOPIC CANIBVET..........ccovee e 71

Figure 3.2: Deflection Plot obtained from Macaulay’s Theorem vs. Parameter o, for the two
section telescopic cantilever beam assembly having individual part dimensions outlined in
Table 3.1, and fixed and free-end lengths of 1200mm and 1000mm respectively.................. 76

Figure 3.3: Two section teleSCopiC CaNtIEVEN..........ccvcveiieeiice e 78


http://www.litrausa.com/
http://www.discountramps.com/

Figure 3.4: Cross sectional view of the two section telescopic cantilever................c.......... 79

Figure 3.5: Mohr’s Moment Area Method applied to the two section tip loaded cantilever

Figure 3.6: Mohr’s Moment Area Method applied to the two section cantilever beam
subjected to uniformly distributed 10adiNg...........ccovveiiiiiiier e 83

Figure 3.7: End Deflection Plot of Equation (3.11) obtained from Mohr’s Moment Area
Theorem vs. Parameter a, for the two section telescopic cantilever beam assembly having
individual part dimensions outlined in Table 3.1, and fixed and free-end lengths of 1200mm

and 1000mMM FESPECHIVEIY.....cc.ee ettt e te e be e te e aeeneas 88
Figure 3.8: Cross sectional view of the two section telescopic cantilever................c.......... 89
Figure 3.9: Castigliano’s Theorem applied to the two section cantilever beam...................... 90

Figure 3.10: End Deflection Plot of Equation (3.18) obtained from Castigliano’s Theorem vs.
Parameter a, for the two section telescopic cantilever beam assembly having individual part
dimensions outlined in Table 3.1, and fixed and free-end lengths of 1200mm and 1000mm
TESPECTIVETY ...ttt et s b et b e et ettt et e sbe et e b e eanenes 96

Figure 3.11: Principle of Virtual Work applied to the two section cantilever beam................ 97

Figure 3.12: End Deflection Plot of Equation (3.26) obtained from Virtual Work Theorem vs.
Parame.ter a, for the two section telescopic cantilever beam assembly having individual part
dimensions outlined in Table 3.1, and fixed and free-end lengths of 1200 mm and 1000 mm
TESPECTIVEIY ...ttt st e te et e e te et e e sae e aeesse e st e naeeareenaeeeneenes 104

Figure 3.13: End Theoretical Deflection Plots vs. Parameter «, for the two section telescopic
cantilever beam assembly having individual part dimensions outlined in Table 3.1, and fixed
and free-end lengths of 1200 mm and 1000 mm respectively.........c.ccoevvveveiiciieie e 105

Figure 3.13 (a): End Theoretical End Deflection Plots vs. Parameter a, for the two section
telescopic cantilever beam assembly having individual part dimensions outlined in Table 3.1,
and fixed and free-end lengths of 1200 mm and 1000 mm respectively, for a wL/P ratio of

Figure 3.13 (b): End Theoretical End Deflection Plots vs. Parameter a, for the two section
telescopic cantilever beam assembly having individual part dimensions outlined in Table 3.1,
and fixed and free-end lengths of 1200 mm and 1000 mm respectively, for a wL/P ratio of

Figure 3.13 (c): End Theoretical End Deflection Plots vs. Parameter a, for the two section
telescopic cantilever beam assembly having individual part dimensions outlined in Table 3.1,
and fixed and free-end lengths of 1200 mm and 1000 mm respectively, for a wL/P ratio of
O TSSO PO PRSP PRURURPPRPIN 108

XVvii



Figure 3.13 (d): End Theoretical End Deflection Plots vs. Parameter a, for the two section
telescopic cantilever beam assembly having individual part dimensions outlined in Table 3.1,
and fixed and free-end lengths of 1200 mm and 1000 mm respectively, for a wL/P ratio of

01 1SS SRPRPRRSIN 109
Figure 4.1: Geometry of the tapered circular cantilever column..............cccocveviveveicieieenee, 113
Figure 4.2: Geometry of the tapered circular cantilever column..............cccoovevveie e, 114

Figure 4.3: Plot of do./de against z'from Equation (4.7), for the tapered circular cantilever
(010 0] 1 1 o TSSOV PRURURPRRPIN 116

Figure 4.4: Plot of o/o. against z'from Equation (4.8), for the tapered circular, cantilever

Figure 4.5: Plot of o/o. (obtained from Equation (4.5)) against z', where z'varies from 0 to 1,
in increments of 0.1, for the tapered circular, cantilever column. The curves in turn represent
the values of do/de Varying from 210 10........cccoeiiiiiiieic e 118

Figure 4.6: Section Properties of Tapered Beams (a) Section changing breadth; (b) Section
changing depth; (c) Section changing bi-dimensionally at the same rate; (4) Section changing

bi-dimensionally at different rates (Adapted from [93])......ccccevviiiiiiiiiii e 119
Figure 4.7: Geometry of the tapered rectangular cantilever column whose cross section
Changes IN Dreadt.............ooiiee e et 120
Figure 4.8: Geometry of the tapered rectangular cantilever column whose cross section
ChaNQES IN AEPLN......eeceeee et sre e e e ee s 121
Figure 4.9: Geometry of the cantilever column (Adapted from [15]).....cccccevvreniiencninnnn. 124

Figure 4.10: (a) A fixed-free column subjected to a tip load (b) Cross sections of an axially
symmetric truncated cone (Adapted from [94])......cccoreiiiiiiiiiiiee 125

Figure 4.11: Plot of Equation (4.31) vs. do/de, for the axially symmetric, truncated

Figure 4.12: (a) A fixed-free column subjected to a tip load (b) Cross sections of columns for
a square pyramid whose section changes breadth...............ccocooiiiiii i, 131

Figure 4.13: Plot of Equation (4.35) vs bo/be, for the truncated, square pyramid, whose
Breadtn ChANGES. ... ..o e et e e e reeere e 133

Figure 4.14: (a) A fixed-free column subjected to a tip load (b) Cross sections of columns for
a square pyramid whose section changes depth..........cccooveiiiiiicic i 134

Figure 4.15: Plot of Equation (4.41) vs hy/he, for the truncated square pyramid, whose depth
(010 00 LTSRS PRRN 136



Figure 4.16: Plot of Equation (4.46) vs. n,w, for the truncated square pyramid, whose

section changes bi-dimensionally at the same rate ..........ccccocvvvevievie i 140
Figure 4.17: Geometry of a thin walled rectangular Section............cccccccveveiieenieie s s 142
Figure 4.18: Single Stepped COMPOSILE STIUL..........coviieieieieiere e 143
Figure 4.19: Geometry of the cantilever CoOlUMN..........c.cooiiiiiiiic 145
Figure 4.20: Cross sectional view of the single stepped composite Strut.............cccceeevennene. 146

Figure 4.21: Plot of Equation (4.59) vs. ¢, for the single stepped strut, having dimensions
outlined in Table 4.3 and fixed and free-end lengths of 1200 mm and 1000 mm

TESPECTIVEIY . ...ttt bbb bbbttt bbbt bt 149
Figure 4.22: Two section telescopiC CantileVer ..o 150
Figure 4.23: Cross sectional view of the two section telescopic cantilever...................... 152

Figure 4.24: Plot of Equation (4.64) vs. & where & varies from 0 to 1, in increments of 0.1,
for the two section telescopic cantilever beam assembly, having dimensions outlined in Table
4.5, and fixed and free-end lengths of 1200 mm and 1000 mm respectively...........ccccecven.e. 155

Figure 4.25: Plot of Equation (4.64) vs. ¢, where ¢ varies from 0 to 1, in increments of 0.1,
for overlap ratios o varying from 0 to 0.6, determined for the two section telescopic cantilever
beam assembly, having dimensions outlined in Table 4.5, and fixed and free-end lengths of
1200 mm and 1000 MM FESPECHIVEIY........ciiiiriiiece e 156

Figure 4.26: Plot of Equation (4.64) vs. ¢, where ¢ varies from 0 to 1, in increments of 0.1,
for overlap ratios o varying from 0.7 to 1, determined for the two section telescopic cantilever
beam assembly, having dimensions outlined in Table 4.5, and fixed and free-end lengths of
1200 mm and 1000 MM FESPECHIVEIY........oiiiiieiieie et 157

Figure 5.1: Uniform, rectangular tUDE............cooeiiiiiiiieeee e 161

Figure 5.2: Flexural shear flows g, must be added to g, with F, be applied at the shear centre

TP TS OPTR T O TP PP TP 162
Figure 5.3: Rectangular tube with uniform thin-walled thickness...........c.cccccvviiiiiinnn 166
Figure 5.4: Uniform rectangular tube showing net shear flow.............ccccocniiiiiniiinns 168
Figure 6.1: Moment of resistance within section at X-poSition...........ccccevverereneneninieeiennen, 173
Figure 6.2: Telescopic beam assembly with two SECHIONS..........ccevvereiiieiiicie e, 175

Figure 6.3 (a) Cross section of the uniform rectangular tube (b) Net shear stress distribution in
the cross section of the uniform rectangular tube..........ccoooiiiiiii i, 177

XiX



Figure 6.4: Inline Loading induced bending stress (MPa) vs Distance from the fixed end for
400mm overlap along A;C;B;D; for the two section telescopic cantilever beam assembly
having individual part dimensions outlined in C.L..........cccccooviiieii i 180

Figure 6.5: Inline loading induced shear stress (MPa) vs Distance from the fixed end for
400mm overlap along A3;C3B3D3 for the two section telescopic cantilever beam assembly
having individual part dimensions outlined in C.L..........c.cooiiiiiiiieie e 181

Figure 6.6: Inline loading induced shear stress (MPa) vs Distance from the fixed end for
400mm overlap along A,C,B,D, for the two section telescopic cantilever beam assembly
having individual part dimensions outlined in C.1..........cccoviiiiiininie s 182

Figure 6.7: Offset loading induced bending stress (MPa) vs Distance from the fixed end for
400mm overlap along A;C;B;D; for the two section telescopic cantilever beam assembly
having individual part dimensions outlined in D.1.........cccoociiiiiiiiiiii e 183

Figure 6.8: Offset loading induced shear stress (MPa) vs Distance from the fixed end for
400mm overlap along A3C3B3D; for the two section telescopic cantilever beam assembly
having individual part dimensions outlined in D.1.........ccccocooiiiiiniiice e 184

Figure 6.9: Offset loading induced shear stress (MPa) vs Distance from the fixed end for
400mm overlap along A,C,B;D, for the two section telescopic cantilever beam assembly
having individual part dimensions outlined in D.1.........ccooci i 185

Figure 7.1: ABAQUS/CAE pictorial methodology...........cccoeveiiiiiiiiiiieci e 190

Figure 7.2: FEA generated deflection curves vs. Overlap ratio «, where & varies from 0.2 to
0.8, in increments of 0.2, for the two section telescopic cantilever beam assembly having
individual part dimensions outlined in Table 7.1.........cccooveiiiii e, 195

Figure 7.3: Inline Loading induced bending stress (MPa) vs Distance from the fixed end
along A;C1B1D; for the two section telescopic cantilever beam assembly having individual
part dimensions outlined in Table 7.1, and an overlap of 400mMM...........ccccevvviviieiiieiie i 197

Figure 7.4: Inline loading induced shear stress (MPa) vs Distance from the fixed end along
AsC3B3D; for the two section telescopic cantilever beam assembly having individual part
dimensions outlined in Table 7.1, and an overlap of 400mMM.........c.ccccceiiieiieiie e, 198

Figure 7.5: Inline loading induced shear stress (MPa) vs Distance from the fixed end along
A,C,B,D,, for the two section telescopic cantilever beam assembly having individual part
dimensions outlined in Table 7.1, and an overlap of 400mMM.........c.ccccceivieiieiie v, 199

Figure 7.6: Offset loading induced bending stress (MPa) vs Distance from the fixed end along
A;C1B1D;, for the two section telescopic cantilever beam assembly having individual part
dimensions outlined in Table 7.1, and an overlap of 400MM...........ccccceviviveiieeieiiiennn, 200

XX



Figure 7.7: Offset loading induced shear stress (MPa) vs Distance from the fixed end along
A3C3B3D3, for the two section telescopic cantilever beam assembly having individual part
dimensions outlined in Table 7.1, and an overlap of 400MmM..........cccccccvvviiiviiciiece e, 201

Figure 7.8: Offset loading induced shear stress (MPa) vs Distance from the fixed end along
A,C,B,D,, for the two section telescopic cantilever beam assembly having individual part
dimensions outlined in Table 7.1, and an overlap of 400MM...........ccccvvvviiiieieniien e 202

Figure 7.9: FEA extracted values of P./Pg, vs. Overlap ratio a, where « varies from 0.2 to
0.8, in increments of 0.2, for the two section telescopic cantilever beam assembly, having

dimensions outhined iN Table 7.1........cciiiie s 204
Figure 8.1: The Experimental teSt rig........cccvviiiieiiciicc e 207

Figure 8.2: Loading arm through which loads are applied...........ccocoovriiiiiiincnins 208
Figure 8.3: Loading arm configuration for (a) Inline Loading (b) Offset Loading................ 209

Figure 8.4: Tufnell wear pads attached to beam 2. These four wear pads are located on the
four walls of beam 2, at the end opposite to that where loads are applied..............ccccoevvenen. 209

Figure 8.5: Unattached wear pads, inserted into the gap at the three position’s A, B and C, at
the start of the overlap between beam 1 and beam 2...........cccooviieiiiiiii i 210

Figure 8.6: Position where the strain gauges were bonded onto the telescopic assembly.
positions W and X are 300mm from the Fixed End of Beam 1, whilst positions Y and Z are
200mm from the inner end 0f BEAM 2.........cooiiiiiiiiieieee e 211

Figure 8.7: Strain gauge rosettes bonded at (a) position W (b) position X (c) position Y and
(d) position Z, as ShOWN iN FIQUIE 9.5, ... 212

Figure 8.8: Front view of the telescopic assembly. The arrow indicates the position where dial
gauge readings of deflection for different load magnitudes were taken..............ccccccevvernnnnnn. 213

Figure 8.9: Frontal view of the experimental mounting jig clamped to support column.....214
Figure 8.10: Details of the mounting MeChaNISM...........ccooiriiiiiiiieie e 215
Figure 8.11: (a) Front view of the mounting jig (b) Rear view of the mounting jig.......... 215

Figure 8.12: Left hand view of the mounting jig showing the method by which the same is
clamped to the SUPPOIt COIUMN........c.ooiiiiiie e 216

Figure 8.13: Load Applied in Newton vs Tip Deflection in mm for the experimental test rig
having dimensions outlined iN Table 8.1........cccoi e s 219

Figure 8.14: Extrapolated Deflection Curves vs. Overlap ratio o for the experimental test rig
having dimensions outlined iN Table 8.1.........cccov e 220

XXi



Figure 8.15: Principal Stresses (o1, o2 (MPa)) at Position W vs Inline Load Applied (Kg) with
L0 0T 0N T =T o PR 222

Figure 8.16: Principal Stresses at Position X (o1, o, (MPa)) vs Inline Load Applied (Kg) with
L0 g 0N T g =T o SR PSOP 222

Figure 8.17: Principal Stresses at Position Y (o1, o, (MPa)) vs Inline Load Applied (Kg) with
L0 0T 0N T T o SO SURSTPS 223

Figure 8.18: Principal Stresses at Position Z (o1, 62 (MPa)) vs Inline Load Applied (Kg) with
L0 0T a 0N T g =T o S PSTOP 223

Figure 8.19: Principal Stresses (o1, o, (MPa)) at Position W vs Offset Load Applied (Kg)
WIth 400MIM OVETTAP. ....eiieiiicee bbb 224

Figure 8.20: Principal Stresses (01, 62 (MPa)) at Position X vs Offset Load Applied (Kg) with
AO0MIM OVETTAP. ...ttt bbbttt b e bbb ene s 224

Figure 8.21: Principal Stresses (01, 62 (MPa)) at Position Y vs Offset Load Applied (Kg) with
AO0MIM OVETTAP. ...ttt bbbttt sb e bbb nne s 225

Figure 8.22: Principal Stresses (o1, 62 (MPa)) at Position Z vs Offset Load Applied (Kg) with
AO0MIM OVETTAP. ...ttt bbbt nb e bbb nne e 225

Figure 8.23: Principal Stresses (o1, 62 (MPa)) at Position W vs Inline Load Applied (Kg) with
S500MIM OVETTAP. ...t bbbt b et b e 226

Figure 8.24: Principal Stresses at Position X (o1, 62 (MPa)) vs Inline Load Applied (Kg) with
S500MIM OVETTAP. ... bbbttt sb e 226

Figure 8.25: Principal Stresses at Position Y (o1, 0, (MPa)) vs Inline Load Applied (Kg) with
o100 T I 0A V<] T o S SSR 227

Figure 8.26: Principal Stresses at Position Z (o1, 62 (MPa)) vs Inline Load Applied (Kg) with
500MIM OVEIIAP ...ttt e et e e e s e et e e sae e e naeearaeerae s 227

Figure 8.27: Principal Stresses (o1, o, (MPa)) at Position W vs Offset Load Applied (Kg)
WIth 500MM OVEITAP......eeiiiicie e e b e ae e re e 228

Figure 8.28: Principal Stresses (01, 62 (MPa)) at Position X vs Offset Load Applied (Kg) with
S500MIM OVEIIAP ... ittt e e et e e ba e sae e e e e st aeare e 228

Figure 8.29: Principal Stresses (o1, 62 (MPa)) at Position Y vs Offset Load Applied (Kg) with
S500MM OVEITAP. ...ttt ettt sttt r e bbbt nne e 229

Figure 8.30: Principal Stresses (o1, 62 (MPa)) at Position Z vs Offset Load Applied (Kg) with
o100 T IO AV T o S SS 229

Figure 8.31: Principal Stresses (o1, o2 (MPa)) at Position W vs Inline Load Applied (Kg) with
OT0 L0 T 0NV o T o SO S 230



Figure 8.32: Principal Stresses at Position X (o1, o, (MPa)) vs Inline Load Applied (Kg) with
LCT0 L0 T T OAV < T o BSOS 230

Figure 8.33: Principal Stresses at Position Y (o1, o, (MPa)) vs Inline Load Applied (Kg) with
LCT0 L0 T 0NV T o S SSSR 231

Figure 8.34: Principal Stresses at Position Z (o1, 62 (MPa)) vs Inline Load Applied (Kg) with
CT0 L0 T IO AV T o RSSO 231

Figure 8.35: Principal Stresses (o1, o, (MPa)) at Position W vs Offset Load Applied (Kg)
WIth B00MIM OVETIAP.......eciieieieii ettt et e e e be e e e e e sreeneeanes 232

Figure 8.36: Principal Stresses (01, 62 (MPa)) at Position X vs Offset Load Applied (Kg) with
BOOMIM OVETTAP. ...ttt sb e 232

Figure 8.37: Principal Stresses (01, 62 (MPa)) at Position Y vs Offset Load Applied (Kg) with
BOOMIM OVETTAP. ...ttt bbbt 233

Figure 8.38: Principal Stresses (o1, 62 (MPa)) at Position Z vs Offset Load Applied (Kg) with
BOOMIM OVETTAP. ...ttt b e bbbt 233

Figure 8.39: Principal Stresses (o1, 62 (MPa)) at Position W vs Inline Load Applied (Kg) with
TOOMIM OVETTAP. ...ttt b bbb 234

Figure 8.40: Principal Stresses (o1, 62 (MPa)) at Position X vs Inline Load Applied (Kg) with
TOOMIM OVETTAP. ...ttt b bbb 234

Figure 8.41: Principal Stresses (o1, 62 (MPa)) at Position Y vs Inline Load Applied (Kg) with
TOOMIM OVETTAP. ... bbbttt bbb 235

Figure 8.42: Principal Stresses (o1, o2 (MPa)) at Position Z vs Inline Load Applied (Kg) with
400 T IO AV T o SRS 235

Figure 8.43: Principal Stresses (o1, o2 (MPa)) at Position W vs Offset Load Applied (Kg)
WIth 700MM OVEITAP....c.eiiiie et e et e e ae e 236

Figure 8.44: Principal Stresses (01, 62 (MPa)) at Position X vs Offset Load Applied (Kg) with
TOOMIM OVEIIAP ..ttt e e e et e e be e sae e e beeareeareeas 236

Figure 8.45: Principal Stresses (01, 62 (MPa)) at Position Y vs Offset Load Applied (Kg) with
TOOMIM OVEIIAP ..t e sb e e e s bt e e beesaeeabeeateeareeas 237

Figure 8.46: Principal Stresses (o1, 62 (MPa)) at Position Z vs Offset Load Applied (Kg) with
TOOMM OVEITAP. .. ettt ettt sttt et bt e b et et nr e e eesnee e 237

Figure 9.1: Comparison of Deflection Curves vs. Parameter o, for the two section telescopic
cantilever beam assembly having individual part dimensions outlined in Table 8.1............. 243

XXiii



Figure 9.1 (a): Comparison of Deflection Curves vs. Parameter a, for the two section
telescopic cantilever beam assembly having individual part dimensions outlined in Table 8.1,
for an applied 1oad of 8ON ... ..o e 244

Figure 9.1 (b): Comparison of Deflection Curves vs. Parameter a, for the two section
telescopic cantilever beam assembly having individual part dimensions outlined in Table 8.1,
for an applied load of SON......ooii i 245

Figure 9.1 (c): Comparison of Deflection Curves vs. Parameter a, for the two section
telescopic cantilever beam assembly having individual part dimensions outlined in Table 8.1,
for an applied [0ad 0f 40N... ... i e 244

Figure 9.1 (d): Comparison of Deflection Curves vs. Parameter a, for the two section
telescopic cantilever beam assembly having individual part dimensions outlined in Table 8.1,
for an applied 0ad 0f 30N ...t e 244

Figure 9.2: Experimental Deflection linear Plots showing Load Applied in Newton vs Tip
Deflection in mm, extended such that they meet the ordinate at 20Newtons........................ 248

Figure 9.3: Inline Loading induced Bending Stress (MPa) vs Distance from the Fixed End
along A;C1B1D; for the two section telescopic cantilever beam assembly having individual
part dimensions outlined in Table 7.1, and an overlap of 400mm............ccccccvevevievieenenn. 251

Figure 9.4: Inline loading induced Shear Stress (MPa) vs Distance from the Fixed End along
A3C3B3D; for the two section telescopic cantilever beam assembly having individual part
dimensions outlined in Table 7.1, and an overlap of 400MM...........ccccviriiiiiieneienc e 252

Figure 9.5: Inline loading induced Shear Stress (MPa) vs Distance from the Fixed End along
A,C,B;D,, for the two section telescopic cantilever beam assembly having individual part
dimensions outlined in Table 7.1, and an overlap of 400MM...........ccccvviriiiiieneienc e 253

Figure 9.6: Offset loading induced Bending Stress (MPa) vs Distance from the Fixed End
along A;C,1B1D;, for the two section telescopic cantilever beam assembly having individual
part dimensions outlined in Table 7.1, and an overlap of 400MM..........cccccceviniieniiencnnnn. 254

Figure 9.7: Offset loading induced Shear Stress (MPa) vs Distance from the Fixed End along
AsC3B3Ds3, for the two section telescopic cantilever beam assembly having individual part
dimensions outlined in Table 7.1, and an overlap of 400MM...........ccccvoiviiiiiienenesceee 255

Figure 9.8: Offset loading induced Shear Stress (MPa) vs Distance from the Fixed End along
A,C,B,D,, for the two section telescopic cantilever beam assembly having individual part
dimensions outlined in Table 7.1, and an overlap of 400MM...........ccccvoiviiiiieneiesc e 256

Figure 9.9: Comparison of Principal Stresses (o1, o, (MPa)) at Position W vs Inline Load
Applied (Kg) with 400mmM OVEFIAP........ciiiiiiieiie e 258

Figure 9.10: Comparison of Principal Stresses at Position X (o1, 62 (MPa)) vs Inline Load
Applied (Kg) with 400mmM OVEFIAD........ciiiiiiiiiie et 258

XXiv



Figure 9.11: Comparison of Principal Stresses at Position Y (o1, o2 (MPa)) vs Inline Load
Applied (Kg) With 400MM OVEFIAP........ccviiiiieiiicecc et ra e 259

Figure 9.12: Comparison of Principal Stresses at Position Z (o1, 62 (MPa)) vs Inline Load
Applied (Kg) With 400MM OVEFIAP........ccviiiiieiiicecic et ra e 259

Figure 9.13: Comparison of Principal Stresses (o1, o, (MPa)) at Position W vs Offset Load
Applied (Kg) With 400MM OVEFIAP........ccviiiieeiiici e 260

Figure 9.14: Comparison of Principal Stresses (o1, o2 (MPa)) at Position X vs Offset Load
Applied (Kg) With 400MM OVEFIAP........cciiiiieeiiece et se e ra e 260

Figure 9.15: Comparison of Principal Stresses (o1, o, (MPa)) at Position Y vs Offset Load
Applied (Kg) with 400mMm OVEITaP. .......ooiii e 261

Figure 9.16: Comparison of Principal Stresses (o1, 62 (MPa)) at Position Z vs Offset Load
Applied (Kg) with 400mMm OVEITaP. .......ooviiiie e 261

Figure 9.17: Comparison of Principal Stresses (o1, 6, (MPa)) at Position W vs Inline Load
Applied (Kg) with 500mMm OVEITaP. .......coii e 262

Figure 9.18: Comparison of Principal Stresses at Position X (o1, o2 (MPa)) vs Inline Load
Applied (Kg) with 500mMm OVErlap.........coiiiiii e 262

Figure 9.19: Comparison of Principal Stresses at Position Y (o1, 62 (MPa)) vs Inline Load
Applied (Kg) with 500mMm OVErlap.........coiiiiiie e 263

Figure 9.20: Comparison of Principal Stresses at Position Z (o1, o, (MPa)) vs Inline Load
Applied (Kg) with 500mMm OVErlap.........coiiiiiie e 263

Figure 9.21: Comparison of Principal Stresses (o1, 62 (MPa)) at Position W vs Offset Load
Applied (Kg) With 500MM OVEFIAP........ccioiiieeiisce e 264

Figure 9.22: Comparison of Principal Stresses (o1, o2 (MPa)) at Position X vs Offset Load
Applied (Kg) with 500mMm OVEIIaP.........ccoiiiieiie e 264

Figure 9.23: Comparison of Principal Stresses (o1, o2 (MPa)) at Position Y vs Offset Load
Applied (Kg) with 500mMm OVEIIaP........c.ccoiiiiiiie e 265

Figure 9.24: Comparison of Principal Stresses (o1, 62 (MPa)) at Position Z vs Offset Load
Applied (Kg) with 500mMm OVEIIaP.........ccoiiiieiie e 265

Figure 9.25: Comparison of Principal Stresses (o1, 6, (MPa)) at Position W vs Inline Load
Applied (Kg) with 600MIM OVEFIAP........ciiiiiiieiie et 266

Figure 9.26: Comparison of Principal Stresses at Position X (o1, o2 (MPa)) vs Inline Load
Applied (Kg) With 600MM OVEFIAP........ccviieiieiieie et sre e e e eee s 266

Figure 9.27: Comparison of Principal Stresses at Position Y (o1, o2 (MPa)) vs Inline Load
Applied (Kg) With 600MM OVEFIAP........ccviieiieii et sne e 267



Figure 9.28: Comparison of Principal Stresses at Position Z (o1, 62 (MPa)) vs Inline Load
Applied (Kg) With 600MM OVEFIAP........cceiiiieeiiiie e se et ra e 267

Figure 9.29: Comparison of Principal Stresses (o1, o, (MPa)) at Position W vs Offset Load
Applied (Kg) With 600MIM OVEIIAP........cciiiiiieiiiecic e ra e 268

Figure 9.30: Comparison of Principal Stresses (o1, o, (MPa)) at Position X vs Offset Load
Applied (Kg) With 600MM OVEFIAP........cciiiiiieieici e a e 268

Figure 9.31: Comparison of Principal Stresses (o1, o2 (MPa)) at Position Y vs Offset Load
Applied (Kg) With 600MM OVEFIAP........cciiiiiieiiecicic et re e 269

Figure 9.32: Comparison of Principal Stresses (o1, 62 (MPa)) at Position Z vs Offset Load
Applied (Kg) with 600mMm OVEITAP. ..o 269

Figure 9.33: Comparison of Principal Stresses (o1, 6, (MPa)) at Position W vs Inline Load
Applied (Kg) with 700mm OVEITaP. ..o 270

Figure 9.34: Comparison of Principal Stresses (o1, o, (MPa)) at Position X vs Inline Load
Applied (Kg) with 700mMm OVEITaP. ..o 270

Figure 9.35: Comparison of Principal Stresses (o1, o, (MPa)) at Position Y vs Inline Load
Applied (Kg) with 700mMm OVErlap.........ccoiiiiii e 271

Figure 9.36: Comparison of Principal Stresses (o1, 6, (MPa)) at Position Z vs Inline Load
Applied (Kg) with 700mMm OVErIap.........ccoiiiiiiiie e 271

Figure 9.37: Comparison of Principal Stresses (61, 6, (MPa)) at Position W vs Offset Load
Applied (Kg) with 700mMm OVErlap.........ccoiiiiiiiiee e 272

Figure 9.38: Comparison of Principal Stresses (01, 6, (MPa)) at Position X vs Offset Load
Applied (Kg) With 700MM OVEFIAP........cceiiiiieie et 272

Figure 9.39: Comparison of Principal Stresses (o1, o2 (MPa)) at Position Y vs Offset Load
Applied (Kg) with 700mm OVEIIaP........c.ccoiiiie et 273

Figure 9.40: Comparison of Principal Stresses (o1, 62 (MPa)) at Position Z vs Offset Load
Applied (Kg) with 700mm OVEIIaP.........cooiiiie e 273

Figure 9.41: Comparison between buckling curves generated from theoretical predictions and
FEA, for the telescopic assembly whose individual part dimensions are outlined in Table

0 PSP U PP UR PR 276
Figure A.1: Deflected shapes of the two section telescoping cantilever beam assembly......293
Figure A.2: Fixed-end beam 10ading..........cccciveiieiiiiiiieseee e 294
Figure A.3: Free-end beam 10adiNg.........ccooeiiiiiiiicie e 295
Figure A.4: A SECLION TN AC ... .o ettt sttt ae e 296



Figure A.5: A SECLION TN CBh...ovieice et sre e e anaennes 298
Figure A.6: Deflection of Beams AB and CD..........ccceoviieiieie i 299
Figure A.7: Deflection of BEamM CD..........cccooiiiiiiiiee e 301
Figure C.1: Tip Reaction Model — Beam Assembly and Reactions on Individual Beams....310
Figure C.2: Shear Force and Bending Moment Diagrams for the Individual Sections.......... 313

Figure C.3: A Telescopic Beam Assembly with Two Sections and the Vertical and Horizontal
planes of SYMMELrY SNOWN..........ooiiiieece e et 314

Figure C.4: Telescopic beam bending stresses induced by inline loading, from tip reaction
LA LY [ SRS PSTSSRSN 319

Figure C.5: Telescopic beam shear stresses induced by inline loading, from tip reaction
LA LY [OOSR 320

Figure D.1: Tip Reaction Model — Beam Assembly and Reactions on Individual Beams....322

Figure D.2: Shear Force, Bending Moment and Torque Diagrams for the Individual
SBOTIONS. ..ttt bbbttt et bt neene s 326

Figure D.3: A Telescopic Beam Assembly with Two Sections and the Vertical and Horizontal
planes of SYMMELrY SNOWN.........ciiiii s 327

Figure D.4: Telescopic beam bending stresses induced by offset loading, from tip reaction

ANAIYSIS. ..ttt bbb b bRttt b bbb ere s 331
Figure D.5: Telescopic beam shear stresses, induced by offset loading from tip reaction
ANAIYSIS. ..t E bbb bRttt bbb ere s 332
Figure G.1: Sketcher Window in ABAQUS/CAE..........cccooiiiiiiieie e 337

Figure G.2: Extrusion of the Part Instance sketched in Figure 7.2, the arrow indicates the
depth to which the part is eXtrUded. ..........cccoiiiiiiiiiie e 337

Figure G.3 (a) Dimensioned Sketch of the second or free end beam instance, (b) Extrusion of
the second beam instance (as sketched in 7.4(a)), (c) Dimensioned Sketch of the wear pad
instance, (d) Extrusion of the wear pad instance (as sketched in 1.3(C)).....cccccocvvvviviieiieeninnns 338

Figure G.4: Assigning Normals to the shell elements (Purple is the negative direction while

Brown is the positive dir€CLION).........ccuiiuiiiiiieie e e 339
Figure G.5: Property Module TOOIS........ccoueiiiieiieiecic e 340
Figure G.6: Steps to create and define Material Properties...........ccccevvveveveiiesinesesieeseenenn, 340

Figure G.7: Tabs to be filled in order to create material section having properties of Steel..341

XXVii



Figure G.8: Tabs to be filled in order to create material section having properties of
TUTNEL. ettt bbbt bbb b 341

Figure G.9: Creating a Homogeneous, Shell section of thickness 1.55mm, having properties
(0] 7 (=] ST URS P UPTR TIPS 342

Figure G.10: Creating a Homogeneous, Solid section having properties of Tufnell............. 343

Figure G.11: Assigning the Homogeneous, Solid Tufnell section to the part highlighted...343

Figure G.12: Assigning the Homogeneous, Shell Steel section to the part highlighted........ 344
Figure G.13: Assembly Module TOOIS........ccoiiiiiieii e 345
Figure G.14: Creation of part instances and their assembly to constitute the overall Two
Section Telescopic Cantilever ASSEMDIY...........coe i 346
Figure G.15: Step MOAUIE TOOIS.........ciieiieieceece e 350
Figure G.16: Creation of Buckling Step as outlined in ABAQUS 6.10 Documentation and §
R TSP PTOPR PRSPPI 350
Figure G.17: Interaction Module TOOIS..........occoiiiiiiiieie e, 351
Figure G.18: Definition of constraints (Tie Contacts) between surfaces...........cccceceeerennene 353
Figure G.19: Definition of coupling CoONStraint.............c.cccoeviiieiiieii e, 353

Figure G.20: Existing Tie Definitions that can be controlled and edited from the Constraint

Y oo To 1= I o TSRS 354
Figure G.21: Loading and Boundary Condition Tool Sets...........ccccevveiieieiieiieie e, 355
Figure G.22: Application of self weight or gravity on the assembly...........cccccooviininiinnnnnns 356
Figure G.23: Application of the concentrated end force at the free end of the assembly......356
Figure G.24: Application of the twisting moment at the free end of the assembly................ 357
Figure G.25: Application of ‘Dead’ load on the assembly..........cccooeiiiiiinieiiieneic s 357
Figure G.26: Application of ‘Live’ load on the assembly...........cccviiiiiinienincniiceeeee, 358

Figure G.27: Position where the Telescopic Assembly is constrained as indicated by the

arrow, in all degrees of freedom to simulate an ‘Encastre’ type fixing...........ccccovvvvvrvrnnnn. 359
Figure G.28: Two-dimensional structured mesh patterns............ccccocevreiieieienenc s 362
Figure G.29: The swept meshing technique for an extruded solid.............cccoceeveiieiininnnnns 363

XXViii



Figure G.30: The sweep direction can influence the uniformity of the swept mesh.............. 364

Figure G.31: Controlling the screen view by switching of the irrelevant parts which provides

more control in selecting parts in MeShiNG ProCESS........c.coviveiierieiie e 365
Figure G.32: Adjustment of Mesh SIZe...........cccooiiiiiiiici e 366
Figure G.33: Meshed Telescopic Boom ASSEMDIY..........coeiiiiiiiiniiisieieeese e 367
Figure G.34: Submitting a job for analysis and monitoring itS progress............cccocevvreenne. 368

Figure G.35: Selecting the displacement tab and its component in the negative y-

01T =Tot £ o] o OSSOSO TSP U RV T PSPPI 369
Figure G.36: The displacement at each of the nodes as is plotted along the assembly........ 370
Fiigure G.37: Node Label display OptionS............cceiveiieiieiieie e 371
Figure G.38: Node Labels displayed 0n Part.............ccoeeiviieieeie e 371
Figure G.39: Report generation procedure for deflection magnitude extraction at individual
DYOUES. ..ttt bbb bbbk b R b bt bbbt R et e e bt bbb 372
Figure G.40: Report arranged according to Node Labels..........cccocoveiiiiiiniiiincnic 372

Figure G.41: Obtaining deflection values diretly using the probe function available in

ABAQUS ..ttt nree s 373
Figure G.42: Selecting the desired stress component tab.............cccccoeveiieie i, 374
Figure G.43: The stress distribution is shown after the analysis is completed...................... 375
Figure G.44: Report generation procedure for stress determination at individual nodes.......376
Figure G.45: Report arranged according to Node Labels...........ccccooviiiiieiiiiiiniiiien, 376
Figure G.46: Obtaining Stress values directly using the Probe function available in
ABAQUS. ...ttt ettt e et 377
Figure G.47: Determination of Critical Buckling Load for the two section telescoping
assembly, for an overlap ratio 0F 0.2..........ccooiiiiiiiiiir s 378
Figure H.1: Simple illustration for the strain MeasuremMent............cccocvevevieerieereeresieeseenens 381
Figure H.2: Uniaxial Strain QAUJE. ........coiveiierieeiesiieseesie e seesie e e sae e see e snaesneesaeenee e 383
Figure H.3: BiaXial FOSELLE. ........eoiiiiieiie et 383

XXiX



Figure H.4: Three element FOSELLE. .........civeiiiie e 384

Figure H.5: Shear PatterNS.......c.ccviiiiiieieerie et e et e e enee s 384
Figure H.6: Basic MOII’S CITcle SEOMELIY......ccviiviiiiiieiieiiieiesi et 387
Figure H.7: Strain transformation 0f € ... 389
Figure H.8: Some useful Mohr’s circle configurations............cccuevrevriinineieneneiseseseeenns 390

Figure H.9: Typical strain gauge rosettes (a) Rectangular rosette (b) Delta rosette (c) Delta

Figure H.10:
Figure H.11:
Figure H.12:
Figure H.13:
Figure H.14:

Figure H.15:

rosette (d) Stacked delta FOSELLE. .........c.coviiiriiiri e 390
Normal and SNEar STFAINS..........ccveieiieiieii e 391
Rectangular rosette strain Orientation.............ccccceevveveiiesieese e 392
Mohr’s circle for rectangular rOSEtte..........cccuvriveiiiiiieiie e 395
Schematic strain MeasuremMent SYStEM........ccvuirirerereresieee s 396
Quarter bridge Strain gauge CIFCUIT..........cccveieiiereieiercsce e 398
Quarter bridge strain gauge circuit with addition of two resistors.................... 398
Three-wire, quarter-bridge strain gauge CirCUIt...........cccovevvveveceecvie i 399

Figure H.16:

Figure H.17: Fishbone diagram-Factors which affect the selection of an instrumentation

Figure H.18:
Figure H.19:
Figure H.20:
Figure H.21:
Figure H.22:
Figure H.23:
Figure H.24:
Figure H.25:
Figure H.26:
Figure H.27:

Figure H.28:

............................................................................................................................ 400
SErAIN INAICALON. ... 401
Data aCqUISITION SYSTEIM.......oeiiiiiiie et 402
Characteristic Of @ Strain QAUGE.........ooviirieieieie e s 403
Uni-axial Strain QAUGE.........eoiiiiiie et 403
Bi-axial Strain QAUQE........civieiie ittt 403
0°-45°-90° Rectangular Rosette & 0°-120°-240° Delta Rosette...................... 404
Stacked Strain Gauge ConfigUIatioN...........c.covvreiirinieieie e, 404
Planar Gauge Configuration.............cccueiiieiieiii e 404
Use a liberal amount of degreaser.........ocovveeiieieniiiie s 408
Wipe the specimen surface thoroughly with a gauze sponge...........ccccoecvennee. 408

To avoid recontamination, discard soiled sponges and continue until the sponge

COMES UP ClBAN.....eeiiieeie sttt te et e b et e e re e te et e sseesneesteeneesreeteaneenneens 409

XXX



Figure H.29: Flood the gagging area with conditioner................ccccccvivievieviveieeeenn. . 409

Figure H.30: A dozen strokes are usually adequate............c.ccovevvevieiiieiieieseese e 409
Figure H.31: Wipe dry with a gauze sponge. Use only once through the gauging area. With a
refolded or fresh sponge, wipe away from the gauging area............ccocuevveeeieerenieniseeieeseenne. 410
Figure H.32: Remove any excess chemicals from the work surface..............c.ccoceeviieinnnn 410

Figure H.33: With a clean straight edge, and a 4H pencil firmly burnish a layout line. Hold
the pencil perpendicular to the SUMTACE...........coviiiiiiiie e 410

Figure H.34: Use a liberal amount of conditioner to remove all graphite from the burnished

layout line by scrubbing along the line with a cotton-tipped applicator.............ccoccocevvnnnnnns 411
Figure H.35: Keep scrubbing, but check the applicator tip for soiled appearance. Continue
UNtil the tip COMES UP CIEAN..........ciiee ettt nre s 411
Figure H.36: Now, flood and re-clean the entire gagging area............ccccccevevveevesieseesie s 411
Figure H.37: Replace the applicators when they become soiled. As before, continue
scrubbing until the tip COMES UP ClEAN...........cviiieice e 411
Figure H.38: Refold, and dry the remaining area...........ccoceoerereneninesieeesese s 412
Figure H.39: Removing the gauge from transparent envelope...........c.ccocvvieienencncnennn. 413
Figure H.40: Positioning the gauge on the layout line.............cccccoiviiiiici i, 413
Figure H.41: Lift the tape to allow applying catalyst.............cccoeiiiiiiicii e, 414
Figure H.42: Applying M-Bond 200.............ccoeiieiieiiie et 414
Figure H.43: Applying a0NESIVE..........coiiiiiiiiie e 415
Figure H.44: Applying gauge on the teSt SPECIMEN. .......ccvririiiriiisiee e 415
Figure H.45: Applying UnifOrm PreSSUIE.......c.uiiveeiie it 416
Figure H.46: REMOVE the taPe.......coii ettt 416

XXXi



LIST OF TABLES

Table 3.1: Nominal dimensions and sectional properties of rectangular hollow sections —

Excerpt from ISO/FDIS 2633-2:2011 (E).....ccoveiveiieiieieeiie e seesiesie et ste e saa e 74
Table 3.2: Flow Chart of the ‘C’ program to calculate tip deflection............c.cccooverviiiniennnn, 75
Table 3.3: Individual rectangular SECtion Properties..........coevereririniesieieereee s 79

Table 4.1: Comparison of critical buckling loads for a rectangular pyramid, whose section
changes bi-dimensionally at different rates............ccooveieieiiiii 141

Table 4.2: Individual rectangular SECtion Properties.........cccoeverereriiienieieiesese e 144

Table 4.3: Nominal dimensions and sectional properties of solid rectangular sections

Table 4.5: Nominal dimensions and sectional properties of rectangular hollow sections —
Excerpt from ISO/FDIS 2633-2:2011 (E).....ccveiveiieiieie ettt 153

Table 7.1: Dimensional properties of the simulated two section telescopic cantilever beam

TS0 0] 0] 2SRRI 189
Table 7.2: ABAQUS/CAE procedure for tip deflection analysis............cccoeeevvivciieinennn 191
Table 7.3: ABAQUS/CAE procedure for bending and shear stress analysis..................... 192
Table 7.4: ABAQUS/CAE procedure for determining critical buckling load.................... 193
Table 8.1: Sectional properties of the individual beams of the test specimen....................... 208
Table 8.2: Position of gauges along the telescopic beam assembly..............ccoeiiiiiiinn. 211
Table G.1: Materials and Elements defined in the analysis...........ccocooeivieiiniieiineee, 342

XXXii



